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Abstract

The narwhal (Monodon monoceros) is a medium-sized odontocete exclusively found in
Arctic waters. The remoteness of their environment in conjunction with their widespread
distribution poses numerous challenges to studying this Arctic species at a population level. The
narwhal is a species with knowledge gaps regarding their population structure and the
distribution of different sexes and age classes. This thesis provides a detailed description of
narwhal distribution in the Canadian Arctic Archipelago using the non-invasive method of aerial
photography to identify and geo-locate narwhal males, females, and newborns. In August 2013,
Fisheries and Oceans Canada (DFO) conducted an extensive aerial survey of narwhal summer
habitat to estimate the abundance of the Baffin Bay population. I used the georeferenced
photographs collected during the surveys to develop a dichotomous key to identify newborns
from photographs. The key was also used to describe the distribution of narwhal males, females,
and newborns. [ used a Cohen’s Kappa test, across four observers, to test the replicability of the
key, with strong positive results. Within the 3,393 photographs analyzed I detected 6,315
different individuals. I could identify the sex of 2,804 individuals and identified 141 newborns.
To analyze the distribution of narwhals, I first used the least cost path algorithm to construct a
matrix of swimming distances between individuals. Then, I performed a partitioning around the
medoids algorithm, a variation of the k-means algorithm, to divide my dataset into k clusters
based on the swimming distances. I found five main clusters of narwhals that align closely with
four narwhal management zones currently defined by DFO. These four management zones
correspond to different narwhal stocks determined through local knowledge, telemetry data, and
genetics. Narwhals were unevenly distributed between each cluster and I found different

male:female sex ratios varying from 0.71 to 1.4, newborns represented 10% of the number of



females present in each cluster. This thesis is the first to shed light on narwhal newborn-mother
spatial patterns and narwhal sex distribution of the Baffin Bay population in the Canadian Arctic

Archipelago.
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Résumé

Le narval (Monodon monoceros) est un cétacé de taille moyenne vivant exclusivement
dans les eaux arctiques. L'éloignement de leur environnement en conjonction avec la large
diffusion de leur distribution pose de nombreux défis pour étudier cette espéce arctique au niveau
de la population. Il existe peu de connaissance sur la structure de population et la distribution des
différentes classes d’age et sexes des narvals. Dans cette thése, j'ai utilisé la photographie
aérienne comme méthode non-invasive pour étudier la distribution des narvals de maniére plus
détaillée, en identifiant et localisant les males, les femelles et les nouveau-nés a travers 1'archipel
arctique canadien. En aott 2013, Péches et Océans Canada (MPO) a mené des survols aériens
approfondie couvrant 1’air de distribution connue des narvals durant 1’été afin d’estimer
l'abondance de la population de la baie de Baffin. J'ai utilis¢ les photographies géo-référencées
recueillies au cours des survols a partir desquelles j’ai élaboré une clé dichotomique pour
identifier les nouveau-nés. J’ai par la suite regardé la distribution des males, des femelles et des
nouveau-nés. J'ai testé la fiabilité de la clé en effectuant un test Kappa de Cohen entre quatre
observateurs. La performance globale de la clé était bonne. En 3393 photographies analysées, j'ai
détecté 6315 individus différents, sexé 2804 individus et trouvé 141 nouveau-nés. Pour analyser
la distribution des narvals, j'ai d'abord utilisé 1'algorithme de cheminement de plus faible cotit
pour construire une matrice de distances de nage entre les individus. Ensuite, j'ai effectué¢ un
partitionnement autour de 1'algorithme de medoids, une variante de 1'algorithme k-means, pour
diviser mes données en k ensembles en fonction des distances de nage. J'ai trouvé cinq groupes
principaux en alignement avec les quatre zones de gestion des narvals actuellement définies par
le MPO. Ces zones de gestion correspondent a différents stocks de narvals déterminés par la

connaissance locale, les données de télémétrie et la génétique. Les narvals ont été répartis
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inégalement entre chaque groupe et j'ai trouvé différents ratios hommes:femmes variant de 0,71 a
1,4. Les nouveau-nés correspondaient a environ 10% du nombre de femelles présentes dans
chaque groupe. Cette thése est la premiére a décrire le comportement spatial des dyades meres-
nouveaux-nés narvals ainsi que la distribution des sexes de la population de la Baie de Baftin

dans I'Archipel de I’ Arctique Canadien.
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General Introduction and Literature Review

Detailed information on population structure and distribution is important to manage and
conserve wild species adequately (Halpern et al., 2004). For example, in population ecology, it is
recognized that males, females, young and old individuals play different roles in the well-being
of a population and can be used as indicators of population trends (Fowler, 1988; Block and
Brennan, 1993). Determining the recruitment rate is an important demographic parameter for any
population, however, for long-lived species that have delayed maturity and low reproductive
rates, long-term recruitment and survival data is needed to determine population viability.
Variation in this parameter has a strong impact on the dynamics of a population and can
ultimately indicate the decline or recovery of a species (Jorgenson et al., 1997; Gaillard et al.,
1998, 2000). Another important aspect of conservation ecology is to understand the animal-
environment relationship in order to assess and predict the impact of disturbances on species.
However, to understand this relationship, it is important to understand habitat use and species
distributions. Thus, the study of population distribution can be viewed as the first step toward
habitat selection, and eventually, understanding general distribution patterns across the landscape
(Morris and Brown, 1992; Morris, 2003). Studying animal distribution and population structure
is essential, yet it can be difficult to observe migratory animals that occur in large numbers
covering vast areas (McPherson and Jetz, 2007; Singh and Milner-Gulland, 2011).

Monitoring a population is a valuable method to provide baseline data in order to track
changes over time (Block et al. 2001; Sheil 2001, Nichols and Williams 2006; Lindenmayer and
Likens 2010). For species with slow reproductive strategies, long-term data are essential to
extend our knowledge on the life history of a population (Thomas 1996; Whitehead, Reeves,

and Tyack 2000; Legg and Nagy 2006; Nichols and Williams 2006). Ultimately, the success of



long-term monitoring programs depends on the reliability and repeatability of the methods
(Thomas, 1996; Block et al., 2001; Sheil, 2001; Lindenmayer and Likens, 2010).

The Eastern Canadian Arctic is composed of many islands, including Baffin Island, that
are part of the Arctic Archipelago forming a complex system of fjords and bays. Every summer,
thousands of narwhals migrate to different parts of the Eastern Arctic Archipelago and
agglomerate in different aggregations (Best and Fisher, 1974; Cosens and Dueck, 1991).
Although the general summer distribution of narwhals in the archipelago has been studied
(Barber, 1989; Richard, 1991; Kingsley et al., 1994; Koski and Davis, 1994), due to challenges
in the field, looking at narwhal sex distribution on this large scale has not been done (Silverman,
1979; Marcoux et al., 2009).

This thesis aims to investigate the use of aerial photography, and proposes a protocol for
identifying newborns, to obtain more information on narwhal summer distribution and structure
in the Canadian Arctic. The following literature review is divided into three sections, the first of
which provides a brief summary of the Arctic marine environment, and the second and third

provide a detailed description of narwhal natural history and conservation.

Arctic environment

The Arctic Ocean covers about 14 million km? (Johannessen, Environmental, and Center
2002). Sea ice plays an important role in the Arctic ecosystem, driving the primary productivity
through polynyas and ice edges. It is a unique habitat for many marine mammals such as polar
bears, seals, and narwhals (Stirling 1997; Kovacs et al. 2011). Sea ice cover in the Arctic varies
seasonally from approximately 14 to 14.8x10° km? in March, and 6.5 to 7.8x10km? in September

(Comiso et al. 2008).



The Arctic climate has been warming up over the past decades, changing sea ice
dynamics, thickness and coverage (Serreze et al. 2000; Maslanik et al. 2007; Walsh 2008). In
2008, Moore and Huntington predicted that ice-associated species, such as narwhals, will likely
change their migration pattern and distribution due to prey availability changes in the future.
Those changes in behavior will likely affect narwhal hunting activities of Inuit communities.
Laidre and Heide-Jorgensen (2005) predicted a higher risk of narwhal entrapment due to
changing Arctic sea ice conditions.

Changes in the Arctic environment allow major industrial development to occur. As an
example, located on north Baffin Island, a company named Baffinland Corp. is developing an
open pit iron ore mine called the Mary River Project. The company started to ship some of the
iron ore in summer 2015. To ship the ore to market, Baffinland Corp. uses a shipping route going
through Milne Inlet/Eclipse Sound, a well-known region used by narwhals during the summer.
The exploitation of the mine is expected to increase the shipping traffic in the region of Eclipse
Sound/Milne Inlet up to 150 voyages per year (Baffinland 2014). This development raises
concerns about the impacts of this, and similar projects, on marine mammals and highlights the
need for better knowledge, monitoring plans and comprehensive assessment of narwhal

populations in the Canadian Arctic (Richard et al. 2010).

Cetacean studies

Cetacean research is known to be difficult due to the marine environment. Additionally,
many cetaceans have a wide habitat range with seasonal migration of thousands of kilometers.
However, remote technology such as telemetry, acoustic monitoring, and aerial photography are

commonly used in marine mammal research to overcome some of these difficulties (Heide-



Jorgensen 2004; Laidre et al. 2004; Marcoux, Auger-Méthé, and Humphries 2012; DFO 2015).
The mentioned techniques offer ways to study marine mammals in their environment over long
periods and great distances (Mann 2000a). The combination of aerial monitoring with aerial
photography has been used for various cetaceans. In recent years, the progress of high definition
cameras opens new opportunities for scientists to extract information from aerial photographs
that was impossible in the past. This new knowledge makes it easier to fill gaps of understudied

species such as the narwhal.

Narwhals

The narwhal (Monodon Monoceros) is a medium-size arctic Odontocete (Ford and Fisher
1978). It is the only species of the genus Monodon and one of only two members of the family
Monodontidae with the belugas (Delphinapterus leucas) (Rice 1998). The narwhal is recognized
to be a gregarious deep-diving cetacean, using echolocation clicks, as well as pulsed calls and
whistles to forage, communicate, and maintain group cohesion (Mansfield, Smith, and Beck
1975; Mohl, Surlykke, and Miller 1990; Miller et al. 1995; Marcoux 2009). Adults possess only
two pairs of teeth located in the maxilla (Nweeia et al. 2012); one pair is characterized as tusks
and the other as vestigial teeth. Their length varies from 2.9m to 5.5m with a body weight of
about 1600kg and have a mottled gray pigmentation. Narwhals show a sexual dimorphism.
Males are bigger than females and display a tusk that erupts when they are roughly one year old
(when they measure between 2.0 and 2.5 m) whereas females are generally tuskless (Mansfield,
Smith, and Beck 1975; Best 1981; Roberge and Dunn 1990; Nweeia et al. 2014). Males
commonly develop only one tusk that grows through the maxillary bones and skin (Best 1981).

However, variation occurs and on rare occasion, we see double tusk males, males with two



embedded tusks, males with no tusks, females with one erupting tusk, and females with two
erupted tusks (Nweeia et al. 2012).The function of the tusk is not well understood. Silverman and
Dunbar (1980) showed that males used their tusk during aggressive interactions between males.
The mechanical design of the tusk morphology indicates the organ might have multiple functions
such as attracting females and detecting changes in their environment (Brear et al. 1993; Nweeia
et al. 2014). In a recent study, the narwhal tusk was believed to play an important role in their
ability to navigate underwater covered by densely packed ice (Koblitz et al. 2016). Males reach
their sexual maturity at a body length of 420 cm at about 8 years old and females attain their
sexual maturity at a body length of 360cm and at 5 years old (Garde et al. 2007; Kelley et al.
2014).
Migration

Narwhals have an annual migratory cycle with distinct wintering and summering-grounds
(Dietz et al. 2001; Heide-Jargensen et al. 2003). Their winter migration pattern is closely related
to the formation and movements of the pack ice (Koski and Davis 1994; Laidre and Heide-
Jorgensen 2005) where both males and females travel together in herds of hundreds of
individuals (Marcoux 2009). During open water season, occurring mainly during the month of
August, narwhals stay close to the shore in bays and fjords of the Canadian High Arctic
Archipelago and Greenland. They are usually seen in herds of hundreds of individuals containing
both sexes and different age classes. Within these herds narwhals form groups of about three
individuals segregated by sex (Cosens and Dueck 1991; Marcoux, Auger-Méthé, and Humphries
2009). In autumn they start their migration before the formation of the pack ice towards their
wintering grounds, where they will stay from November through April ( Innes et al. 2002; Heide-

Jorgensen et al. 2003; Laidre et al. 2004; Richard et al. 2010). They slowly migrate back from



May through July to regain their summering-grounds (Dietz et al. 2001; Heide-Jorgensen et al.
2003).

In Canada, the Baffin Bay population uses numerous fjords and bays from northwestern
Greenland to central Canadian High Arctic during the summer, whereas the Hudson Bay
population uses northern Hudson Bay Fjords. These two populations differ genetically (Koski
and Davis 1994; Heide-Jorgensen et al. 2003; COSEWIC 2004; Richard et al. 2010). Narwhals
are believed to be philopatric, returning to the same wintering and summering-grounds year after
year (Palsboell, Heide-Jorgensen, and Dietz 1997; Heide-Jorgensen et al. 2003). However, recent
studies have shown that narwhals might travel between neighboring fjords during the summer
and some variation can occur (Heide-Jorgensen et al. 2002; Watt, Heide-Jorgensen, and
Ferguson 2013). In 2013 the Department of Fisheries and Oceans conducted an extensive aerial
survey to estimate narwhal abundance in four different summering-grounds of Baffin Bay (DFO
2015).

Population and abundance estimate

Narwhals are exclusively found in Arctic waters between 70°N and 80°N (Reeves and
Tracey 1980; Hay and Mansfield 1989). Based on summer narwhal distribution, three different
populations have been recognized worldwide (COSEWIC 2004). One in East Greenland and two
in Canada (Baffin Bay population and Hudson Bay population) (Richard 1991; Richard et al.
1994). The Baffin Bay and Hudson Bay populations have been estimated at about 141,909
(Coefficient of Variation, CV by stock ranged from 20 to 65%) and 12,485 narwhals (95%

confidence interval 7,515 — 20,743), respectively (DFO 2012, 2015).



Reproduction

Narwhals are seasonal breeders, reproducing during the period of late March through
May (Hay 1984). Narwhal gestation is about 14 months with birth occurring from the months of
May to August when pregnant females are entering their summering-grounds (Best and Fisher
1974; Mansfield, Smith, and Beck 1975). Females only bear one calf at a time even though twins
can happen with a birthing interval of about 3 years. At birth, newborns are about 150cm long
and weight about 80kg (Mansfield, Smith, and Beck 1975; Heide-Jorgensen et al. 2001).
Parturition time is estimated at 20 months (Best and Fisher 1974). Narwhals are long-lived
species. Life expectancy is estimated at about 100 years old (Garde et al. 2007, 2015).

Feeding behavior

Narwhals are able to dive to depths of over 1,400 m in order to forage (Laidre et al. 2003;
Laidre 2004; Watt et al. 2015). Studies based on stomach contents have shown that narwhals
have a specialized diet. They mostly eat squid (Gonatus fabricii), Greenland halibut during the
winter, and polar cod (Arctogadus glacialis) and arctic cod (Boreogadus saida) during the spring
(Laidre and Heide-Jorgensen 2005; Watt, Heide-Jorgensen, and Ferguson 2013). However, a
recent study conducted by Watt, Orr, and Ferguson (2016) have shown feeding activities during
the summer. Very little is known on their primary prey during the summer.

COI’nl’Ill.ll’litV Importance

The narwhal is a valuable food resource and has social and cultural importance for Inuit
communities (Wirz-Held 2012). Narwhal hunting activity is an important part of Inuit cultural
identity who believe humans and animals are connected in a cosmic cycle maintained by hunting

(Laugrand and Oosten 2010). Traditionally, Inuit hunted narwhals with harpoons from kayaks



made of seal skin. Nowadays, they are mostly hunted with a rifle from shore or ice floe edge,
then harpooned and retrieved by motor boats.

The muqtaq (skin blubber) is an important and valued food item shared among northern
community members. Narwhal meat is not eaten by humans but was traditionally used to feed
sled dogs. However, it is rarely used nowadays due to snowmobiles replacing dog teams for
transportation. The tusks are used to make tools or carved art that can be traded for food, money
or other goods (Wirz-Held 2012).

Status and management

In Canada, narwhal hunting activities, and narwhal product trade has been regulated since
1971. A system of quotas was established first at the individual hunter level (from 1971 to 1977),
then at a community level (from 1977 to 1999) under the Narwhal Protection Regulations
(Reeves 1992; Richard and Pike 1993). In 1999, five Canadian Inuit communities (Arctic Bay,
Qikiqtarjuaq Broughton Island, Pond Inlet, Repulse Bay, and Kugaaruk Pelly Bay) started a
community-based management program developed with Nunavut Wildlife Management Board
(NWMB). This program enables more flexibility with the use and repartition of the quotas inside
a community (Armitage 2005).

Starting in 2004, the narwhal has been considered by both the Committee on the Status of
Endangered Wildlife in Canada, and the International Union for Conservation, as Near
Threatened and of Special Concern, respectively (Jefferson et al. 2009). The reasoning behind
these classifications is the lack of knowledge of this species linked to the rapid changes of its
habitat due to climate change and anthropogenic development (COSEWIC 2004).

In Canada, the management of narwhals has been managed by co-partners since the

ratification of the Nunavut Land Claim Agreement in 1993. Management is split between the



Nunavut Wildlife Management Board (NWMB), the Department of Fisheries and Ocean (DFO),
and the local and regional hunters associations (Wirz-Held 2012). The role of DFO is to provide
information on narwhal population and advising the NWMB on sustainable harvest quotas
(Richard and Pike 1993). The NWMB has a role of regulator, monitoring the harvest level with
the help of the Hunter and Trappers Organization (HTO) of each community. Then, the NWMB
reports the total number of hunted narwhals to DFO (Wirz-Held 2012).

At an international level, the narwhal is listed in Appendix II of the Convention on
International Trade in Endangered Species (CITES), thus is regulated under the trade rules and
conditions of CITES (Jefferson et al. 2009). To date, the narwhal is still being reviewed to be

under the federal Species at Risk Act (SARA) (Government of Canada 2011).

Aerial photography

Aerial photography has been used in many fields to study habitat characterization, plant
distribution, and wildlife. In population ecology, aerial photography offers a non-invasive
method to collect data on the structure, distribution, abundance estimates, movements and
behavior of a population (Udevitz, Burn, and Webber 2008). Until recently, the use of aerial
photographs was limited due to the low number of photographs taken on a film, limiting the area
covered with the photographs (Morgan, Gergel, and Coops 2010). The arrival of digital
photography changed the research landscape. It offered new ways to study hard to observe
species enabling scientists to take a high number of photographs over a large area to detect the
presence or absence of a species (Claridge et al. 2005). However, researchers are now faced with

the challenges to analyze these large number of photographs (Wulder 1998).



In cetacean research, photography has been widely used to study aspects of population
structure, distribution and habitat (Cubbage and Calambokidis 1987; Best and Riither 1992;
Mills, Newton, and Graham 1996b; Heide-Jorgensen 2004; Udevitz, Burn, and Webber 2008).
Specifically for narwhals, photography has been used to investigate the feasibility to photo-
identify individuals (Auger-Méthé, Marcoux, and Whitehead 2010) and aerial photography has

been used to calculate the estimated abundance (Richard 1991; Heide-Jorgensen 2004).
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Rationale and objectives

The objectives of this thesis are to use georeferenced aerial photographs and new
analytical methods to identify narwhal newborns (Chapter 1) and to describe narwhal population
structure and summer distribution in the Canadian Arctic Archipelago (Chapter 2).

In Chapter 1, I present a new standardized method to identify newborns from aerial
photographs. To determine if this method is effective and potentially useful for long-term
studies, the results were compared between one expert observer and several inexperienced
observers. I also describe the spatial position and size of newborns relative to their mothers.

In Chapter 2, I describe the spatial distribution of narwhal males, females and newborns
across the Canadian Arctic Archipelago by grouping individuals into clusters based on the

swimming distance separating them.
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1.1 Abstract

Population and species management of long-lived species such as narwhal (Monodon
monoceros) require long-term ecological monitoring programs to provide baseline information
on population structure and dynamics. The success of such programs is dependent on the
repeatability of the methods. Here, I propose a dichotomous key to identify narwhal newborns
from aerial photography based on cetacean mother-newborn dyads behaviors and narwhal
newborn physical description. The key was tested between three inexperienced observers and an
expert observer. The Cohen Kappa algorithm proved that this method yields fair to good
interobserver agreement, leading us to believe this method will be useful for long-term studies
where observers change over time. This study gives some insight into narwhal-newborn spatial
relationships, showing a predominant number of newborns located in the infant and echelon

positions.
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1.2 Introduction

Population monitoring is an important tool in population ecology, conservation and
management (Thomas 1996; Magurran et al. 2010) because it provides valuable baseline data on
populations and allows researchers to assess population responses to anthropogenic influences,
management measures, and natural disturbances (Block et al. 2001; Sheil 2001, Nichols and
Williams 2006; Lindenmayer and Likens 2010). For long-lived species with slow reproductive
strategies, such as cetaceans, long-term population monitoring programs are essential to extend
our knowledge and develop successful management and conservation plans (Thomas 1996;
Whitehead et al. 2000; Legg and Nagy 2006; Nichols and Williams 2006). However, the success
of a long-term monitoring plan depends on repeatable methods and comparable results
throughout time (Cassey and Blackburn 2006; Legg and Nagy 2006). Research of deep diving
cetaceans is known to be extremely challenging, due to their cryptic behavior (spending up to
90% of their time underwater) and their wide range of habitats (Mann 2000a). Thus, it is not
surprising that gaps of knowledge exist for many cetaceans, limiting the success of conservation
and management efforts (Taylor et al. 2007). Effective and replicable protocols, that are detailed
enough to ensure the repeatability by a third party or inexperienced observer (Cassey and
Blackburn 2006; Legg and Nagy 2006), will make long-term monitoring of these difficult to
study animals easier, and provide more and better quality population and demographic data.

Aerial photography can be used to assess abundance, population viability, and age
structure of cetacean populations (Thompson and Hammond 1992; Ratnaswamy and Winn
1993; Pettis et al. 2004). With improved camera technology, scientists can adapt visual aerial
survey protocols to incorporate high definition cameras that can collect continuous,

georeferenced photographs along survey transects (Mills and al. 1996). Photographs can then be
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analyzed to assess age class, group size, and group composition, yielding more detailed
information on cetacean species (Cubbage and Calambokidis 1987; Rugh 1990; Best and Riither
1992; Heide-Jorgensen 2004).

Narwhals (Monodon monoceros) live in Arctic waters year-round (Dietz et al. 2001),
making them one of the most challenging whales to study. Their conservation status has been
categorized as Near Threatened and of Special Concern by, respectively, the Committee on the
Status of Endangered Wildlife in Canada, and the International Union for Conservation of Nature
(COSEWIC 2004; Jefferson et al. 2009), mainly due to the lack of knowledge on this species and
the difficulty of assessing the impacts of different threats on narwhal populations (COSEWIC
2004; Jefferson et al. 2009; Richard et al. 2010). Many studies on narwhals have used aerial
surveys to assess their distribution and population size ( Kingsley 1989; Koski and Davis 1994;
Heide-Jorgensen 2004; Richard et al. 2010). Therefore, developing a repeatable method to
quantify the information in aerial photographs would greatly benefit difficult to study species
such as the narwhal. The ability to score, identify and classify the same individuals by different
observers is an important part of long-term cetacean studies that can lead to a better
understanding of these species.

Here, I propose using high definition aerial photographs paired with a dichotomous key
to identify narwhal newborns. I targeted narwhal newborns in my research because newborn
survival is an important parameter to assess population viability in the wild (Smith et al. 2016).
Dichotomous keys are a common tool allowing inexperienced observers to identify species or
individuals based on specific criteria (Walter and Winterton 2007). Whale researchers rarely
assess their protocols to determine if they can be repeatable by inexperienced observers (Mann

2000b). My study presents a systematic and repeatable method to detect narwhal newborns from
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aerial photography, document their spatial position and grouping pattern. This method can be
used by different observers over time, and facilitates studying the age structure and social

spacing of narwhal populations, so that better management tools can be developed.

1.3 Method

1.3.1 Study area and data collection

In August 2013, Fisheries and Oceans Canada (DFO) conducted an extensive aerial
survey known as the High Arctic Cetacean Survey (Doniol-Valcroze et al 2015). This survey
aimed to estimate the abundance of narwhals in the Baffin Bay population, as well as the
bowhead whale population in Eastern Canada-West Greenland covering the following Arctic
regions: Eclipse Sound, Admiralty Inlet, Somerset Island, East Baffin, Jones Sound, and Smith
Sound (Figure 1.1) (Doniol-Valcroze et al 2015). Survey dates were set based on Inuit traditional
knowledge as well as narwhal and bowhead telemetry data (Dietz et al. 2001; Dueck et al. 2006;
Dietz et al. 2008; Watt et al. 2012; Wheeler et al. 2012). The survey was designed as a double-
platform using four visual observers, two at the front and two at the rear of a twin-engine
Havilland Twin Otter 300 plane. The plane flew at an altitude of about 1000 feet (304.8 meters)
with a speed of 100 knots (185km/h) following pre-determined transect lines. The coverage
effort of the six-summer aggregation varied between 4 to 14%. Two Nikon D-800 cameras with
35mm lens were mounted on each side of the plane at an angle of 27 degrees. Cameras were set
up to take photos every three seconds resulting in a 20% overlap between two consecutive
photographs. Each photo taken had the long side perpendicular to the transect (orientation
‘width-wise”) and the width of each photo taken was 420 m (with a strip width of 840 m), and

was georeferenced using a linked GPS. Narwhals were also visually detected by observers in the
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survey plane, allowing identification of photographs likely to include narwhals. After the survey,
all photos that included narwhals were projected in ArcGIS (version 10.1). The photos should be
trapezoid but for the need of this study, they were projected as rectangles. I then built a database
including group size, sex and class age of narwhals, when possible, and removed any duplicates
found between the overlap of two consecutive photographs. Newborn identification was
performed by one expert observer using the dichotomous key developed in this study.

1.3.2 Dichotomous key

The aim of this study was to identify new individuals of the year, here referred to as
newborns. Most narwhals are born between May and August of each year (mostly between mid-
July and mid-August) (Cosens and Dueck 1990). The photographs were taken in August;
therefore, for this study, I defined newborns as narwhals between 0-3 months of age. The use of
the dichotomous key was only performed on whales at the surface, given the difficulty of
assessing the full body length and color of whales underwater. The closest adult female to
newborns was likely to be their mother (Cosens and Dueck 1990), but because I have no direct
information about their relatedness, I refer to these whales only as the closest adult female and
the pairs as newborn-female dyads.

Based on other cetacean mother-newborn dyads dominant behaviors, physical
descriptions, and knowledge of belugas (narwhal’s closest related species), [ used the following
four characteristics observable from the aerial photographs to build a dichotomous key to
identify newborns: (1) the size of the newborn relative to the closest adult female, (2) the
distance from this female, and (3) its position relative to this female (Figure 1.2).

(1) Newborn size: At birth, narwhal newborns measure between 140 to 170cm

representing about 1/3 of the size of an adult female (Mansfield and al. 1975; Cosens and Dueck
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1990). It has also been discovered that beluga newborns (Delphinapterus leucas) grow at a rapid
pace potentially being close to half the body size of an adult female after three months (Krasnova
and al. 2009). Therefore, I limited the size of a potential newborn at half the length of an adult
female (Best and Fisher 1974; Mansfield and al. 1975; Hay and Mansfield 1989; Kingsley 1989).

(2) Distance from the mother: Most beluga and bottlenose dolphins (Tursiops sp.) calves
remain very close to their mother during the first few weeks after birth (Mann 2000a). In this
study, I used a distance of less than two body lengths away, or approximately 10m, as the criteria
to identify newborns (Krasnova et al. 2006).

(3) Newborn/female spatial position: Newborn whale and its mother form a strong dyad
with different formation locomotion (Reid et al. 1995; Gubbins et al. 1999; Mann and Smut
1999; Krasnova et al. 2006; Noren et al. 2006). Due to newborns’ lack of physical and
physiological maturity to support swimming and diving (Noren and Edwards 2007; Noren 2008),
newborns are likely to improve their hydrodynamics by being parallel and in close proximity of
their mother’s flank when swimming (McBride and Kritzler 1951; Mann and Smut 1999;Noren
and Edwards 2007; Noren et al. 2008; Noren and Edwards 2011). However, newborns are often
positioned differently when not actively swimming, including above the mother, on top of the
mother, below the mother, closer to the tail, or behind the mother (Krasnova et al. 2006). Given
belugas and narwhals are congeners, I expected newborn narwhals to occupy a similar range of
positions. In the dichotomous key, I described the position as at female’s side, at female’s tail,
above the female, on top of the female, and behind the female (Figure 1.2). My exclusion of

newborns not at the surface precluded classification of newborns below the mother.
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1.3.3 Test of the dichotomous key

To assess the quality of the results and repeatability of the key, three inexperienced
observers and one expert observer analyzed 40 photographs containing a total of 958 narwhals,
taken in Admiralty Inlet and Eclipse Sound (two well-known area used by narwhals during the
summer, located on north Baffin Island, Nunavut). To determinate the level of agreement among
observers, I calculated Cohen’s kappa coefficient for each observer pair to account for the degree
of agreement due to chance (Cohen 1968; Haley and Osberg 1989; Viera and Garrett 2005). The
Kappa coefficient varies between -1 and 1, with -1 representing total disagreement between
observers, 0 reflecting agreement by chance and 1 representing total agreement (Cohen 1968;
Sim and Wright 2005). I interpreted Kappa coefficients according to guidelines suggested by
Landis and Koch 1977, with values of 0.00-0.40, 0.41-0.60, 0.61-0.80, and 0.81-1.0 considered
to be, respectively, poor, fair, good, and excellent agreement.

1.3.4 Group composition

In this study, only groups with newborns were analyzed. The composition of each group
was established following these assumptions:

1) All individuals within 10 adult narwhal body widths or 3 adult body lengths were part
of the same group (Mann 2000; Marcoux and al. 2009).

2) A narwhal was considered an adult if not detected as a newborn.

3) An individual was recognized as female if no tusk was present (Mansfield et al. 1975;
Best 1981).

4) Individuals with a tusk were considered males (Koski and Davis 1994).

5) Individuals for which the sex could not be identified were classified as unknown sex

(thereafter referred as unknown).
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1.3.5 Analysis

Once the key was assessed, the expert observer analyzed all the photographs. Using the
non-parametric Kruskal Wallis Test, I compared group size and group composition using the
statistical software R (RDevelopment 2011).

To examine a newborn’s position in relation to the nearest adult female (their presumed
mother), I divided the body of the female into ten equal percentiles and defined the position of
the newborn in relation to the female with this scale. The head of the adult female was defined
by the value zero, and -100 corresponded to the fluke of the mother. Newborns in front of the
female were assigned a positive number and those positioned behind her fluke were assigned a

number smaller than -100 (Figure 1.4).

1.4 Results

1.4.1 Inter-observer reliability

The three inexperienced observers achieved a high agreement percentage with the
experienced observer of 85.2%, 85.2%, and 88.5% respectively; and across all three observers,
Cohen’s Kappa coefficients indicated fair to good agreement with the expert observer (Figure
1.3). In 17% of cases where there was disagreement with the expert observer, there were 11 false
positives (whale identified as a newborn by the inexperienced observer but not experienced
observed) and 17 false negatives (inexperienced observer did not identify a newborn that was
observed by the experienced observer). All false negatives involved newborns close to the half
size threshold. Most false positives also involved whales close to the half size threshold.
However, on one occasion a false positive was due to an identification of a whale under the

surface and two other false positives were attributed to whales that were diving. Finally, one

31



false positive was attributed to a whale that was more than two body lengths away from the adult
female.

1.4.2 Newborn position

A total of 3,393 photographs were processed to identify narwhal newborns. From these
photographs, 6,315 narwhals were detected with 6,173 whales identified as adults and 141 as
newborns. Among the 141 newborns, 10 were a third or less of the female body length and 130
were between a third and half the length of their mothers. There were 136 newborns at a distance
less than one body length away from their mothers and only five were found between one and
two adult body lengths away from their mothers. I found 118 newborns located at the side of the
adult female, nine were located behind the adult female and 13 were located above and only one
was found on top of the female.

Newborns did not exhibit strong laterality, with 70 newborns on the left side of their
mothers and 58 on the right side (Figure 1.4.b). Newborns were predominantly observed at the
nearest female’s tail (56 %, n=79) or at her side (27%, n=39), with only a few located above the
mother (10%, n=14) or behind the mother (7%, n=9) and only one was sighted on top of the
female (0.7%, n=1). Typically, the head of the newborn was centered around the midpoint of the
mother’s body (Figure 1.4.a). The length of newborn varied between 24 and 50% of the adult
body length with most newborns between 40-45% of the adult female’s size (Figure 1.4.c).
Almost all newborns (94%, n=132) were less than one body length away from an adult female
and most (86.5% (n=122) were less than 0.25 body lengths away (Figure 1.4.d).

1.4.3 Narwhal newborn grouping size, composition and location

I identified 141 newborns in 130 groups ranging from two to 17 individuals (x= 4.0, SD=

2.7). Among the 528 whales comprising these 130 groups, 3% (n=16) were adult males and 48%
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(n=252) were adult females. Females were present in all 130 groups whereas males were present
in only 10 of the 130 groups. Narwhals of unknown sex represented a total of 22.53% (n=119)
dispersed in 46 of the 130 groups with newborns. The number of newborns found in each of the
130 groups varied from one to four (x=1, SD=0.35). There were 121 groups containing one
newborn in each group, eight groups with two newborns and one group with four newborns. I
found 36.8% of newborns in groups of two; 38.2% were found in groups of three to five
individuals and 21.3% were found in groups of six to 10 individuals. Only 3.5% were found in
bigger groups of 13, 16 and 17 individuals. Overall, the mean group size with a newborn present
was four individuals (Xx=4.06, SD=2.73). Of the 141 newborns identified, 52 were found in
Admiralty Inlet, 44 in Eclipse Sound, 6 in East Baffin, seven in Jones Sound, three in Smith
Sound and 18 in Somerset Island.

The average group size containing newborns did vary significantly by area with bigger
groups found in Eclipse Sound and smaller groups found in East Baffin (area: X+SD;
Al:3.7842.77, ES:5.0+3.03, EB:2.0+0, SS:2.6+1.15, JS:4.0£1.91, SI:3.4+1.97) (Kruskal-Wallis

chi-squared = 17.078, df = 5, p-value= 0.004354).

1.5 Discussion

In this study, the assessment of the dichotomous key by inexperienced observers shows a
high interobserver agreement with the expert observer, with an agreement of 85% or higher with
the experienced observer, which was assessed to be fair to good based on Cohen’s kappa
coefficient. Therefore, in general, the dichotomous key allowed multiple observers, whether
experienced or inexperienced, to identify the same whales as newborns. This leads us to believe

that the key is a strong tool for long-term studies with different observers. Most disagreements
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between observers involved whales that were slightly larger than the '2half-the-size-of-the-
nearest-adult threshold described in the key (which is more commonly observed than the 1/3
threshold, see Figure 1.4.c). Narwhal newborns have a white or slate gray skin coloration and
thus differ in coloration from adults, which are in general darker and more mottled (Mansfield
and al. 1975; Reeves and Tracy 1980; Koski and Davis 1994). However, I found that
discrimination of color differences was compromised by variation in exposure and lighting
among different photographs and thus color was not used as an identification criterion. The key
does not permit identification of newborns that are alone at the surface. Beyond the 141
identified newborns, I observed six whales that appeared to be newborns, but because they were
not close to a visible adult, their size relative to an adult female could not be determined. Thus,
those whales were not classified as newborns according to my dichotomous key. Because I focus
my key only on whales present at the surface, of course, this method will miss any submerged
newborns. As far as | am aware, there are no published data on the proportion of time that
newborn narwhals spend submerged.

This study also provides the first description of mother-newborn spacing patterns. I
cannot know with certainty that the whale adjacent to newborns is their mother and have thus
referred to this whale as the closest adult female. Narwhal newborns were generally located close
to the midpoint of the nearest adult female, either at their side (echelon position) or at her tail
(infant position). These are the two main positions described for other odontocetes including
bottlenose dolphins, belugas and killer whales (Orcinus Orca) (Reid et al. 1995; Mann and Smut
1999; Krasnova, et al. 2006; Noren 2008; Karenina et al. 2013). Narwhal newborns tended to be
very close to the nearest adult female, with the vast majority within % body length and nearly all

within one body length. In this study, I did not find a strong side preference for narwhal
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newborns, but I did observe slightly more newborns located on the left side than the right side of
the mothers. This suggests narwhal newborns might present a similar lateralization pattern found
in other cetaceans (Delfour and Marten 2006; Karenina et al. 2010; Siniscalchi et al. 2012;
MacNeilage 2013; Karenina et al. 2013), as well as several terrestrial species (Karenina et al.
2017). Narwhal newborn-mother dyads were often associated with another adult female, creating
a group composed of a newborn with two adult females. This is consistent with previous studies
of narwhals grouping behavior showing a tendency for females with offspring to occur in small
groups of a few individuals (Hay 1984; Koski and Davis 1994; Marcoux et al. 2009).

The research of Arctic cetaceans, such as belugas and narwhals, is notoriously difficult
due to the remoteness of the Arctic and the cryptic behavior of these species. Sampling methods
using high definition aerial photography and other remote sensing approaches offer new
opportunities to study Arctic cetaceans. This study is the first to use a systematic approach to
identify narwhal newborns from aerial photography, offering a standardized technique for
detecting newborns across regions and years of aerial surveys that can provide important

information regarding population age structure and recruitment long-term.
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Figure 1.1 Map of the 2013 High Arctic Cetacean Survey done by the Department of Fisheries
and Oceans (transect lines in red). The map identifies the geographic localities of Admiralty Inlet
(AD), Eclipse Sound (ES), East Baffin (EB), Jones Sound (JS), Smith Sound (SS), Lancaster

Sound (LS) and Somerset Island (SI).
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Figure 1.2 Dichotomous key developed by the authors and used in this study to detect narwhal
newborns. The key reads from left to right starting at the red arrow and ending with two

outcomes either as a newborn or not a newborn. Only whales at the surface were tested in this

study.
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Figure 1.3 Scatter plot of Cohen’s Kappa coefficient calculated between the expert observer and
the inexperienced observers (observer 1: kappa coefficient= 0.57, CI: 0.34-0.81, n=61, observer
2: kappa coefficient= 0.66, CI: 0.47-0.86, n=61 observer 3: kappa coefficient= 0.72, CI: 0.54-

0.92, n=61).
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Figure 1.4 Spatial position of newborn narwhals relative to the nearest adult female. a) Position
of newborns along the longitudinal axis of the nearest female represented by a Kernel density
(n=141, bandwidth= 5.741); b) Number of newborns found on the left and right side of the
nearest female; ¢) Size of newborns relative to the size of the nearest female represented by a
kernel density function (n=141, bandwidth= 2.748) d) Distance of newborns from the nearest
female, expressed as adult body lengths and represented by a kernel density function (n=141,

bandwidth= 2.748).
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1.6 Appendix

Photo Analysis protocols:

Narwhal’s newborn detection

Background Information

The Narwhal (Monodon monoceros) has been listed as Near Threatened by the
International Union for Conservation (Jefferson and al. 2008) and the Baffin Bay population as
of Special Concern by COSEWIC in 2004, due to lack of knowledge. Therefore, better
understanding the population dynamics of narwhals will be essential to adapt and develop better
conservation and management plans. One essential parameter in assessing the health of a wild
population is population growth; thus, having any insight on the number of calves born per year
is be valuable information.

Narwhals are a medium size odontocete, exclusively found in Arctic waters, that have an
annual migratory cycle with distinct wintering and summering-grounds (COSEWIC, 2004). In
Canada, two distinct populations are recognized: The Hudson Bay population and the Baffin Bay
population. The Baffin Bay population uses numerous fjords and bays from northwestern
Greenland to the central Canadian High Arctic over the summer (COSEWIC, 2004; Heide-
Jorgensen et al., 2003). Sexual maturity is estimated at five years with a reproductive interval of

about three years (Kingsley, 1989). Most calves are born during the summer in July and August
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(Mansfield and al., 1975) even though it has been reported that some calves can be born earlier
(Fisher, 1978).
The goal is to validate the decision-making key for understandability and accuracy.

Getting started:

Installing GIMP software:

1 Download free software GIMP 2.8.14 at: https://www.gimp.org/downloads/

GIMP set up

3 Add photos:

On the toolbar click “file/ Open/ select photo to open such as: kbg 13Augl9 L 00344”. Load
one photo at a time. All the photos are in the dropbox file that I sent you.

4 Add Grid laver:

On the toolbar click on Filters/ Render/ Pattern/ Grid.
Grid set up:

Horizontal Vertical Intersection

Lines Lines
Width: 1 1 0 Px
Spacing: 100 100 2 Px
Offset: 8 8 6 Px

Photo Analysis

In order to detect the calves, you might want to change the brightness of the photos.
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on the toolbar click: “Colors/ Hue-saturation/lightness”. This step is optional.

Photo scanning:

Personally, I like to scan the photo beginning from the top left corner (you can develop
your own method but it is important to remember where you looked so you don’t score the same
whale twice). Since we are only interested in whales at the surface you should be able to see
the whales in the photos by setting the photo at 50%. To do that click on the bottom toolbar and
select 50%.

When looking at the images you will quickly realize that determining if a whale is a
surface or not is not as easy as it sounds. It will require some time working with the photos to
develop your confidence. But here are some examples to guide you in the process:

Whale at the surface: Whale not at the surface:
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If the whale is just underneath the surface it is fine. Keep in mind that we are focusing on
newborns, therefore if the adult female is a little bit at an angle, or underneath the surface, this
does not matter as long as the newborn is less than half the size of the adult female.

Once you see a potential newborn, use the dichotomous key to make your final decision.
You will see that to identify a newborn you will have to measure the whale. To measure a whale,
use the measuring tool located on the toolbar click “Tools/Measure”. Zoom into the whale until
you see the pixels. Take the measurement from the snout of the whale to the end of the tail
between the left and right fluke. Read the measurement in pixels located on the bottom left of the

Gimp window.
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Yes
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>
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No No ‘

Dichotomous key to detect narwhal newborns. Photo examples are places next to certain cases
to assist in decision making. The key reads from left to right ending with two outcomes either as

a newborn or not a newborn. Only whales at the surface are used in this key.

Once you have determined a whale is a newborn, enter the information into the Excel file

as follows:

A B C D E F
Photo ID Individual: Coordinates on the picture length in pixels calf position Distance from the female
2 |kbg_13Augld L 00335 AF 3568/3171 82.3 x X
3 |kbg 13Augl9 L 00335 C 35683171 40.3 S 1
4

Insert the name of the photos

Photo ID |

kbg_13Augl9 L 00335 .
kbg_13Augl9 L_00335

Identify Individual: Put either AF for an adult female or C for a newborn (calf)
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IIr1r:1i1.fir:1L,|;5|I:
AF
C

Locate the individuals: Insert in this column the coordinates of the individual. Once you have
placed the curser on the head of the individual you will find the coordinates on the bottom left of

the Gimp window.

Coordinates on the picture |
3568/3171

3078, 2976 | pxv 56756 |v| Ak

Whale measure: To measure a whale, use the measuring tool located on the toolbar click
“Tools/Measure”. Zoom into the whale until you see the pixels. Take the measurement from the
snout of the whale to the end of the tail between the left and right fluke. Read the measurement
in pixels located on the bottom left of the gimp window, insert this measurement into the Excel

file.
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length in pixels
82.3
40.3

Distance of the newborn from the closest adult female: In this column, you only need to enter
it for the newborn. It can be either 1, meaning that the newborn is located at a distance less than
one adult body length from the female. Or 2, meaning the newborn is more than one adult body

length from the closest female

Distance from the female
X
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Linking Statement

In the previous chapter, I developed a dichotomous key to identify narwhal newborns
from aerial photographs. The identification of newborns also gave some insight into narwhal
mother-newborn spatial relationship. In the next chapter, I identify narwhal males and females
when possible from aerial photographs. I then explored the distribution of males, females, and

newborns in the Canadian Arctic Archipelago.

54



Chapter 2: Narwhal (Monodon Monoceros) sex and age distribution
of the Baffin Bay population across the high Canadian Arctic

Archipelago.

Bertrand Charry (email: bertrand.charry@mail.mcgill.ca)

Natural Resource Sciences, Macdonald Campus, McGill University

21 111 Lakeshore Drive, Ste-Anne-de-Bellevue, QC, H9X 3V9, Canada.

Marianne Marcoux, (email : Marianne.Marcoux@dfo-mpo.gc.ca)

Fisheries & Oceans Canada, Arctic Aquatic Research Division

501 University Crescent, Winnipeg, Manitoba, R3T 2N6 Canada

Murray M. Humphries (email: murray.humphries@mcgill.ca)

Natural Resource Sciences, Macdonald Campus, McGill University

21 111 Lakeshore Drive, Ste-Anne-de-Bellevue, QC, H9X 3V9, Canada

Xavier Giroux-Bougard (email: xavier.giroux-bougard@mail.mcgill.ca)

Natural Resource Sciences, Macdonald Campus, McGill University

21 111 Lakeshore Drive, Ste-Anne-de-Bellevue, QC, H9X 3V9, Canada

Jeffrey A. Cardille (email: jeffrey.cardille@mcgill.ca)
Natural Resource Sciences, Macdonald Campus, McGill University

21 111 Lakeshore Drive, Ste-Anne-de-Bellevue, QC, H9X 3V9, Canada

55


mailto:
mailto:Marianne.Marcoux@dfo-mpo.gc.ca
mailto:murray.humphries@mcgill.ca
mailto:xavier.giroux-bougard@mail.mcgill.ca
mailto:jeffrey.cardille@mcgill.ca

2.1 Abstract

Effective wildlife management and conservation require knowledge of distribution, sex
composition and age structure of a population. Here, I explored the distribution of narwhal
population, looking at sex and age distribution, across the Canadian Arctic Archipelago. I
calculated a matrix of swimming distances between individuals to partition my dataset using the
partitioning around the medoids algorithm. The clusters obtained from my analysis supported the
delimitation of narwhal management stocks currently used by the Department of Fisheries and
Oceans. Interestingly, each cluster presented different sex ratios, and the proportion of newborns
relative to the number of females varied between seven and 18% in all clusters. Overall, my
study is a step forward the comprehension of the Baffin Bay population structure and distribution

of narwhals.
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2.2 Introduction

Successful wildlife population management and conservation depend on knowledge such as a
population’s age structure, sex composition, and distribution (Eberhardt 1977; Block and
Brennan 1993; Caughley, Sinclair, et al. 1994; Krebs 2009; Garde et al. 2015). Characterizing
species habitat use is a common tool to establish conservation and management policies on land
and oceans (Aron 1988; Morris and Brown 1992; Caughley, Sinclair, et al. 1994; Lefebvre et al.
2000; Ceballos et al. 2005; Harris et al. 2008). An important step toward understanding a
population’s habitat selection is through their population distribution and assessing general
patterns of habitat use across a landscape (Morris and Brown 1992; Morris 2003; Redfern et al.
2006). This is especially important, though difficult to quantify, for long-lived, migratory
animals such as cetaceans. These species are often data-poor due to their wide distribution living
mostly offshore, making their management potentially less successful than it could be (Evans
and Raga 2001; Kaschner et al. 2006; Pompa, Ehrlich, and Ceballos 2011).

Research on Arctic cetaceans, such as the narwhal (Monodon Monoceros L.,1758), is
known to be especially challenging due to their marine environment, low probabilities of
sightings and vast distribution (Mann 1999, 2000a; Moore and Huntington 2008; Walsh 2008;
Marcoux, Auger-Méthé, and Humphries 2009). Narwhal distribution follows a year-round cycle
with a wintering-ground and a summering-ground (Koski and Davis 1994; Richard 1994; R.
Dietz et al. 2001; Heide-Jorgensen et al. 2003; Richard et al. 2010). They are believed to have a
high site fidelity of their summering-ground in the fjords and bays of the Canadian Arctic
Archipelago (Dietz et al. 2001; Laidre 2003; Laidre et al. 2004; Auger-Méthé, Marcoux, and
Whitehead 2010) even though, it has been shown that some degree of migration between

management stocks occurs (Watt et al. 2012). This behavioral characteristic enables managers to
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divide the Baffin Bay population into management stocks during the summer to establish
harvesting quotas for local Inuit communities.

In 2004 the Committee on the Status of Endangered Wildlife in Canada (COSEWIC)
categorized the Baffin Bay population as of Special Concern. The reasoning for this status is the
lack of knowledge of narwhal ecology and uncertainties about numbers, trends, life history
parameters, and levels of sustainable hunting of the Baffin Bay population ( COSEWIC 2004). In
2007, the International Union for Conservation of Nature (IUCN) established the narwhal
conservation status as Near Threatened (Jefferson et al. 2009). Filling these knowledge gaps is
essential so narwhals can be effectively managed at both the national and international scales.

To date, narwhal distribution and structure have been studied via telemetry tags, aerial
surveys, land observation, chemical dietary evidence and genetics data collected from harvested
individuals (Koski and Davis 1994; Richard 1994; Palsboell, Heide-Jorgensen, and Dietz 1997;
Dietz et al. 2008; Marcoux, Auger-Méthé, and Humphries 2009; Richard et al. 2010; Watt et al.
2012; Watt et al. 2012; Watt and Ferguson 2015). All these methods present limitations to either
the sample size, the size of the study area or the quality of the data collected (Caughley 1974;
Eberhardt, Chapman, and Gilbert 1979; Mann 1999; Hobbs, Waite, and Rugh 2000; Laidre 2003;
Marcoux, Auger-Méthé, and Humphries 2009).

Aerial surveys, in conjunction with aerial photography, offers multiple advantages over
other methods. Aerial surveys follow transects reducing the risk of counting same individuals
twice, whereas aerial photography reduces perception bias and allows multiple observers to
analyze the same photos (Dueck 1989; Heide-Jorgensen 2004). Using these two methods
together, researchers can develop reproducible studies at multiple spatial and temporal scales,

with high sample sizes (Morgan, Gergel, and Coops 2010). As a long-lived marine mammal with
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low reproductive rates, it is essential to obtain long-term ecological data on narwhals in order to
observe and predict changes of the populations in response to environmental changes (Nichols
and Williams 2006; Clutton-Brock and Sheldon 2010; Lindenmayer and Likens 2010).

This study aims to investigate the spatial distribution of narwhal, especially, spatial
aggregation and to compare to existing management units. I examined narwhal sex and age
distributions across a large spatial scale of the Canadian High Arctic Archipelago, using aerial

photographs collected during narwhal aerial surveys.

2.3 Material and Methods

2.3.1 Study area and data collection

In August 2013, Fisheries and Oceans Canada (DFO) conducted an extensive aerial
survey known as the High Arctic Cetacean Survey. The survey aimed to estimate abundance of
narwhals in the Baffin Bay population and the Eastern Canada-West Greenland bowhead whale
population covering the following Arctic regions: Eclipse Sound, Admiralty Inlet, Somerset
Island, East Baffin, Jones Sound, and Smith Sound (Figure 2.1) (DFO 2015a). Survey dates
were set based on traditional knowledge, previous survey results and telemetry narwhal and
bowhead whale (Dietz et al. 2001; Dueck et al. 2006; Dietz et al. 2008; Watt et al. 2012;
Wheeler, Gilbert, and Rowe 2012). The survey was designed as a double-platform using three
teams of four visual observers, two at the front and two at the rear of each twin-engine Havilland
Twin Otter 300 plane. Planes flew at an altitude of about 1000 feet (304.8m) with a speed of 100
knots (185km/h) following pre-determined transect lines avoiding any recounts of the same
whales. The strip width of each transect line covered by photos represented 840m at the surface

of the water. Two Nikon D-800 cameras with 35mm lens were mounted on each side of the plane
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at an angle of 27 degrees. Cameras were set up to take photos every 3 seconds resulting in a 20%
overlap between two consecutive photographs. Each photo taken had the long side perpendicular
to the transect (orientation ‘width-wise’) and the width of each photo taken was 420m. Images
were georeferenced and saved in a laptop by connecting the cameras to a GPS unit and a laptop.

2.3.2 Photograph analysis

After the survey, all photographs were projected in ArcGIS (version 10.1). The photos
should be trapezoid but for the need of this study, they were projected as rectangles. To help
detect narwhals, photo-analysts only referred to photographs where observers in the field noted
seeing narwhals. Each narwhal present in the photos was georeferenced using ArcMap 10.1 and
saved into a Geographic Information System (GIS) data layer. Due to some overlap between two
consecutive photographs, some photographs had duplicates of individuals. When an individual
appeared in two photographs I kept only one sighting of these individuals removing any
duplicates from the dataset in this study. One expert observer revisited all the photographs with
narwhal detections to collect sex and class age data. Each whale was assigned to a sex category
and age. A narwhal could be either an adult, a newborn (whale of 0 to 3 months old), or a whale
of unknown age. To be consistent in my detection of a newborn a dichotomous key was used to
classify newborns. Newborn whales could not be sexed. Thus, all newborn was classified as
unknown sex whales. However, adult narwhals were classified as males or females when
possible based on the following criteria. An adult narwhal was a female if no tusk was present
(Mansfield, Smith, and Beck 1975; Hay 1985), and an adult narwhal was a male if a tusk was
present (Koski and Davis 1994). Individuals that could not be identified were classified as

unknown sex (Mann 2000).
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2.3.3 Data analysis

Statistical analyses were performed using the statistical software R (RDevelopment
2011). Prior to partition the narwhal dataset I first calculated a matrix of swimming distance of
all narwhals detected in the photographs using the R package “gdistance” (RDevelopment,
2011.; Etten 2012). To obtain a swimming distance between all individuals I first transformed
the study area into a raster. Each grid cell of the raster represented a surface of 1km?. I assigned a
value of 1 to the grid cells containing water. The grid cells containing land had no data. This
insured the distances calculated between whales would correspond to a swimming distance.
Then, I calculated all the distances between grid cells containing narwhals. To obtain the final
distance matrix of all the individuals I assigned Euclidian distances between whales that were
less than Skm apart, and when distances were greater than Skm I used the distances calculated
previously between grid cells containing narwhals using the least cost path algorithm.

Once the narwhal matrix of swimming distances was obtained I then performed a
partitioning around the medoids (PAM) analyses using the PAM function in the R package
“cluster” (Maechler et al. 2015). The PAM algorithm divides the data by first selecting a user-
defined number of medoids, actual data point, to represent the center of each cluster. Then, each
cluster is constructed by minimizing the distance between data points and the medoids.
(Kaufman and Rousseeuw 2009). To find the optimum number of clusters, I assessed the
clustering structure using the within-cluster sum of squares and the average silhouette width
(ASW) for 2 to 20 clusters. The ASW gives a measure of the homogeneity and separation of
clusters. Kaufman and Rousseeuw (2009) suggested the silhouette coefficient (defined as the
overall ASW for the entire data set) interpretation as follows: a value between 0.71-1

corresponds to a strong structure of the data, between 0.51-0.7 a reasonable structure, 0.26-0.50 a
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weak structure and below 0.25 there is no structure of the data. Based on the optimal number of
clusters, I calculated the proportion of males, females, and newborns in each cluster. The
percentage of newborns corresponds to the number of newborns relative to the number of
females. To determine if the number males and females observed in each cluster were

significant, I performed a chi-square test.

2.4 Results

I analyzed 3,393 photographs for this study that included a total of 6,315 narwhals
(Figure 2.2). The photographs included 1,425 females, 1,379 males and 3,511 individuals of
unknown sex. 6,033 narwhals were identified as adults, 141 were newborns, and I was unable to
age 140 individuals.

The outcome of PAM for k=3 divided the data with cluster 1 containing 2,682 narwhals
corresponding to the regions of Eclipse Sound and East Baffin. The second cluster had 2,966
narwhals corresponding to whales found in Admiralty Inlet, Lancaster Sound, and Somerset
Island. Finally, cluster 3 had 666 whales containing individuals in Jones Sound and Smith
Sound. The outcome of PAM analyses for k=5, the algorithm divided the previous cluster 1 into
2 clusters corresponding respectively to Eclipse Sound and East Baffin and divided the previous
cluster 2 separating the areas of Somerset Island and Admiralty Inlet. Finally, when dividing the
data into 7 clusters, the algorithm divided the region of Admiralty Inlet into two distinguishing
the region of Lancaster Sound as a unique cluster. The algorithm also divided Somerset Island
into two different clusters (Figure 2.4).

Using the elbow criterion method of interpretation (Madhulatha 2012) on sum of squares

and ASW for k=2-20 (Figure 2.3); I identified five clusters as being the best partition outcome
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(Figure 2.5). Clusters 1 and 2 contained 2,213 and 2,392 individuals containing the most males,
females, and newborns. In the first cluster, 981 narwhals were sexed representing respectively
52% males (n=509), 48% females (n=472). Newborns represented 10% of the females (n=49) in
cluster 1. In the second cluster, 1,132 whales were sexed. Males represented 46% (n=516), and
females 54% (n=616) of the narwhals that could be sexed. The proportion of newborns was 9%
(n=57). The number of males and females observed in each cluster was statistically different
()*=27.9, DF= 3, P=0.001) (Table 2.1). The male: female ratios for each of the final five clusters
were: 1.07 (cluster 1), 0.83 (cluster 2), 1.4 (cluster 3), 1.38(cluster 4) and 0.71 (cluster 5).

Overall, the male: female ratio was 0.97.

2.5 Discussion

This study offers a novel assessment of narwhal management stocks based on swimming
distances. Previous studies based on telemetry data, surveys, genetics, contaminants and local
knowledge distinguished four different narwhal management stocks for the Baffin Bay
population known as East Baffin, Eclipse Sound, Admiralty Inlet and Prince Regent stocks
(Petersen et al. 2011; Heide-Jorgensen et al. 2013; DFO 2013, 2015b). Additional two stocks —
Jones Sound and Smith Sound — have been suggested based on sightings and hunting activities
around Ellesmere Island and Devon Island (Heide-Jorgensen et al. 2013). In this study, I
identified five different clusters similar to the narwhal stocks currently defined by DFO. Based
only on swimming distances and a purely quantitative clustering approach, my findings are in
broad alignment with the DFO stocks. My analysis did not provide evidence for the Jones Sound
and Smith Sound hypothesized stocks, even when I divided the sighting into seven clusters

(Figure 2.4).
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Sexual segregation; defined as the different use of space by sexes (Conradt 1998); is
found in different marine and terrestrial mammal species (Ohsumi 1966; Bleich, Bowyer, and
Wehausen 1997; Kathreen E. Ruckstuhl 1998; Kathreen E. Ruckstuhl and Neuhaus 2000; Laidre
et al. 2009; Fury, Ruckstuhl, and Harrison 2013). Different hypotheses attempt to explain sex
segregation including the predation risk hypothesis, the forage selection hypothesis and the
activity budget hypothesis (Ruckstuhl 2007). In this study, the distribution of narwhal males and
females in each cluster is unequal with a male: female ratio varying from 0.71 to 1.40. In 1979
Silverman observed a high male: female sex ratio in Tremblay Sound (cluster 1) which is similar
to what I observed in this study. Interestingly, the male: female sex ratio reversed in the next
fjord known as Admiralty Inlet (cluster 2). The differences observed between clusters could
indicate variation in site fidelity among individuals depending on sex class and age, different
energetic needs, or individual behavior regarding site fidelity and range of movements (Bearzi
and al., 1995; Mann, 1997). The proportion of newborns relative to the number of females
ranged from 7 to 18% in all clusters, which is consistent with the predicted birth rate of 7%
(Silverman 1979; Kingsley 1989) (Figure 2.4). The difference in newborn proportions between
clusters could be due to differences in habitat characteristics (e.g.: water temperature, food
availability, bottom depth) (Redfern et al. 2006).

Aerial digital photography combined with aerial surveys have the advantage of collecting
more reliable data on sex composition and age classes than aerial surveys alone. Photographs can
be analyzed multiple times by multiple observers, reducing errors (Caughley 1974; Heide-
Jorgensen 2004). This study gives new insight on the distribution of Baffin Bay narwhal stocks.

Although this research contributes to our knowledge of narwhal sex and newborn

distribution, I acknowledge that having only one year of data limits the ability to make greater
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inferences. Moreover, the differentiation between male and female narwhals was only based on
the presence or absence of a tusk. In 2012 Petersen et al. estimated the proportion of females
with tusk to be 6%, but no correction factors have been applied to this data to account for the
proportion of females with tusks and the proportion of males without a tusk. However, this bias
should be consistent between clusters.

This study is the first to look at sex distribution and narwhal newborns at a large scale
across the Canadian Arctic Archipelago. The reproducibility of my study design provides an
important opportunity for future research to obtain multiple years of data and compare future
narwhal trends to these preliminary findings. Studying newborn, calf and juvenile behaviors via
focal studies could further help identification of different class ages from aerial photographs,
refining our ability to collect information about narwhal population from photographs. Building
a long-term narwhal database can be a powerful tool to help decision makers and northern
communities to improve the management and conservation of the Baffin Bay narwhal population

in Canada.
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Table 2.1 Contingency table of male and female narwhals using the optimal number of clusters

(k=5). Chi-square results at the bottom of the table.

Sex

Male Female Total
Cluster 1 509 472 981
Cluster 2 516 616 1132
Cluster 3 46 32 78
Cluster 4 185 134 319
Cluster 5 123 7, 294
Total 1379 1425 2804

2=27.99 - df=4 p=0.001
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Figure 2.1 Map of the 2013 High Arctic Cetacean Survey done by the Department of Fisheries
and Oceans (transect lines in red). The map identifies the geographic localities of Admiralty Inlet
(AD), Eclipse Sound (ES), East Baffin (EB), Jones Sound (JS), Smith Sound (SS), Lancaster

Sound (LS) and Somerset Island (SI).
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Figure 2.2 Heat map of unique narwhal sightings with a zoom on Admiralty Inlet and Eclipse
Sound found in aerial photographs taken during the 2013 High Arctic Cetacean Survey. Darker
reds represent higher densities of whale sightings. The map identifies the geographic localities of
Admiralty Inlet (AI), Eclipse Sound (ES), East Baffin (EB), Jones Sound (JS), Smith Sound

(SS), Lancaster Sound (LS) and Somerset Island (SI).
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Figure 2.3 Optimal number of clusters obtained with the a) total within sum of square and b)

Average silhouette width methods. The dash lines represent the optimal number of clusters.
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Figure 2.4 Different outcomes of cluster analysis using the partitioning around medoids (PAM).

a) results of PAM to obtain three clusters (k=3), b) results of PAM to obtain five clusters (k=5),
c) results of PAM to obtain seven clusters (k=7). Each cluster is represented by a different color.
The map identifies the geographic localities of Admiralty Inlet (Al), Eclipse Sound (ES), East
Baffin (EB), Jones Sound (JS), Smith Sound (SS), Lancaster Sound (LS) and Somerset Island

(SI).
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Figure 2.5 Map showing the repartition of narwhals with a detailed number of males, females,
and newborns found in each of the cluster determined by the partitioning around medoids
algorithm, calculated on swimming distance between individuals, to obtain five clusters (k=5).
Clusterl (red), cluster 2 (yellow), cluster 3 (blue), cluster4 (green) and cluster 5 (purple). The
gray box represents the number of individuals that could not be sexed. The blue boxes represent

the males; the orange boxes the females and the white boxes the newborns.
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Summary and final conclusions

In this thesis, I explored the use of aerial photography to study narwhal population
structure and distribution. I first assessed the ability to recognize narwhal newborns by
developing a dichotomous key. This also provided some information on narwhal newborn-
mother relationships (Chapter 1). I then looked at the sex distribution and aggregations of

narwhals in their summering-grounds (Chapter 2).

Identification of narwhal newborns

Understanding the dynamics and structure of a population is important knowledge to
manage and conserve wild species adequately (Whitehead, Reeves, and Tyack 2000). In long-
lived species such as narwhals, newborns are an important age class used as one indicator of
population health and viability (Fowler 1988). IUCN and COSEWIC mention lack of knowledge
on this species as a reason for their “Species of Concern” and “Near Threatened” status; it is,
therefore, important to obtain demographic and spatial information on narwhal population. I
created a dichotomous key to differentiate newborn narwhals from other whales based on
physical characteristics of narwhal newborns and also based on typical mother-newborn spacing
patterns described in previous cetacean research. The dichotomous key provided a replicable

method to detect newborns from aerial photographs by different observers.

Narwhal mother-newborn spatial relation

Narwhal mother-newborn interactions have never been studied in detail. The results of

my first chapter give some insight into the spatial relationship between narwhal mother-newborn
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dyads. In other odontocetes such as bottlenose dolphins (7Tursiup truncatus) and beluga whales
(Delphinapterus leucas) newborns in the few weeks after their birth spend a large amount of their
time in close proximity to their mother. They are either slightly underneath their mother’s fluke
(infant position) or at their mother's mid-lateral flank (echelon position) due to their limited
swimming capabilities (Mann and Smut 1999; Gubbins et al. 1999; Mann 2000; Krasnova,
Bel’kovich, and Chernetsky 2006; Krasnova, Bel’kovich, and Chernetskii 2009). I found
narwhal newborns exhibited similar position preferences. Most newborns-mother dyads were
associated with another adult female forming groups of three individuals. This is also consistent
with previous observations done on narwhals (Hay 1985; Koski and Davis 1994; Marcoux,

Auger-Méthé, and Humphries 2009).

Narwhal aggregation

Narwhals are known to be unevenly distributed across the Canadian Arctic during the
summer, forming different aggregations with large numbers, concentrated in relatively few fjords
(Koski and Davis 1994; Richard and Weaver 1994). For management purposes, such as
determining hunting quotas for northern communities, DFO has identified six management zones
which are intended to reflect major narwhal aggregations in the region (Richard 2010; DFO
2013, 2015) based on general knowledge of narwhals in the region derived from telemetry tags,
aerial surveys, land observations, genotyping of harvested individuals, and traditional knowledge
(Koski and Davis 1994; Richard 1994; Palsboell Heide-Jorgensen, and Dietz 1997; Dietz et al.
2008; Marcoux, Auger-Méthé, and Humphries 2009; Richard et al. 2010; Watt et al. 2012; DFO

2015). In this study, I looked at narwhal distribution using only on swimming distances and a
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purely quantitative clustering approach, my findings are in broad alignment with the DFO zones,

re-enforcing the management unit defined by DFO.

Sex and newborn distribution

Little is known about the sex distribution of narwhals in the Canadian Arctic and only a
few studies looked at sex distribution in some part of the Eastern Canadian Arctic (Mansfield,
Smith, and Beck 1975; Silverman 1979). The analysis of Chapter 2 gave more information of the
sex distribution of narwhals across the Canadian Arctic Archipelago. Narwhals presented
different male: female sex ratio in each of the different cluster varying from 0.71 to 1.40. An
interesting observation was the high male:female sex ratio observed in the region of Eclipse
Sound in this study correspond to the male:female sex ratio biased found by Silverman in 1979.
This suggests a real trend of the sex ratio biased towards the males in this region.

Newborns were also distributed across the Canadian Arctic Archipelago. I found more
newborns in the regions were more narwhals were sighted. And the proportion of newborns
relative to the number of adult females sighted varied between 7 to 18% depending on the
region. This finding is in accordance with a 10% proposed by Mansfield, Smith, and Beck in

1975 and Kingsley in 1989.

Future directions

As a non-invasive remote sensing method, aerial photography offers many opportunities
to gain new knowledge of narwhal population dynamics and habitat selection. Developing a
long-term monitoring of narwhal populations will be essential in the near future to manage and

conserve this species living in an environment changing rapidly. The use of aerial photography
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can help get valuable information about population structure and habitat use over a large spatial
scale. However, to extract the best information offered by photographs it is essential to conduct
more in situ research. Nowadays narwhal research requires a limited amount of time spent in the
field reducing the opportunity for the researcher to observe them in nature (Mann 2000). The
high cost and environmental challenges of fieldwork in the Arctic limit time spent on the field.
However, new technology such as unmanned aircraft systems (UAS) could be a good alternative
to increase our time to observe narwhals in their environment (Fiori et al. 2017). Researchers
could use UAS to design and conduct focal sampling by recording a large number of videos that
could be analyzed later in the laboratory.

As the next step to my thesis, it would be interesting to conduct a focal sampling study
following narwhal mother-newborn dyads to improve our knowledge of their behaviors and
interactions. This knowledge will help to improve our detection of newborns from photographs
and establish a correction factor to account for newborns under the surface when calculating
abundance estimates. This type of study would also help to establish a baseline of undisturbed

behavior of newborns prior to new disturbances.
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