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Abstract

We urgently require better knowledge of the narwhak are to ensure their sound
management. Thus, | developed a photo-identifioati@thod for this species. Photo-
identification is a vital tool in cetacean studileat uses natural marks to identify
individuals. | described marks observed in photpgsaof narwhals and found that
notches in the dorsal ridge, which are found on @i%dividuals and likely permanent,
are the most promising marks for photo-identificatil wrote a computer program that
uses the location of notch features to compareggnaphs, and ranks the potential
matches of a photograph in decreasing order ofaiityi. The program accelerates the
matching process by 1.4-4.5 times, and its efficyancreases with catalogue size. Given
that the main drawback of photo-identification, time required to process the
photographs, is alleviated, the method will faatkt efforts to increase our knowledge of
the narwhal.
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Chapter 1

General Introduction

Conservation bodies, such as the Committee OntdtasSof Endangered Wildlife in
Canada (COSEWIC), recently acknowledged that tiseaeneed to increase our
understanding of the narwhallonodon monocerggCOSEWIC 2004). While little is
known about the species, its populations are palgnthreatened by levels of aboriginal
hunting. In addition, climate changes recordech@Arctic appear to increase the
vulnerability of narwhals to ice entrapment (Laidred Heide-Jgrgensen 2005b)
Essential information such as the number and di@ecseparate populations is still
unclear and many other aspects of the narwhal'mggmeed increased attention.
Although research methods previously used to shaaywhals allow us to increase our
understanding of this species, they are expensftexn invasive, and most effective at
addressing a restricted set of questions. Thuee th@ need for an inexpensive, non-
invasive, and easy-to-use method that would allotvonly field biologists, but also
members of Northern communities, to address a walege of questions about narwhal
biology. To address this need, | developed a pha#ntification method for the use with
narwhal. Photo-identification is widely used ina®tan studies, employing photographs
of natural markings, such as scars and pigmentaatterns, to identify individuals. The
method can be used to address both subjects om@ti®n interest and of broader

scientific interest.

1.1 The Narwhal

1.1.1 Distribution and Migration

The narwhal Mlonodon monocerdss a medium-sized odontocete inhabiting Arctic
waters (COSEWIC 2004). It is common to the watéfunavut, West Greenland, and

the European Arctic, with the greatest concentnabibonarwhals found in Baffin Bay, but



is rare in other regions of the Arctic. Narwhalséannual migration patterns. The
narwhals wintering in Baffin Bay migrate to diffetecoastal summering grounds in the
Canadian high Arctic and northwestern Greenlanét@and Heide-Jorgensen 1995;
Heide-Jgrgensen et al. 2002a; Heide-JgrgensenzfQ8). | studied narwhals in one of

these summering grounds, Koluktoo Bay, northerriiBaddland, Canada.

1.1.2 Vulnerability to Climate Change

Of the three cetacean species which inhabit Awéters year-round, the narwhal is the
most vulnerable to the changes in ice conditioss@ated with global warming (Laidre
and Heide-Jgrgensen 2005b; Laidre et al. 2008% Aigh sensitivity to climate change
can be partly explained by the narwhals’ high Bdelity, preference for dense pack ice,
and their vulnerability to ice entrapment (Laidrelddeide-Jgrgensen 2005b; Laidre et al.
2008). In addition, climate change is opening tloethivest Passage, and facilitating the
development of non-renewable resources in the &rBoth of these factors will
significantly increase shipping traffic, to whicamvhals have been shown to be sensitive
(Finley et al. 1990).

1.1.3 The Hunt and its Importance for Northern Comnunities

The narwhal is culturally and economically impottior communities in Greenland and
the Canadian Arctic and a subsistence hunt is adadun both of these countries. The
mugqtuk (skin of narwhals and some adhering blubisex)highly valued food that is an
important source of energy for northerners, anld incessential nutrients such as vitamin
A and C (Fediuk et al. 2002; Kuhnlein et al. 1996)addition, the sale of narwhal tusks
is an important source of income for members oftresn communities (Armitage 2005;
Reeves 1992). Regulations regarding the hunt hlaaeged in recent years in both
Canada and Greenland. In Canada, the quota sysasmewoved in 1999 and replaced in
2002 by a co-management system involving the Nunafiladlife Management Board
(NWMB), the Canadian Department of Fisheries andadbs, and the local Hunters and
Trappers Organizations. The average catch of nasvidyaCanadian communities for the
two years after the removal of quotas (1999-20049 ¥43 landed animals per year

(NWMB 2004). The average catch for the first twangeof the co-management system



(2002-2003) was 332 landed animals per year fer dvthe most important hunting
communities in Canada (Ditz 2004). In Greenland fitst quotas were established in
2004. Their quotas were 300 narwhals for the y&2004-2005 (NAMMCO 2004), and
were increased to 385 for the year of 2006-2007NINACO 2006). Although most
communities report the number of animals landeely tto not count the number of
animals that are killed but lost. Thus the landattit cannot be used as a true value for
the numbers of animals removed from the populadipthe hunt. In 2001, the loss rate
was roughly estimated to between 19-46% of theddrmatches (COSEWIC 2004).

1.1.4 Survival and Reproduction

Narwhal mortality can be caused by many naturabfacincluding ice entrapment
(Heide-Jgrgensen et al. 2002b; Siegstad and Heidgdsen 1994), and predation by
polar bearsrsus maritimuy (Smith and Sjare 1990) and killer whal@¢inus orca
(Jefferson et al. 1991). The only information &aale on such events is from a few
reported observations. This is partly because tbessts occur in isolated areas and are
difficult to predict. However, they are thoughtide important limiting factors for
population size. For example, narwhal is one ofntlost recorded prey species of the
killer whale (Jefferson et al. 1991) and ice emntmapts can kill hundreds of narwhals at a
time (e.g.: Heide-Jgrgensen et al. 2002b; SergeahWVilliams 1983; Siegstad and
Heide-Jgrgensen 1994).

In addition to the lack of information on the mdittarates of narwhal, the longevity and
life history of the narwhal are still debated. Degieg on the technique used, narwhals
have been estimated to live up to 52 or 115 yrsléBt al. 1983; Garde et al. 2007).
Males are thought to sexually mature between 9eE8syand females between 4-9 years
(COSEWIC 2004; Garde et al. 2007). Most mature femproduce one calf every three
years and calves are thought to be weaned afteorame years (Hay and Mansfield
1989). Although details of the longevity and lifistory are still imprecise and possibly
inexact, it is evident that the narwhal is a loivgdl and slowly reproducing species.



1.1.5 Population Size and Trends

Although narwhals have been divided into diffenpapulations for hunt management
purposes, it is unclear whether these populatiomsraly isolated, or whether each
should be further divided into distinct subpopuas. Two of these narwhal populations,
in Baffin Bay and Hudson Bay, reside in Canadiatewsaduring the summer. For the
Baffin Bay population, the most exhaustive popolatestimate was done in 1996 and the
population was estimated to be 45 358 (95% CI 32887 932) (Innes et al. 2002). This
survey covered areas that were previously survéyex Richard et al. 1994) and
provided similar estimates. However, uncertaintghie population estimates, couple with
low statistical power, would not allow the detentif a trend in population size if there
had been one (COSEWIC 2004), a problem that isncdbmmon in marine mammal
studies (Taylor et al. 2007). Although there hagerbother surveys (e.g.: Kingsley et al.
1994; Koski and Davis 1994) and surveys are cugreonhducted in order to update
population estimates (NAMMCO 2006), none providatadhat have made it possible to
either detect population trends or give an recstinate of the total population of Baffin
Bay (COSEWIC 2004). There is one exception, amegad 10% decline from 1985-
1986 to 2001-2002 in part of the narwhal populabbiorthwest Greenland, narwhals
that winter in Baffin Bay (Heide-Jgrgensen 2004)e Btate of knowledge of the much
smaller Hudson Bay population is similar. Systemstirveys were conducted in 1982 to
1984 and 2000 (COSEWIC 2004; Richard 1991). Thauladion estimate is roughly 3
500, and no trends have been detected (COSEWIC).2004

1.1.6 Gaps in Knowledge and Status of the Species

In addition to the need for more recent and coregbeipulation estimates, and an
adequate estimate of population trends, many aspétihe narwhal’s ecology are in need
of increased attention. As mentioned above, thewely little information available on
mortality rates. Although the migration patterngtod narwhal are quite well understood
(Dietz et al. 2001; Heide-Jgrgensen et al. 2002#jd¢4Jgrgensen et al. 2003) and the
diving behaviour has been studied in some detadtd®et al. 2007; Heide-Jgrgensen and
Dietz 1995; Heide-Jgrgensen et al. 2001; Laidad.€1002; Laidre et al. 2003; Lydersen



et al. 2007), few other aspects of the narwhal Wielia have been studied. Some research
has been conducted on the narwhals’ feeding behg\iéinley and Gibb 1982; Laidre et
al. 2003; Laidre and Heide-Jgrgensen 2005a), hadmtaction (Laidre et al. 2004),
vocalizations (Ford and Fisher 1978; Miller et1895; Shapiro 2006; Watkins et al.
1971), use of tusks (Best 1981; Gerson and Hic&85), and grouping behaviour
(Cosens and Dueck 1991; Silverman 1979). Howekerirtformation that resulted from
these studies is not similar to the extent of krealgke available on these subjects for
many other cetacean species. In addition, most aspects of the behaviour are
unknown and very little is known of the about thygiological requirements of narwhals
(COSEWIC 2004).

COSEWIC assigned the status of ‘Special Concertiieénarwhal, in part because there
is not enough information on the population sizeé tands, or on the survival rates of
narwhals. The Joint Commission on the Conservatr@mhManagement of Narwhal and
Beluga and North Atlantic Marine Mammal Commissgamilarly concluded, after a
joint meeting, that it is impossible to assessstiatus of narwhals in the Baffin Bay area
without improving our knowledge of the recent cabstory and without recent and
accurate population estimates (NAMMCO 2001). Sirylan the 2000 International
Union for Conservation of Nature Red list of Thezadd Species, the narwhal is listed
under ‘Data Deficient’. Finally, other authors swh(Laidre et al. 2008) have indicated
that there is a need for more knowledge of thigigsdf we hope to understand the

impact that climate change might have on this @iy extremely vulnerable species.

Although there is general recognition that increlasteidy of the narwhal is required, it is
not surprising that there are large gaps in ounkedge. The remoteness of the species
and the harsh environment it inhabits complicagklfivork. For instance, narwhals spend
the winter in an area with very little daylight,daworking in the Arctic is extremely
expensive. Most of the previous methods used, asdatellite tags and aerial surveys,
have been extremely useful in elucidating migrapatterns, diving behaviour, and
estimating the abundance of narwhals (e.g.: Dietd. 2007; Heide-Jgrgensen et al.
2003; Innes et al. 2002). However, such studieggpensive and can only address

targeted questions. Thus there is a need for av@hinexpensive method which can be



used to address a wide range of questions anavthddl, preferably, allow members of
the northern communities to become involved inviioek.

1.2  Why Photo-ldentification

Photo-identification is a vital tool in cetaceandies. An effort to develop the method for
cetacean species was initiated by the Internatidftedling Committee, which devoted a
special issue of its publication to the subjectrif@ond et al. 1990). Since then, the
method has been developed for many cetacean speciekich it was previously
unavailable (e.g.: Gonzalez 1994; Gowans and Wéatét2001; Hartman et al. 2008).
The development of photo-identification, in conjtias with the development of models
and programs which can be applied to the data #tbed produces (e.g.: Lusseau et al.
2008; White and Burnham 1999; Whitehead 2001a)ala®ed scientists to study a
wide array of subjects such as survival rate, patpn trends, social structure, mating
system, population size, movement patterns, andataise (Bejder et al. 2006; Bradford
et al. 2006; Coakes and Whitehead 2004, Gero 808al7; Gowans et al. 2000;
Karczmarski et al. 2005; Mizroch et al. 2004; Wiilsst al. 1997).

Photo-identification is relatively inexpensive amzh-invasive. Once the method is
developed, anyone with a good camera can gathar Bgideveloping a simple-to-use
method, | hope to enable members of northern contrasito become involved in
studying the narwhals, a species which is so inapbtb them. This would allow easy
access to data, and hopefully provide job oppatitesifor members of northern
communities. Most importantly, it would provide epportunity to involve members of
the northern communities in research, which wouwalchiglement the co-management of
the hunt.

One of the reasons why photo-identification hasyebtbeen applied to narwhals is that
the features commonly used for the individual iderattion of other cetaceans cannot be
used with this species. Narwhals lack dorsal fim$ show marked change in body
pigmentation and tail morphology with ai¢ay and Mansfield 1989). Therefore, one of
the first goals of my project was to find a feataf@arwhals that could be used to

identify the individuals. The natural marks foundmarwhal are described and some of



their aspects, such as their distribution in theutation, are explored in the second
chapter of this thesis. The main drawback of phdéntification is the time required to
process the photographs. For example, comparinglooigraph to a catalogue of a few
hundred individuals can easily require an hourffare In addition, since the advent of
digital photography, the number of photographs nakephoto-identification studies and
requiring processing is becoming extremely lardeer&fore, an important aspect of the
development of the photo-identification methodoiglevelop a computer program that
can accelerate the matching process. This wasttund goal of my thesis, described in
the third chapter.



Chapter 2

Nicks and Notches of the Dorsal Ridge: Promising M& Types
for the Photo-ldentification of Narwhals

2.1 Introduction

Most recent research on narwh@#ofodon monocerg$as used aerial surveys (e.g. :
(Heide-Jgrgensen 2004), satellite tags (e.g.: Hémgensen et al. 2003; Laidre et al.
2004), or samples from the aboriginal hunt (e.getDet al. 2004; Garde et al. 2007).
Although these methods allow us to increase ouerstdnding of narwhal biology and
ecology, they are expensive, often invasive, andtreffective at addressing a restricted
set of questions. The costs and limits of thesdaukt, as well as the remoteness of the
narwhals’ Arctic habitat, contribute to our incorei@ knowledge of the species. This
largely explains why narwhal populations have b&ssigned the status of ‘Data
Deficient’ by the International Union for Conseratt of Nature and of ‘Special
Concern’ by the Committee on the Status of Endaatyevildlife in Canada. Thus, there
is a need for an inexpensive, non-invasive, any tagse method that would allow not
only field biologists, but also members of Northeammunities, to address a wider
range of questions about narwhal biology. Phototifleation, which fulfills all of these
criteria, is a method using photographs of natnalkings, such as scars and
pigmentation patterns, to identify individuals. $imethod is extensively used in cetacean
studies (Hammond et al. 1990) and can addresseaséivet of subjects. For example,
population parameters were estimated and movenadterps were modelled using
photo-identification (e.g.: Gowans et al. 2000; $uit et al. 1997).

One reason why this method has not yet been apiliedrwhals is that the features
commonly used for the individual identificationather cetaceans cannot be used with
this species. Narwhals lack dorsal fins and showketachange in body pigmentation
and tail morphology with agélay and Mansfield 1989). However, a preliminarglgsis

of the narwhal photographs supplied by photograpteanoru Yasuda revealed that



nicks and notches found on the dorsal ridge coaldd®d to identify individuals. This
ridge was previously described as a low (4-5cm higkgular ridge found on the
posterior half the back (Hay and Mansfield 198%e foal of this study was to verify
whether the nicks and notches of the dorsal ridgeadequate marks for photo-
identification and whether other mark types, susbuallet scars (Finley and Miller 1982),
could also be useful in the identification of indivals. Aspects of natural marks, such as
their variability in size, shape, and colour, wesed to investigate whether these marks
could allow one to distinguish between the indial$ubearing them. The prevalence of a
mark type in the population was used to estimaggtibportion of the individuals that
would be considered identifiable using the marletypquestion. Finally, the relationship
between the age of an individual and the numbenarks found on its body was used to

address the possible permanency of different nygust

2.2 Methods

2.2.1 Field Methods

Narwhals summering in Koluktoo Bay, Nunavut, werelged during the months of
August and September of 2006 and 2007. A totaBaddys were spent on a peninsula
called Bruce Head (?D2'N, 80° 40'W) where | took a total of 3261 digital photaghs
of the sides of narwhals. These photographs wénere8008 by 2000 pixels images
taken with a Nikon D70s equipped with 500mm autafolens or 3504 by 2336 pixels
images taken with a Canon EOS 20D equipped with0avn autofocus lens.
Photographs were taken from land when weatherightidonditions permitted. |
attempted to photograph individuals without bidatesl to probability of identification
(e.g.: presence of distinctive marks) or the nundbgrictures previously taken of an
individual. The photographic effort was divideddrgncounters, a spatio-temporal unit
used to delineate narwhal herds. An encounter betjyan a narwhal was seen within

about 500 m of the peninsula and ended when nohadswere observed for 30 min.



2.2.2 Photographic Analysis

| assigned a quality value to each photographedhsdr As some photographs contained
more than one narwhal a total of 3718 quality velere given. Quality values ranged
from 1-5 (referred hereafter as Q1-Q5), Q5 beimghiighest quality. These values were
assigned using five criteria, similar to the onesalibed for sperm whaleBl{yseter
macrocephalusby Arnbom (1987). These criteria were: the sikthe ridge, represented
by the length of the ridge in proportion to theestf the photograph; the orientation of
the ridge, represented by the angle the ridge fdwith the frame of the photograph; the
exposure, a measure of the relative darkness gittbmgraph; the focus; and the
proportion of the ridge that is visible. To recev€5 a narwhal needed to be almost
perfect in all of the criteria: length of the ridgeing at least a quarter of the size of the
frame, the ridge forming a maximum 10 degree angfle the horizon, the contrast
allowing one to clearly differentiate the narwharh the surrounding water and the
absence of glare, the edge of the ridge beingandpand the ridge being completely
visible (for more information, see Appendix). Prgr@phs in which the ridge was not

visible were excluded.

All photographs of Q4 to Q5 were selected and neatdh the other photographs of the
same encounter. As photographs of the same encouerte taken within hours of one
another, all marks, including nicks, notches, scansl pigmentation patterns, could be
used to match the individuals as they are unlikelghange over such short periods of
time. Calves were excluded because they had neittles, notches, nor other marks that
could be used to identify them. For each encouht#pse the best photograph available
for each side of an individual. If an individualdchat least one nick or notch it was
compared to the individuals of the catalogue, usipgototype of the matching program
described in chapter 3. A new identification numivas given to every narwhal that
could not be matched to any of the catalogue’s halsv If | had any doubts regarding a
match, the opinion of a minimum of three other peapas required before a decision
was made. Restricting the sample to individual$ a&itleast one nick or notch would

have positively biased some of the values | wasr@sted in calculating, such as the
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average number of nicks per individual. Therefbedso matched the individuals that had
neither nicks nor notches on their ridge. Sinceehadividuals could not be matched
with the computer program, | used the pigmentapiatterns and other marks to
discriminate between different individuals. Thissygossible since all of the photographs
for these individuals were of the same side ofrthedy. In addition, since all of the
photographs of individuals without nicks and noghere taken within a two-week
period and their marks were likely stable for sagberiod of time, it is unlikely that these

individuals were sampled more than once.

2.2.3 Mark Description
Mark Description and Distribution

| described the marks found in narwhal photograygisg a method similar to Auger-
Méthé and Whitehead (2007). | randomly selectedphdograph of the highest quality
value for each individual. For each individual, thenber of nicks and notches were
counted and the widest, deepest, narrowest, atldwkat nicks and notches were
measured as a proportion to the size of the ridja@ther marks were counted and their

longest axis was measurddhe colour, shape, and location of all marks wése aoted.

Using the characteristics described above, thesksmaere assigned to one of the
following mark types previously described in thtedature (Auger-Méthé and Whitehead
2007; Finley and Miller 1982; Gowans and Whiteh2@@1; Keith et al. 2001): bullet
scar, noncircular light patch, nick, notch, patddifeear scrape, single linear scrape, and
tooth rake. Note that | define notches as indemtatthat cut the dorsal ridge through its
entire depth and nicks as all other shallower italgans. Marks from the sample that
could not be assigned to one of the previouslyrifesd types were compared to one
another and new types were created as approprfiaeaverage number of marks and the
average number of mark types per individual weteutated. In addition, the average
number of marks of each type per individual, aregrevalence of each mark type,

defined as the proportion of individuals that pess& given mark type, was calculated.

11



Body Location and Association with Age

In order to investigate whether the marks are seere often on certain sections of the
body, sets of*tests were performed. The observed frequencies olgmined by
counting the number of marks on each of the foulylsections: the dorsal ridge, the
flank, the front, and the back (fig. 2.1). If a tkapanned more than one section a fraction
of its value was assigned to all the sectionsanged. The expected frequencies were
calculated using the following method. | estimateel relative size of each body section
that was visible in a photograph. These were coss8mates based on how many
standard rectangles were needed to contain a ge&ion. Standard rectangles were
defined as an area the length of the ridge by ayteteof its length. If part of the ridge
was masked, the estimated length of the ridge wed.UFractions of the standard
rectangle were only used as a unit when estimaizeyof the dorsal ridge, which never
exceeded half a standard rectangle. The valugbdaexpected frequencies were

calculated as exemplified for the ridge:

m ridge
(ridge + flank + front, +back)’

expected frequency for the ridge

wherem s the total number of observed marks of a giyge for all individuals, and
ridge, flank , front;, andback are the relative size of the ridge, flank, fromtgddack for

one of the individuals in the sample.

Only the parallel linear scrape, the single lireaape, and the small white dot (see fig.
2.2 and table 2.1) had appropriate sample accotdifigar 1999) recommendations for
%-tests for more than two categories. Note thantbles and notches were eliminated
from this analysis since they are, by definition,tbe dorsal ridge. The first set Sftests
examined whether a given mark type was distribdiffdrently across body sections. If
the distribution differed significantly (p<0.05ather set of -tests was performed to
investigate which of the body sections differ fréme others. Each of these post-hoc tests
compared the frequencies of the given mark typafoair of body sections. As all of the
expected frequencies were greater than five, ttemenended minimum for-tests with

two categories (Zar 1999), all possible pairs afypsections could be tested.
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Figure 2.1  Example of the four body sections and dhe standard rectangle used
to estimate their relative size. In this case thednt section would equal to three
rectangles; the ridge, half a rectangle; the flankfive rectangles; and the back, five
rectangles.
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As narwhals whiten with age (Hay 1984; Hay and Miaits 1989; Silverman 1979), it is
possible to use the amount of white found on the a& an indicator of age when
investigating the association between the markueagies and the age of animals. In
order to estimate the proportion of skin that isteshused a random point estimating
method similar to those used by ecologists to eggmpercent cover (Meese and Tomich
1992). | estimated the proportion of white in ansli@d area located on the flank just
under the ridge. This rectangular area was the s@ses the standard rectangle
described above. Fifty random points falling witkte standard rectangle were selected
and the colour of the pigmentation for each of éhpsints was visually inspected and
noted. The amount of white of the skin was represkas the proportion of the 50 points

that were white.

To test whether the frequencies of marks are catedlwith the proportion of skin that is
white, | used the same sample as previously seléotehe mark description ané-tests.
However, | only included the photographs for whilksh standard area used to estimate
the proportion of white was completely visible.dddition, only prevalent mark types
(prevalence > 0.15, see table 2.2) were consid@i@d.limited the analysis to the nick,
the notch, the single linear scrape, and the siedllSince these mark types were found
to be associated to different body sections (dale t43 and fig. 2.3) and | did not have a
sample for which all the body sections were sudfitly visible, | used different samples
for each of the mark types. For example, | onlydysieotographs in which the ridge was
completely visible to count the frequencies of sielkd notches. For the single linear
scrape, | only used photographs in which the flaak sufficiently visible and | only
counted the single linear scrapes found on thé&flarSpearman’s rank correlation was
used to investigate the association between thk frejuencies and the proportion of
white. | corrected for tied ranks by assigning thbeir average rank value (Zar 1999).
For the single linear scrape and the small white @&pearman’s rank correlation was
also performed to verify that there was no sigalificassociation between the mark

frequencies and the size of the visible body sactio
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Figure 2.2  Photographs displaying the mark types deribed: (a) bullet scar; (b)
tooth rake and single linear scrape; (c) noncirculalight patch; (d) half circular
wound; (e) red circular mark; (f) small dots and degression; (g) the wrinkles of the
body in this photograph is an example of a mark fding in the miscellaneous
category; (h) large scar; and (i) nick, notch, angarallel linear scrape. Note that in
colour photographs the red circular mark is grayishred and that most of these
photographs have both nicks and notches.
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Figure 2.2 (Continued) See previous page for figureaption.
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Table 2.1 General description of the marks found othe 110 individuals
sampled. The size of only completely visible markieund on narwhal with an
entirely visible ridge was included, and it was preented as a proportion of the
length of the ridge. Note that the colour ‘skin’ wa ascribed to marks for which the
pigmentation of the mark did not differ from the surrounding skin and was visible
as depressions in, or protrusions from, the skin.

Mark type Description Body Location Color Size
Min Max
Bullet scar irregular shaped ridge white 0.106 -

(associated with
a large notch)

Depression irregular shaped back, flank or skin 0.10 0.17
depression in the skinfront
Half circular large half circular ridge white sometim 0.07 0.09
wound notch on the ridge  (associated withvith red
a large notch)
Large wound irregular shaped whitgack, flank, or white sometim: 0.17 0.24
mark ridge with either red
or brown
Nick shallow indent in the width<0.01 0.24
dorsal ridge dep#0.0r 0.01
Noncircular irregular shaped mark back or flank  gray 0.15 042
light patch
Notch deep indent in the ridge widthk0.01 0.17
dorsal ridge, cutting depth<0.0r 0.06
through the entire
depth
Parallel linear 2 parallel lines all body skin or white 0.08 0.66
scrape sections
Red circular circular protruding  ridge red 0.01 0.01
mark mark
Single linear 1 line all body mostly white, 0.02 1.11
scrape sections few are skin or
black
Small dot small circular all body skin <0.010.01
protruding mark sections
Tooth rake more than 2 parallel back or flank  skin or white 0.40-
lines
Miscellaneousall other marks all body - 0.02 0.06
sections

®Size of mark expressed as a proportion of thetteafjthe ridge. The length of the
ridges of 4 hunted whales (1 female, 3 males) weasored in the field. The average size
of the ridge was 50.3 cm (sd: 20.5).

®Only one mark was completely visible and on a naiwith an entirely visible ridge.

¢ The difference in the ridge length and height frome individual to another, and the
difference in height between the ends and centarrimfge explain the overlap in the
depth measures of the nicks and notches.
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2.3 Results

Thirteen mark types were described (fig 2.2, t&blg, which included the nicks, the
notches, three types of linear marks and sevepalstpf wounds. Five of the 13 types had
not been previously described and an additionditetarks that could not be assigned to
any type were placed under d"ehtegory, “miscellaneous”. The marks ranged i siz
from less than 1% to 111 % of the ridge length aawakd in colour. Most were white,
gray, and “skin” colour, with a few red or black ke Note that “skin” colour was
ascribed to marks for which the pigmentation ofrtierk did not differ from the
surrounding skin and was visible as depressionsriprotrusions from, the skin. All of

the 110 individuals had at least one mark. On @esradividuals had 31.65 marks (sd:
17.76) of 3.55 (sd: 1.06) types.

The two mark types only found on the dorsal ridgeerthe most prevalent (table 2.2).
The nick was found on 98% of the individuals, whitgd on average 16.36 of them, and
the notch was found on 91% of the individuals, wHi@d on average 6.16 of them. Most
individuals in the sample that did not have nicks motches appeared to be juveniles, too
big to be considered as calves but lacking theanpigmentation typical of adults (Hay
and Mansfield 1989) (see fig 2.2c). Only three othark types were found in more than
10% of the photographs: the parallel linear scrépesingle linear scrape, and the small
dot. Of these three types, only the distributionhef single linear scrape and the small dot
were associated with body sections. Unlike thellgiimear scrape ¢ = 4.70, n = 13, df

= 3, p-value = 0.195), their observed frequenciesvsignificantly different than the
expected frequencies (single linear scrape: 44.07, n = 300, df = 3, p-value < 0.001;
small dot: ? = 440.01, n = 655, df = 3, p-value < 0.001). Timgle linear scrapes and
small dots were seen more often on the flank ammt frespectively (table 2.3 and fig.
2.3).

Narwhals appear to gain nicks and notches with ag@dicated by the correlation
between their numbers and the proportion of wHitdhe skin (table 2.4 and fig. 2.4).
However, the notch had the strongest associatitmtiwe proportion of white. Neither the

single linear scrape nor the small dot appear v lam association with the proportion of
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Table 2.2 Distribution of the mark types representd as the mean number of
marks of a given type per individual and by the prealence in the sample of each of
these mark type. The prevalence is defined as thegportion of the 110 individuals
which bear the given mark type. Note that the nickand notch have both the highest
average number of marks per individuals and the higest prevalence.

Mark type Mean fimarks per Prevalence
individual
Bullet scar 0.02 0.02
Depression 0.04 0.03
Half circular wound 0.05 0.05
Large wound 0.06 0.05
Nick 16.36 0.98
Noncircular light patch 0.03 0.02
Notch 6.16 0.91
Parallel linear scrape 0.12 0.11
Red circular mark 0.04 0.04
Single linear scrape 2.73 0.80
Small dot 5.95 0.46
Tooth rake 0.02 0.02
Miscellaneous 0.07 0.06
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Figure 2.3  Observed and expected frequencies of nia found on the body
sections visible in photographs for: a) parallel hear scrape, b) single linear scrape,
and c) small dot. Of the *-tests which examined whether a given mark type was
distributed differently across body sections, onlyhe tests for the single linear scrape
and small dot were significant (see text). There armore small dots on the front and
more single linear scrape on the flank than expeatie(see table 2.3).
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Table 2.3

Post-hoc 2-tests comparing the mark frequencies for pairs obody

sections. Note that for a mark that spanned more #n one body section a fraction of
its value was attributed to all the body sectiondhat it spanned, which explains the
decimals values for the n. The only significant coparisons are the ones including
the flank for the single linear scrape and the onemcluding the front for the small

dot.

Mark type Body sections included n df  ° p-value

Single linear scrape
flank, back 230 1 22.24 <0.001
flank, front 22051 29.32 <0.001
flank, ridge 17151 8.83 0.003
back, front 12851 0.57 0.449
back, ridge 795 1 0.56 0.453
front, ridge 70 1 0.12 0.733

Small dot
front, flank 550 1 256.17 <0.001
front, back 525 1 231.68 <0.001
front, ridge 450 1 56.72 <0.001
flank, back 205 1 0.21 0.649
back, ridge 105 1 0.32 0.573
flank, ridge 130 1 0.65 0.419
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Table 2.4

Spearman rank correlation results for theassociation between the

number of a given mark found on individuals and theproportion of white of their
skin, which is an indicator of age. The p-values @sented are taken from (Zar 1999)
table of critical values of the Spearman rank corr&ation coefficient.

Mark type £ n p-value
Notch 0.517 70 <0.001
Nick 0.454 70 <0.001
Single linear scrape 0.219 34 > 0.200
Small dot 0.017 23 > 0.500
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Figure 2.4  The number of nicks and notches appeaotincrease as narwhals

whiten, a proxy for increasing age. The rank corration is significant (table 2.4),
although the correlation of the nicks is weaker tha the one for the notches.
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white (table 2.4) and this did not appear to betduee confounding association between
the number of marks and the size of the body seeimble (single linear scrape; = -
0.067, n = 34, p-value > 0.500; small dgt=10.032, n = 23, p-value > 0.500).

2.4 Discussion

2.4.1 Suitability of Mark Types for Photo-ldentification
Characteristics Required for Photo-ldentification

In order to identify a large part of the populatiomark types used for photo-identification
are preferably prevalent. As mark change, losgaor can result in an increase in the
number of identification errors (Carlson et al. @9Bufault and Whitehead 1995), it is
important to choose marks that are relatively stabker time. It is also important to limit
the chance of erroneously identifying two indivittuas one (often referred as a false
positive error) as these types of errors can predigs when estimating population
parameters (Gunnlaugsson and Sigurjonsson 1990mdanhet al. 1990). The
probability of making a false positive error depgioth the size of the population and on
the similarity of the markings compared (Agler 19P2nnycuick and Rudnai 1970), and
complex patterns that have more information corgeatess likely to be similar
(Pennycuick and Rudnai 1970; Stevick et al. 20DEprmation content increases with
variation in shape and size, and the number of snavkilable per individual. Therefore,
a perfect mark type would be prevalent, permarard,complex.

Nicks and Notches

The nick and the notch were the most prevalent s and generally found in large
numbers on individuals (table 2.2): 98% of indivatkihad on average 16.36 nicks and
91% had on average 6.16 notches. Although noatidic of the source of the narwhals
nicks and notches could be found in the literattive,association of some notches with
the bullet scar and the half circular wound (taéblE) could indicate that a few of these
notches could be the result of injuries of the.g4ddwever, the nicks and most notches
likely have a different source, as they are muchlkmnthan the notches associated with

these marks. Both nicks and notches varied in(&de 2.1) and in shape, sometimes
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forming large half circles, narrow triangular indi@mons, or wide but shallow depressions
in the ridge. It is apparent that narwhals arebmoh with nicks and notches, as they were
not present on calves and many juveniles. In amdithe significant correlation between
the proportion of white and their numbers (table #g. 2.4) might indicate that narwhal
accumulate these marks with age, and thus podgaitilyate permanency. However, this
association would also be found for non-permanearkmthat are acquired at a faster rate
than they are lost, or that are gained more frethyaith increasing age. To help resolve
this issue, | investigated the nicks and notchasdoon the only two individuals matched
between years. Neither notches nor nicks wereologained, which supports the
permanency hypothesis. However a few of the nipkeared to have changed in shape.
These apparent changes could be an artifact oitgd#ferences between the
photographs. However, they might also indicate tieks are less stable over time, which
would explain their weaker correlation with the poation of white, the proxy for age
used in the present study.

As the notches and the nicks are the most prevalark types, likely permanent, fairly
complex, and found in large quantity on individyakey appear to be suitable for photo-
identification. In addition, using the nicks andcttes to identify narwhals has the
advantage of allowing one to match both sides ahdividual to one another, something
which would not be possible with any mark foundtloa skin of the animals. Although |
could identify individuals with only one nick or toh, one such reference point is likely
insufficient information to match individuals inrgge a catalogue, especially if nicks
change in shape with time. Therefore, | would reewnd using only individuals with at
least three simple notches or a smaller numbeomiptex notches, similar to the three
mark point restriction used for pilot whal&sl¢bicephala melgsAuger-Méthé and
Whitehead 2007; Ottensmeyer and Whitehead 20033.Wduld allow the identification
of 84% of the individuals, which is higher than 8®%66% of the pilot whales and
bottlenose whalesHyperoodon ampullatygAuger-Méthé and Whitehead 2007; Gowans
and Whitehead 2001) and close to the 91% of spdraies (Arnbom 1987).
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Other Mark Types

The nicks and the notches appear to be promising tyaes for photo-identification and
allowed the matching of individuals within and assqears. However, a few of the 11
other mark types described met some of the criteqaired for photo-identification. For
example, the small dots are prevalent, found ornquraphs of 48% of the individuals.
However, they are small inconspicuous marks trepesbably not permanent. No
relationship was found with the proportion of whitiethe skin (table 2.4), which
indicates that these marks do not accumulate W @and may be constantly lost and
gained. While this lack of accumulation could aissult from a rapid gain at a young age
with no subsequent loss, these marks are simildrete@mall white dots found on pilot
whales, which are not permanent (Auger-Méthé andéNead 2007). In contrast, the
bullet scar and the large wound are large, conspgwmarks that are likely permanent.
They are at least partly composed of white scauéigfig. 2.2 a,h) which is permanent in
other species (Auger-Méthé and Whitehead 2007; yerc&nd Morris 1990). However,
they are found only in 2% of the sample (table ,2ayl therefore could not be the sole
mark types used for photo-identification. The pfemae of the bullet scar would be
increased if one were to photograph the area 30 twm behind the blowhole, where
most of the bullet scars are found on hunted nasaffr@nley and Miller 1982). This
could increase their prevalence to match the operted for landed catch, 0.23-0.42,
(Finley et al. 1980; Finley and Miller 1982), whighstill much lower than the prevalence
of nicks and notches. Therefore small dots ardyliasuitable for photo-identification
and, although the bullet scars and large wound$ielmwith confirming matches across
multiple years, they are not sufficiently prevalembe the sole mark types used for

photo-identification.

Of the remaining mark types, the single linear geraas the most prevalent, found on
80% of the individuals. These are similar to th@rsdound on the heads of narwhals
(Silverman 1979). These head scars are thougtd tabsed by aggressive behaviour
between tusked males and are found in greater msnobemales, similar to linear scars
of other odontocetes species, (Bloch 1992; GeradrHickie 1985; Heyning 1984,
MacLeod 1998; Scott et al. 2005; Silverman and Ruril980). In some species, such as
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Risso’s dolphin Grampus griseus linear marks remain stable over a period of iplat
years and are used, along with the shape of trsalfon, to identify individuals

(Hartman et al. 2008). However, in other odontesgtecies linear marks have been
shown to heal, and disappear within a year (Augéthid and Whitehead 2007; Gowans
and Whitehead 2001; Lockyer and Morris 1990). Unlike scars found on narwhals’
heads (Gerson and Hickie 1985; Silverman and Dub®&0), no relationship was found
between the number of scars and age (table 2.4yet#r, two of three single linear
scrapes found on the narwhals matched across igaened unchanged, which suggests
that some single linear scrapes persist for at tr@es year. As single linear scrapes are
prevalent and can be stable for a year they carséfil in confirming matches across
years. However, as they are likely not permanert,raay introduce a sex bias into the

catalogue, they are not the most promising mar&sypr photo-identification.

The remaining marks types were found on less téf df the individuals and thus not
suitable for primary use in photo-identificationowever, most of them could be used to
help confirm matches of photographs taken withamart period of time. It is difficult to
assess whether they could be used over a longedp&hese other marks were too few
to investigate whether their frequencies were ¢ated with my proxy for age and most
of them were not previously described in the liter@, thus | could not find indication of
their permanence. The pigmentation pattern wasomaterly analyzed in this study
because it is known change with time (Hay 1984; biay Mansfield 1989; Silverman
1979). However, the pigmentation pattern of ontheftwo individuals matched across
years remained similar enough to be useful in comfig the match. In addition, the
pigmentation pattern is more complex than any efdther marks described in this study

and is therefore useful in comparing photograpkeriaver a short period of time.

2.4.2 Future Directions

Although the use of the dorsal ridge nicks and Imescappear to be promising for the
photo-identification of narwhals, their permanesheuld be formally investigated by
estimating their rates of change and loss. Sine@#inwhals are possibly accumulating

notches over time (table 2.4 and fig. 2.4) and ¢bisld make an individual unidentifiable
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over a period time, it is also important to forngadktimate the rate of gain of the notches.
The marks used for photo-identification of otheedps are often gained at rate lower
than 0.1 mark per year per individual (Auger-Métinél Whitehead 2007; Childerhouse
et al. 1996; Dufault and Whitehead 1995; Gowans\&hitehead 2001). As long as
gaining a mark does not completely change the appea of the individual, and this gain
is gradual, conducting photo-identification studiegjuently will allow one to track the
changes, and thus minimize identification erroraféidlt and Whitehead 1995). These
errors can also be minimized if more than one egfee point is available for matching.
This further supports restricting the cataloguatbviduals having a minimum of three
notches.

As the presence and change of natural marks caexsend age-dependant (Blackmer et
al. 2000; Scott et al. 2005), and thus producerbgémeity in capture probabilities, it may
be important to look at differences in number aksiand notches on narwhals of
different sex and age classes. Natural markinge baen used as indicators of disease,
and interaction with predators, hunters, and corifpe (Finley and Miller 1982; George
et al. 1994; Naessig and Lanyon 2004; Scott &04l5; Wilson et al. 2000). It would,
thus, be interesting to investigate these markslagid distribution in the population.
Since matching photographs is time consuming, dgwal) a computer program to
expedite the process would be extremely valualhallly, | recommend the calculation

of rates of error in identification (e.g.: Aglerdd Stevick et al. 2001) before using the

photo-identification method to estimate populag@mameters.
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Chapter 3

Computer-Assisted Photo-ldentification of Narwhals

3.1 Introduction

The study of the social structure, survival rates] other aspects of a species’ ecology
often requires the ability to identify individuaksnd any study of a population is much
richer if its individuals are known (Lebreton et 8092; Whitehead and Dufault 1999).
This explains why methods such as photo-identificeand tagging are widely used by
field biologists (e.g.: Bubb et al. 2006; Karcznkaest al. 2005; Kelly 2001b; Lavers et
al. 2007; Meekan et al. 2006). Photo-identificatiahich uses photographs of scars or
pigmentation patterns to identify individuals, lths advantages of being inexpensive and
non-invasive. Its development for the use with rreals Monodon monocerdwill help
increase our understanding of a species for whicteasing knowledge in several areas
is urgently required for sound management and ceasen (COSEWIC 2004).

However, processing photographs is a time-consumaisky For example, comparing one
photograph to a catalogue of a few hundreds indal&lcan easily require an hour of
effort. A number of computer programs have beerekbged to accelerate the
identification process (e.g.: Arzoumanian et aD20Gamble et al. 2008; Hiby and
Lovell 1990; Hillman et al. 2003). However, nongaar to be directly applicable for the

identification of narwhals.

All of the computer programs that aid photo-ideaoéifion are similar in process (e.qg.:
Hillman et al. 2003; van Tienhoven et al. 2007; Whead 1990). The user is presented
with a photograph and, although some programs aattoatly retrieve information from
the image, the user is generally prompted to esasre of the information describing the
animal found therein. Once the information from pf@tograph has been extracted, it is
compared to the information of the individuals poesly entered into the catalogue. A

similarity coefficient is calculated for each okthomparisons. Finally, the program lists
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the individuals in the catalogue in decreasing oadaimilarity and the user visually
confirms whether the photograph to be matched spaeds to one of the listed
individuals. Programs vary in the algorithm theg ts calculate the similarity
coefficients and in the amount of the informationeeed by the user. The choice of this
algorithm is highly dependent on the type of infatron used for the photo-identification
of the species of interest.

Nicks and notches of the dorsal ridge appear tivdenost suitable marks to identify
individual narwhals (see previous chapter). Theeenaultiple programs that use the
presence or shape of such marks, which are founthar species on the dorsal fin or
fluke. These programs either use the location @d¢lmarks along the appropriate body
part (Whitehead 1990) or they use the contour etibdy part where these marks are
found (Hillman et al. 2003; Huele and Ciano 19%hen used on sperm whale fluke
photographs, these methods were found to be simila@rformance (Beekmans et al.
2005) and | chose to base my program on the simgptesfficient, program used to
identify sperm whales developed by Whitehead (19980is computer program, for
which an updated version is still currently usedafbbux et al. 2007; Whitehead et al.
2008), has facilitated the processing of the lamg@unt of the photo-identification data
used to investigate the social structure, matirsgesy, population size, and movement
patterns of sperm whales (Christal et al. 1998;késand Whitehead 2004; Gero et al.
2007).

In this chapter, | will describe the matching pragrthat | developed, in particular: (1)
the input of the descriptive information into thengputer, (2) the comparison of the
narwhal photograph entered to the narwhal photdgrapthe catalogue, and (3) the
visual confirmation of matches. In addition, | walildress the choice of parameters, the

accuracy, and the speed of the program.
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3.2 Methods

3.2.1 Program Language and Database Information

| based my program on an updated version of therspdnale identification program
developed by Whitehead (1990). | wrote this progteing MATLAB 6.5 and its
imaging and database toolboxes. The matching pmogreeracts with two Microsoft
Access databases, the ‘Catalogue’ and the ‘Mattdbdae’. The Catalogue contains the
information on previously-entered individuals whishused to compare them with new
photographs and is filled automatically by the catep program. The Match database
contains the information associated with the nahwhatographs selected for matching.
Each of its rows represents one narwhal photogaaphcontains information such as the
name of the photographic file, the encounter nurrdoad whether this is the best
photograph of the encounter for this side of tltkvildual. The Match database can also
contain peripheral data, such as the sex or age ofahe animal, and information on

photographs of narwhals that will not be used fatahing.

3.2.2 Matching Process
Photograph Selection

Based on the set of criteria explained in the gnevichapter, narwhal photographs were
assigned a quality value (Q) and selected to behmdtwith the computer program.
Quality values vary between one (Q1) and five ((38e Appendix for more details) and,
for this chapter, photographs of Q3 and above ansidered of high enough quality to be
matched. As discussed in the previous chapterrefeeence point, such as one nick or
notch, is likely insufficient information to matahdividuals in a large catalogue.
Therefore, the sample of matchable individualsirghier limited to individuals which
have a minimum of three adequate reference pamslar to the method used for pilot
whales (Auger-Méthé and Whitehead 2007; OttensmayagnVhitehead 2003). Since
notches are deeper and likely more stable marksriltks (see previous chapter), a
minimum of three of the main features describirghthedeepmark points, are used as
a restriction (see section 3.2.3 Optimization @fpinogram for description of mark
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points). Only the best photograph of each sidenahdividual in an encounter is selected
for matching by the program. Although not necessiarg advisable to crop photographs
around the ridge and try to increase the contreistden the ridge and the water. This can

be done with almost any commercial imaging software

Step 1: Input of the Marks Points

After some startup procedures, such as enterinptagion of the databases and digital
photographs on the computer, the program retrith@formation from the Match
database and presents the user with the first reuptiotograph to match. By typing a
letter code and using the mouse to place the pibiatyser enters the location of the ends
of the ridge and of a set of mark points (subsetiyeeferred as MPs). These MPs
represents different aspects of the nicks and est@tund on the ridge and will be
described in section 3.2.3. The points are entigogd the front to the back of the animal,
starting by entering the location of the front eridhe ridge, then locating all MPs in
between, and ending with the location of the bauk & the ridge. Multiple cues, such as
the presence of the blowhole and the abrupt resa the body of the front section of the

ridge, indicate where the front of the animal isrfd.

For each entered MP, the program records the letts representing its type and its
position (in pixels) in relation to the x-axis diet photograph (fig. 3.1). Once all of the
MPs are entered, their proportional distance froenftont end of the dorsal ridge is

calculated as follows:

MP - front end

distMP = :
backend- front end

(1)

whereMP; is the location of theh MP found on the ridgdront endis the location of the
front end of the ridge, anfmack ends the location of back end of the ridge. In cases
where one of the ends of the ridge is masked bgmaatby another individual, the user
places the end where the true end of the ridgstimated to be found and marks an
additional point, referred to as thasible limit, where the ridge becomes visible.
Although the proportional distance of MPs is stdlculated using the location of the true

end of the ridge, this additional point allows gregram to calculate the size of the
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Figure 3.1  Description of the first step of the mathing program when using the
ends of the ridge to calculate the proportional dignce of MPs. The process is
similar for the no ends version except that the fst and last MPs, rather than the
ends, are used to calculate the proportional distare of the MPs. Note that U
represents up MPs and D represents deep MPs.
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section that is masked. When the first step ohtlagéching process is finished the
photograph of the narwhal is represented by twaovecone containing the information
regarding the type of the MPs, and the presenteofisible limit when appropriate, and

the other containing their distance from the fremd of the ridge.
Step 2: Comparing the Photograph Entered to the Intviduals in the Catalogue

Using the vectors describing its MPs, the photolgtapgbe matched is compared to every
individual in the catalogue (fig 3.2). For eachtlodse comparisons, a similarity
coefficient value is calculated based on the priopoiof the MPs that are common to
both photographs and on how similar the locatidrith@se MPs are. The number of
common MPs is limited to the number of MPs foundlmphotograph with the fewest
MPs. Therefore, each of the MPs on the photogratihtive fewest is compared to all of
the MPs of the other photograph, from which the Wwtich matches best is selected. The
similarity between two MPs is based on whether BRs of the same type are found at a
similar proportional distance along the ridge, andalculated with the following
equation.

1 (distvr-distvp ) /2
MPCOI’nQ —e? /(sd)

, (2)

wheredistMP, anddistMPB are the proportional distances from the front efridge for
theith MP of the photograph to be matched and oftth&P of one of the photographs
from the catalogue. This equation is based on émsitly function of a normal distribution
and thus depends also on the amount of error allowthe assessment of distance,
which is represented by the standard deviasdnThe resulting value for the comparison
between MPs varies between zero and one, withraheating that the two MPs are
exactly at the same distance along the ridge, aralindicating that the two MPs are too

far from each other to be considered likely tolmedame.

In order to calculate the overall similarity coeféint value between two photographs, the
highest values selected for each of the common isIBsmmed and the total is divided

by the average number of MPs for the two photogsaphis equation penalizes
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Figure 3.2  Description of the second step of the rt@ning program. Note that U
representsup MPs and D representsdeepMPs. Step b and ¢ are repeated 81 times
for each comparison. Each time the ends of one dféd ridges is shifted either
towards or away from the other end (see text anddi 3.4).
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comparisons between narwhals which differ in thember of MPs. For example, even if
all of the MPs of the narwhal with the fewest mapenfectly with one of the MPs of the
narwhal with the most MPs, the similarity coeffitievill be lower than one. Only MPs
found on a section of the ridge that is visibleldoth narwhals are compared. Thus all
MPs found on a section corresponding to a sectmmn the other narwhal which is
masked are eliminated from the matching.

It is difficult to assess exactly where the endthefdorsal ridge are located, especially if
they are masked. Since the proportional distan®d¢R¥ depends on the position of these
ends and photographs are compared using the prapalrtlistance of their MPs, errors in
the location of the ends may produce matching erfbs decrease the chance of such
errors, the proportional distance of the MPs aered by shifting the ends of the ridge
either towards or away from each other and by cedating the proportional distance of
the MPs with these new positions of the ends #ig). The distance at which the ends are
shifted is one of the parameters that were optidh(zee section 3.2.3 and table 3.2). The
optimized value was 0.04 of the original lengthtiBends can be placed in three
positions: the original position, away from theatlend (lengthening the ridge), and
toward the other (shortening the ridge), which ea set of nine proportional distance
vectors for each photograph (fig. 3.3). This isel@or each of the photographs compared,
and all of their vectors are compared to one amoffteerefore, the program calculates 81
similarity coefficient values, from which the higties selected to represent the

comparison between these two photographs.

Another approach for decreasing the chance ofsresulting from misplacement of the
ends was investigated. A second version of therprogvas created in which the ends of
the dorsal ridge were not used. In this program fitlst and last MPs are the basis of the
proportional distance of the MPs, and thus equadti@changed to:

- MP

. M Pl front
distMP = , (3)
MP,. - MP

ack ~ front

35



Figure 3.3  lllustration of the process of shiftingends and recalculating the
proportional distance of MPs. This is done for bothof the photographs being
compared. Note that U representsip MPs and D representsdeepMPs.
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whereMPxont IS the first MP at the front of the narwhal di@y«is the last MP at the
back. The rest of the program uses the same egaaial processes, including the
calculation of multiple sets of proportional distas for each narwhal. The only other
difference occurs when photographs with masked arelsompared. Although the exact
process depends on whether the ridge in one orgéaitographs have masked ends and
on whether they greatly differ in their numberdwi®s, the program generally only
compares a number of MPs equivalent to the nunabéret MPs observed on the
photograph with the masked end. All extra MPs ftbmother photograph are removed
from the section where the narwhal has the masked e

Step 3: Visual Confirmation of the Match and Creaton of a New Individual

Once the photograph to be matched is compared o6 thie individuals in the catalogue
and a similarity coefficient value is assigned &cleof the comparisons, a list is formed
ranking the all catalogued narwhals in decreasmgroof similarity with the input
photograph. The user is presented with this ligtiwvlontains additional information,
such as the similarity coefficient value and whsatte of the narwhal was photographed.
The user can open the images to visually verifythwrethe photograph matches one of
these individuals. It is up to the user to confimmether the photograph to be matched
corresponds to one of the individuals in the Cafiadoor whether it is a new individual.
The user can chose to only consider as potentiadhesa the individuals with a similarity
coefficient higher or equal to the threshold vald286) described in sections 3.2.4 and
3.3.2. Using this threshold allows the user to rgrall the other individuals listed before
deciding that the photograph inputted has no miatthe Catalogue and is, thus, of a new
individual (see sections 3.4.2, 3.4.3, and 3.4c4liscussion of the advantages and
disadvantages associated with the usage of trashblid value). If the user decides that
the photograph is of a new individual, its informat including the two vectors
describing its MPs, is automatically entered in@aalogue. If the photograph matches
one of the individuals in the catalogue, the user choose to keep the original
information in the catalogue or replace it with tieav information associated with the
photograph just entered. Both sides of a narwhabeamatched to one another (as the
marks used are visible from either side of the atirand given the same identification
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number. However, the information for each sidehefnarwhal is kept separately in the

catalogue.

3.2.3 Optimization of the Program
Photographic Sample

| investigated different aspects of the matchingepss in order to decide which options
would result in the most accurate routine. To dasee matches were selected from a
catalogue of photographs taken in Koluktoo Bay, & (72 02'N, 80° 40'W) in 2006
and 2007. Although the matching of these photoggapds aided by a prototype of the
matching program described here, all matches warérmed visually and new
individuals needed to be compared to every indimdidi the catalogue before receiving a
new identification number. If | had any doubt omatch, the opinion of a minimum of
three other people was required before making sidec The catalogue contained 212
individuals, all of which had the requiredl8epMPs and were represented by
photographs of Q3 and above (see chapter 2 for deiegls regarding the field, dataset,
and quality assessment). Only 57 of the individirakhe catalogue were present in more

than one photograph.

In order to optimize the program, | selected a darop80 photographs, representing 40
individuals. | selected only individuals that hadltiple photographs of the same side
taken within a year and used just two photograplesach individual. The possible effect
of quality on the matching process was one of #iogofs that | investigated and thus the
sample was selected to represent the differenilgegsairs of quality comparison. As
few Q5 photographs were available, | selected@dbjble pairs of comparisons between
a Q5 photograph and a Q3, Q4, or Q5 photographect@ame individual. | selected a
random sample from all other possible comparis@sto Q4, Q4 to Q3, and Q3 to Q3.
Two sets of photographs were made, each of thetaioamy one of the photographs
from the 40 individuals. The first set of photodgnapvas considered as those to be
matched and the second set was considered ast#hegeee. The photographs used for
this analysis were cropped images of the dorsgerttiat varied in size from about 300
by 100 pixels to 1800 by 600 pixels.
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Figure 3.4  Example of the MPs located on an indivigal narwhal. Although the
final version of the computer program only usesleepand up MPs, the figure
contains all original MP types. Thedeepand up MPs represent features of the
notches. Theshallow MPs represent features of the nicks, and its use eliminated
from the final version of the program. The front and back ends of the ridge are also
represented.
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MP Types and Error Rates

The choice of MPs was the first aspect of the matchrogram to be addressed. Three
types of MPs were originally created to descriteeriitks and notches of the dorsal ridge
(figure 3.4). The MP typedeep represented the deepest points of notches aniliithe
type ‘up’ represented their upper limits, notches beingmtdtions that cut the ridge
through its entire depth (see first chapter forenetails). The MP typeshallow
represented the deepest points of nicks, whicindentations that only partly indent the
ridge. For each photograph, | assigned all MPstypa by placing a coloured dot under
them. The colour of the dot represented the tygbeMP. To minimize the possibility of
remembering where | had placed the MPs in photdgrapthe same individual, the
photographs were processed in random order. Orcgatinple was processed
accordingly, the photographs of the same individuale compared to one another and
the number of MPs the two photographs had in comitih@nnumber only visible in one
of the photographs, and the number of MPs whictedih type but not in location was
noted. | excluded the MPs that were in an areavtiatnot visible in one photograph of
the pair (e.g. MPs on a section of the ridge thainderwater in one of the photographs)
when | calculated the proportion of missing andataissified MPs.

For each pair of photographs, the proportion ofsimig and misclassified MPs of a given

type was calculated as exemplified for missing MPs:

N°MPV1

proportion of MP missing- :
N°MPC + N°MPV1+ N°MPM

(4)

whereN°MPV1is the number of MPs of the given type only visilil one photograph,
N°MPC is the number of MPs common to both photographg NSMPM is the number
of MPs of the given type misclassified for anothgre in the other photograph. When
calculating the proportion of MP misclassified themerator of equation N°MPV1, is
replaced by th&l°MPM. Asup MPs were never misclassified, misclassificatimomer
were only calculated fateepandshallow Note that since onlgeepandshallowMPs

were confused for one another, the t&MPM used in equation 4 will be equal for both
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the proportion otleepmisclassified and the proportion stiallowmisclassified and only
the denominator will differ.

| calculated the error rates for missing or missifésd MPs by averaging the proportion
of missing or misclassified MPs across the samaliespln addition, | used a Kruskal-
Wallis test to compare the error rates for missingrisclassified MPs across the pairs of
different quality. This was done in order to invgate whether the photographic quality
affects the visibility and classification of MPss Anly two individuals were available,

the Q3-Q5 comparisons were excluded for this test.

Comparison Between Program Versions

| compared the accuracy of three different versimirthe program. The first calculated
the similarity coefficient value of two photograpising the proportional distance of MPs
from the ends of the ridge (referred as the ‘witds program). The second calculated
the similarity coefficient using the proportionasthnce of MPs from the first and last
MPs of the ridge and, thus, without using the ehtthe ridge (referred as the ‘no ends’
program). The third, a hybrid between the other, twabculated a similarity coefficient
value using both methods and the highest valuesetasted as the similarity coefficient
for the comparison.

In order to investigate which of these versions tedgreatest matching capacity, each of
their parameters, the values fatin equation 2 and the distance at which the ergls a
shifted, was optimized and the optimized versidith® programs were compared to one
another. To do so, each photograph from the matctvas compared to the 40
photographs of the catalogue set. As the progrstsmtine photographs in decreasing order
of similarity coefficient value, the rank of thei&r match was noted. The probability of
having the true match rank in the first ten nansladlthe list was calculated and was
used to compare the different versions. Althoughdptimization of the parameters and
the comparison between narwhals was done sepafatedgch version, the MPs were
only entered once. This ensured that differencesdsn the versions were not the results
in differences in the entry of MPs, but true diffieces in the versions of the matching

program.
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3.2.4 Speed and Accuracy of the Final Program

The version found to be the best in the previogti@e was tested for its speed and
accuracy using a different sample. | selected the¢® of photographs: a new match set, a
new catalogue set, and a no-match set. Each oh#teh and catalogue sets contained
one of the two photographs representing 40 indadgluThe no-match set contained
photographs of 30 individuals not found in the kagae set. | selected this sample of
individuals at random from the catalogue of 212niels described above. Since only 57
of its individuals are found in multiple photograpl used in this section many of the
individuals used in the previous section. Abouf béthe photographs used in the match
and catalogue sets were previously used to optithez@rogram. | did not limit this
sample to photographs of the same side, and Idedlunatches of narwhal photographed
a year apart. | reentered the MPs of all the phajuts.

| compared the individuals from the match and ndemaets to all of the individuals in
the catalogue set. For the match set, | notedathle and the similarity coefficient of true
matches. Similarly to Gambét al. (2008), | calculated the probability of ranking ttnue
match in the first ten narwhals. In addition, | aghreshold value for potential matches
using the lowest similarity coefficient value | edtfor a true match. For each individual
of the no-match set, | counted the number of commpas against the individuals in the
catalogue that resulted in a similarity coefficigatue higher than or equal to the
threshold.

Finally, as the goal of using this program is tduee the time spent matching, |
compared the speed of the matching process, witlwahout the program. | measured
the time spent to enter the MPs of ten of the iildials and the time the program took to
compared these to a catalogue of 40 individuala bri8GHz computer with 240 MB of
RAM. | did not include the time spent cropping fitetographs or changing their
contrast as these cropped photographs were usedpohe matching process, both with,
and without the computer program. When the compuiegram was not used, the

individuals from the catalogue set were viewedritteo of their filename.
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Figure 3.5  The error rates of the different MPs tyges, represented by the mean
proportion of MPs of a given type which are missingr misclassified, and their
standard error. Note that the missingshallow MPs have the highest error rate and
that the missingup and the misclassifieddeepMPs have similar error rates. As only
shallowand deepcan be misclassified for one another, the smallerror rate of
shallowmisclassifications compared taleepmisclassifications is driven by a greater
number of shallow MPs observed on the individuals, not by a differece in the actual
number of errors.
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Table 3.1 Kruskal-Wallis tests, which investigate Wether the error rates of
missing and misclassified MPs of a given type diff@cross quality comparisons.
Probability value is calculated assuming chi-squaredistribution. The sample had 10
individuals with photographs pairs Q3-Q3, 8 for Q3Q4, 9 for Q4-Q4, 6 for Q4-Q5,
and 5 for Q5-Q5. The difference between the misclasied deepand misclassified
shallowis only due to a difference in the denominator (2method section).

Mark point type Kruskal-Wallis test statistic df vpiue
Proportion missing
up 6.079 4 0.193
deep 4.040 4 0.401
shallow 2.302 4 0.680
Proportion misclassified
deep 6.489 4 0.165
shallow 6.998 4 0.136
0.6 Missing® &ef)
05 - B Shallow
Misclassified® Dee
| Shallow
(4D} 04 n
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Figure 3.6  The mean and standard error of proportim of missing and
misclassified MPs is presented for the different qality comparisons. None of the
error rates from the missing or misclassified MPs dfer significantly across quality
comparison (see table 3.1).
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3.3 Results

3.3.1 MP Types and Error Rates

The individuals sampled to investigate the errtgsaf different MP types had on
average @leep 12up, and l4shallowcommon MPs. The error rate for misssiallow
MPs (mean: 0.36, SE: 0.016) was much greater tratrfardeep(mean: 0.01, SE: 0.005)
andup (mean: 0.15, SE: 0.020) (fig. 3.5), and, thirsllew MPs were not used in any of
the versions of the program. TheepMP was by far the most consistently visible type.
However it was often misclassified (mean: 0.16, @B23) (fig. 3.5). As onlghallow
anddeepcan be misclassified as one another, the smalier ete ofshallow
misclassifications (mean: 0.06, SE: 0.009) comp#oedepmisclassifications is driven
by a greater number shallowMPs observed on the individuals, not by a diffegem

the actual number of errors. Quality of the phoapdys had little effect on the error rates
of any of the MP types (table 3.1, fig. 3.6).

Compared to the other program versions, the hyiadlthe highest probability of ranking
the true match within the first ten potential ma&tst0.925) (fig 3.7). Although lower for
the two other versions, the probability of rankangfue match within the first ten (0.875,
0.9) was higher than expected at random (0.250aut of the 40 individuals of the
catalogue). The versions of the program that wenepared used their respective
optimized parameters. The optimized parameterthohybrid version are presented in
table 3.2. As the hybrid version consistently saged the others in selecting the true

match within the catalogue, it was chosen as ti fiersion of the program.

3.3.2 Speed and Accuracy of the Final Program
Accuracy

As the performance of a program cannot be truletkasing the sample used to optimize
it, | tested the accuracy of the final versiontd program with a new sample. The
probability of being ranked in the first ten poiahtnatches is 0.90 (fig. 3.8), which is
lower than what was observed for the optimizing gi@n(0.925). The average value for
the similarity coefficient of true matches was R4fhd the lowest value was 0.286. If
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Figure 3.7  Differences between the optimized versis of the program in their
capacity of matching individuals. The probability d a true match being ranked in

the first 10 individuals corresponds to the proporion of the 40 individuals of the
match set which were ranked at a value lower or el to the one presented on the x-
axis. The parameters of each of the version were tyqmized independently and the
best set of parameters for each was used to calctdahese results. Note that the
hybrid version appears to be more accurate in itsgsessment of matches.
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Table 3.2 Optimized parameters of the best and filarersion of the program,
the hybrid version (fig. 3.7). As the error rate fo missing shallowMPs is high (fig.

3.5), onlydeepand up MPs are used in the final version of the program e text for
more details).

Parameters optimized Proportion of the ridge length
Distance by which the ends are shifted 0.04
Value ofsdin equation 2 when comparing

up MPs 0.003

deepMPs 0.002
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Figure 3.8 Accuracy of the final version of the prgram. The hybrid version was
chosen as the final version of the program and a mesample was used to recalculate
the probability of a true match being ranked in thefirst 10 individuals. The
probability corresponds to the proportion of the 40individuals of the match set
which were ranked at a value lower or equal to thene presented on the x-axis.
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this lowest value was used as the threshold, araggef 57.5% of the individuals from
the catalogue were considered as potential mafohdse individuals of the no-match

set.

Speed Comparison

When using the best version and only the apprapN&s, the hybrid version without
shallowMPs, | spent an average of 1 min 14 sec to matehradividual to a catalogue of
40 individuals using the computer program. | neettedec to enter the MPs. The
program required 0.09 sec to calculate the sinyl@oefficient for the comparison of two
photographs. The average ranking of true matcheg%and it takes a person about 8
sec to compare two photographs and choose whéthéndividuals within them are the
same or not. Based on these values, the speed pfagram at different catalogue size
was calculated (table 3.3). Depending on the dizkeocatalogue and on whether the
photograph matches to one of the individuals ofcditalogue, using the computer

program accelerates the matching process by 1.6/€s.

3.4 Discussion

3.4.1 Optimizing the Program

The final version of the program uses oupyanddeepMPs, and calculates the similarity
coefficient using both the proportional distanaanirthe ends of the ridge and the
proportional distance from the first and last MPise shallowMPs were eliminated since
their rate of error was much higher than that efather MP types (fig 3.5%hallowMPs
differ from the others in that they are used tocdbgd nicks rather than notches. Nicks
are shallower and less distinctive marks than rest¢kee previous chapter) which might
explain why their visibility was less consisterdrfr one photograph to another. Nicks are
also thought to be less stable over time than est¢bee previous chapter). Therefore, the
discrepancies betweashallowMPs found in photographs of the same individudll wi
likely increase for photographs taken multiple gegpart, and more than fop anddeep
MPs. The hybrid version of the program was seleatel consistently surpassed the

others in ranking the true match among the firdiviiduals of the list (fig 3.7).
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Table 3.3 Comparison between the estimated speedtbé matching process,
with and without the matching program. The speeds @ based on the following
values. The visual comparison of two photographs vgaestimated to take 8 sec,
whether using the computer program or not. The timehe computer program took

to make one comparison is estimated to be 0.09 s&be proportion of the
photographs of the list which need to be checked find a true match is 0.09. This
based on the average rank of 3.75 for true matchés a catalogue of 40. The
proportion of the photographs of the list which neds to be checked when there is no
true match in the catalogue is based on the averageimber of photographs which
have a similarity value higher than the threshold57.5% or 0.58. It is assumed that if
photographs are matched without the program the nurber of photographs to be
checked would be, on average, half the size of thatalogue if there is a match in the
catalogue, and the complete catalogue if there i@match.

Steps for comparing a Proportion of Time spent (sec) to match 1 individual to
photograph to the potential matches a catalogue of:
catalogue visually checked 40 individuals 500 individuals

Match No match Match No match Match No match

With program

Entering the MPs -- 41 41
Comparing to the - 4 45
catalogue
Visual match  0.09 0.58 29 186 360 2320
verification
Total -- 74 231 446 2406
Without program 0.5 1 160 320 2000 4000
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3.4.2 Accuracy

The main goal of the program is to reduce the spent matching, and this is generally
achieved by decreasing the number of individualseteisually verified by the user. A
program’s accuracy in generating a list of potémtiatches is usually measured as the
proportion of true matches that are ranked firgd.(€3amble et al. 2008; van Tienhoven
et al. 2007). However, as Defran et al. (1990) anoitdentifying a new individual is the
most time consuming task, as this individual gelhehas to be compared to all of the
individuals of the catalogue. Therefore, findintheeshold value of the similarity
coefficient below which the user does not neeatd lfor potential matches is also an

important measure of the accuracy.

It should be noted that the accuracy of this pnogimmore representative of the upper
limits of its capacity than its true accuracy. Doesample limitation, the sample used to
test the accuracy had most of its individuals imown with those used for optimization.
In addition, the sample used to test the accurétyeoprogram was originally matched
with a prototype of the program, although, as nwer@d in the methods section, many
precautions were taken to reduce this possiblecemifrbias. Finally, the sample had very
few matches across years and thus did not tegptabsble effect of mark change on the

accuracy of the program.

Finding a Match in the Catalogue

The program ranked true matches first in the 6% of the time. This is comparable to
the accuracy of programs developed for other spaeiech ranked true matches first 32-
72% of the time (Gamble et al. 2008; van Tienhosteal. 2007; Whitehead 1990).
However, since an increase in the size of the egi@ negatively affects the ranking of
true matches (Gamble et al. 2008) and since mdsiest programs differ in the size of
their catalogue, direct comparisons of this charstic are of limited use. Rather, the
relative accuracy, which can be measured as thmopron of true matches that are
ranked within a given percentage of the cataloguktends to be constant with
increasing catalogue size (Gamble et al. 2008)yldhze used. The true match of 77.5%

of the photographs was found ranked within the foar individuals of the list, which
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represents the first 10% of catalogue. In thiseespo, the narwhal program exhibited
an accuracy similar to that achieved by other magcprograms. For example, 50% of
the true matches for sea ottBnfiydra lutrig and 80% of true matches for bottlenose
dolphins Tursiops truncatuswere found within the top 10% of the individualsrfr the
catalogue (Finerty et al. 2007; Stewman et al. 2006

Limiting the Number of Potential Matches

Most programs do not employ a threshold value lthrats the number of individuals
considered to be potential matches. However, usiieh thresholds can be effective in
reducing the time spent matching. For example, Hitg Lovell (1990) found that true
matches for grey seaHalichoerus grypushad a similarity coefficient greater than 0.5
and that 98% of the comparisons between two diftarelividuals had a similarity
coefficient lower than 0.5. Such a clear threstoaldld not be found for this program.
The lowest similarity coefficient for a true matefas of 0.286 and on average 57.5% of
the comparison between two different individuald hasimilarity coefficient greater or
equal to 0.286. Although this threshold does natgletely distinguish true matches from
incorrect matches, its use still decreases the euiandividuals to be checked visually
by more than 40%.

3.4.3 Speed

Although high accuracy is an important attributeahatching program, a matching
program is only useful if it decreases the timengpeatching. The matching process was
estimated to be 2.2x faster at finding a match ¢atalogue of 40 individuals when the
computer program was used, and 4.5x faster fotadogpie of 500 individuals (table 3.3).
Although the difference in speed was not as larjemmassessing new individuals
(individuals with no match in the Catalogue), thegess was still about 1.4-1.7x faster
when the program was used. The computer progragleaates the matching process of a
new individual only if the threshold value descdlabove is used. The precise time
required for a program to match individuals is defsnt on the processing power of the
computer on which it is used, but | can confidestly that the program will accelerate

the matching process, especially with a large ogtsd.
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3.4.4 Limiting the Introduction of Identification E rrors
MPs Errors and Guidelines

Although removinghallowMPs from the final version of the program elimesthe
relatively high error rate of missirghallowMPs, missingup, missingdeep and
misclassification ofleepMPs still occur. The error rate associated witksimgdeep

MPs is very small (0.01) and inspection of the dateealed that all of these errors were
found in situations where wide notches were conthddalike the more common narrow
notches, which only have odeepMP placed at their deepest point, the wider natche
have twodeepMPs placed at each corner of the notch. All ofrthesingdeepMPs were
found when a notch was assessed as wide, with tR®, M one photograph and as
narrow, with only one MP, in the other. Therefdre/ould caution the user to assess a
notch as wide only when it falls into the extrenighhend of the width range, such as

when it is at least as wide as 15% of the ridge fsevious chapter).

The misclassification errors fdeepandshallowMPs indicate that nicks and notches are
sometimes confused, which is not surprising givext these two mark types are only
differentiated by how deeply they indent the ridgee previous chapter). As noted by the
similarity in their error rates, missingg MPs are also associated with misclassification
errors. This association results from the fact tigglPs were only placed at the upper
limits of notches, and not at the upper limits wks. Therefore, when a notch was
confused as a nick, only one photograph would hlagap MPs for that mark. Since we
are eliminating the use shallowMPs, all misclassifiedeepMPs will be considered as
missingdeep which will increase the missirdgeperror rate to 0.17. It is, therefore, clear
that strict guidelines for MP assessments neee teskd and | would recommend

limiting the use otleepMPs only to notches, which not only indent thegedhrough its
entire depth, but do so in sections of the ridgenetthe height of the ridge is greater than
1% of its length. Missing MPs and misclassificateanors will likely increase as the
number of program users increases and it is thuseamore important that these

guidelines be respected.
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Increasing the Accuracy

Many additional modifications can be consideredriter to increase the accuracy of the
program. For example, using more than one refergnage for an individual has been
found to greatly increase the accuracy of the niagcprocess (van Tienhoven et al.
2007). Thus, it may be useful to keep multiple gexfor each individual in the
catalogue. In addition, a decrease in distinctigerad the features used in matching has
been shown to negatively affect the ability of rhaitg programs to rank true matches
first (Beekmans et al. 2005; Finerty et al. 20@Me factor which can increase the
distinctiveness of an individual is an increaséhm number of reference points. It is for
this reason that | suggest that only individualgva minimum of thredeepMPs be
considered for identification. Similarly, a decre&s accuracy of other programs was
associated with decrease in photographic qualieekiBhans et al. 2005; Finerty et al.
2007; Whitehead 1990) and a change in angle waslftaube the main factor affecting
the accuracy of the program (Kelly 2001a; Whiteh£@@0). Although the lack of
differences in the error rates associated withquyaiphs of different quality (fig. 3.6 and
table 3.1) indicates that the marks are equallypdsacross photograph of different
guality, the effect the angle might have on thegpra was not tested. Differences in
angle could affect the proportional distance of MRd, thus, it is important to limit the

sample to photographs in which the narwhal is nealsly parallel to the frame.

Identification Errors

Photo-identification has two inherent types of itf&ation errors: (1) matching two
different individuals as one (false positive) a@jl ¢onsidering one individual as two
(false negative). These are generally the consegueiusing photographs of poor
quality, non-distinct marks, or marks that changg wme (Agler 1992; Carlson et al.
1990) and can lead to bias in studies using phagatification (Gunnlaugsson and
Sigurjonsson 1990; Hammond 1986; Stevick et al1208s the user is required to
visually confirm matches, the rate of false-pogitarrors should not be affected by using
the program, compared to matching without it. Hogrethe rate of false-negative errors
could be increased with the use of a thresholde/tiat limits the number of individuals

considered as potential matches. This increasbeaasily avoided by ignoring the
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threshold and considering all photographs of thalegue as potential matches.

However, if the threshold is ignored, using the pater program will not accelerate the
matching process when the photograph to be maishe&da new individual. The final
version of the program will present the user withralividuals of the catalogue as
potential matches and it will be up to the usedd@oide whether to use the threshold value
described here.

3.5 Conclusion

| have developed a computer program which acceletae photo-identification of
narwhals. A free version of the program is avadadtdi (http://whitelab.biology.dal.ca/
mm/piinup.html). This version requires MATLAB 6.5tlvthe database and imaging
toolboxes. This will facilitate a broadening ofeasch of this species. This computer
program could be applied to beluga whal@slphinapterus leucasas they also have

dorsal ridges.
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Chapter 4

Discussion

4.1 Summary of Results

4.1.1 Mark Type Used for Photo-ldentification

Nicks and notches of the dorsal ridge appearea titnd most promising mark types for
photo-identification. Both types were prevalent andherous on adult narwhals. Ninety
eight percent of individuals had at least one na&eld 91% had at least one notch. On
average, individuals had 16.36 nicks and 6.16 mstciihe significant correlation
between the proportion of white on the body (a griax age in this study) and numbers
of nicks and notches (table 2.4, fig. 2.4) suggésttnarwhals accumulate these marks
with age, and thus possibly indicates permanensindgXhe nicks and notches in the
dorsal ridge to identify narwhals has the advante#galowing one to match both sides of
an individual to one another, something which waudd be possible with any mark

found on the skin of the animals.

The computer program was originally developed ®@features of both the nicks and
notches to identify narwhals. However, | eliminatied use of the features which
described the nicks, ttshallowMPs. | did so because the error rate in assigtnesge
MPs for two photographs of the same individual wash higher than for the MPs used
to describe notchesp anddeepMPs (fig 3.5). In addition, the nicks, which arelower
indents, might be less stable with time than naicfie nicks seen on individuals found
across years appeared to change in shape, andrte&ation between the numbers of

marks and age appeared to be weaker for nicksftinarotches (table 2.4 and fig. 2.4).

Although I could identify individuals with only ongotch, one such reference point is
likely insufficient information to match individuswithin a large catalogue. A decrease

in distinctiveness of the features used in matchig been shown be associated with

56



increased identification error (Agler 1992) andhegatively affect the ability of matching
programs to rank true matches first (Beekmans. @08I5; Finerty et al. 2007). It is for
this reason that | suggest that only individualgva minimum of thredeepMPs be
considered for identification, which is similarttee three mark point restriction used for
pilot whales (Auger-Méthé and Whitehead 2007; Giteeyer and Whitehead 2003).

4.1.2 Efficiency of the Method and of the Program

The method, with the threkeepMPs restriction, allows the identification of 84%fadult
narwhals, which is higher than the 33-66% of tHetpivhales and bottlenose whales
(Auger-Méthé and Whitehead 2007; Gowans and Whate2©01) and close to the 91%
of sperm whales (Arnbom 1987). The program listédi@a match 77.5% of the time
within the first 10% of the potential matches ie ttatalogue. This accelerated the
matching process by at least 2.2 times, an effagi@vhich is estimated to increase to 4.5
times when the catalogue size increases to 500ichdils. Although the computer
program is less efficient in limiting the numberindividuals to be considered as
potential matches, the program still acceleratesrhtching process by 1.4-1.7 times

when no matches are present in the catalogue.

4.2 Limitations of the Study and Future Work

4.2.1 ldentification Errors

As mark change, loss, or gain can lead to ideatifbn errors (Carlson et al. 1990;
Dufault and Whitehead 1995), it is important toquigely investigate the stability of
notches. Although the correlation between the wpigenentation of the skin, an

indicator of age, and the number of notches (tallefig. 2.4) could indicate that notches
are permanent and accumulate with age, the samk isesonsistent with non-permanent
marks that are acquired at a faster rate thanahelost, or that are gained more
frequently with increasing age. Thus, both the cditgain and the rate of loss should be
calculated for notches. However, this will onlyessible with a greater photographic

sample which spans more than two years and whictaces multiple matches between
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years, as for instance in the work of Auger-Méthé @hitehead (2007), Dufault and
Whitehead (1995), and Gowans and Whitehead (2001).

As previously mentioned, both the distinctivenelssarks and the quality of
photographs can affect the number of identificagomrs (Agler 1992), which is the
reason why | recommend restricting photo-identtfarato individuals which have a
minimum of 3deepMPs and to high quality photographs (Q3 and abddejvever, it

will be important to investigate the effect of baththese factors and of the possible gain
and loss of marks on the identification error rated on the accuracy of the program.
Investigating the possible increase in error ragethe computer program is simple if true
matches are known. As mentioned previously, orlgefamegative errors can be affected
by the program itself, and only if a threshold \eisi used to limit the number of potential
matches. The increase in error rate can be cadtltat counting the number of true
matches which have a lower similarity coefficidmr the threshold value. However,
calculating the intrinsic error rates of photo-itiecation would require double-tagging
studies such as those conducted by Dufault andestd (1995) and Stevick et al.
(2001) or, less effectively, using discrepanciesvieen users (Agler 1992). Error rates
calculated using these methods can be used tact@orgossible biases in population
estimates (Agler 1992; Stevick et al. 2001) and tbuch studies are recommended prior

to using photo-identification data in populationdets.

Many capture-recapture models that are used withopidentification data, such as the
Petersen and Jolly-Seber models, assume thatdbalglities of capture are equal across
individuals. The violation of this assumption (neézl as heterogeneity in capture
probabilities) can lead in negative bias in popataestimate (Hammond 1990).
Heterogeneity in capture probabilities can be cagedifferences in behaviour (e.g.:
some individuals stay longer at the surface), epole.g.: some individuals prefer to
swim next to the coast), and morphology (e.g.: sord&iduals are not identifiable). On
rare occasions, when the number of individualfiégopulation is known, heterogeneity
can be directly estimated (Whitehead 2001b). Agtiesence and change of natural
marks can be sex- and age-dependant (Blackmer22@0; Scott et al. 2005), and thus

produce heterogeneity in capture probabilities itnportant to quantify the number of
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notches on narwhals of different sex and age ctasseddition, the fact that only 84%
of the adults are identifiable, and none of theeslare, should be considered when

photo-identification data are used in capture-raegaomodels.

4.2.2 Software Limitation

The computer program is freely available at (highitelab.biology.dal.ca/
mm/piinup.html). However, this version requires tiser to have MATLAB 6.5 with the
database and imaging toolboxes. To allow a widegeaof people to use the computer
program, a compiled version should be developeahvbould be used without requiring

specialized computer programs such as MATLAB.

4.3 Conclusion

The photo-identification method and program devetbwill help us expand our
understanding of narwhal biology. For example,@lth the sample size is small, the
catalogue of photographs collected during the sure2@06 and 2007 in Koluktoo Bay
could be used to estimate the number of narwhdlsisrarea. The financial costs of a
photo-identification study are much lower than miethods previously used (e.g.: aerial
surveys). In addition, the method is simple to aisé the computer program is available
to anyone. This could allow members of the Nortremmmunities with a camera to
become involved in the research of a species wkighportant to them. All of these
advantages of photo-identification could facilitateincrease in the monitoring of
population trends, which is important when managingxploited population.
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Appendix

Quality Assessment

Table A.1 The five criteria used for quality assessent based on some of the
criteria of Arnbom (1987).

Criteria Description Value
Size of The length of the ridge in 1<1/8
ridge proportion to the width of the 2 1/8&<1/6

photograph. For ridges thatare 3 1/6 &<1/5
partly masked, the estimated size oA 1/5& < 1/4

the whole ridge is used. 51/4
Focus Represents how in focus the outline Outline of the ridge barely visible
of the ridge is. 2 Only really big notches could be
visible

3 Could detect notches but the
outline out of focus

4 Notches and nicks could be
visible but outline not completely
in focus

5 The outline of the ridge is
completely in focus.
1-25%
25% - 49%

% of ridge  Proportion of the ridge that is 1
2
3 50% - 74%
4
5

visible visible.

75% - 99%
100%
Orientation The angle formed by the ridge andl >45°
the frame of the photograph. For 2 35°-45°
example, a narwhal swimming 3 21°- 35°
towards the camera would form an4 11°- 20°
angle of 90, 50°-10°
Exposure A measure of the relative darknesd Really dark or strong glare on the
of the photograph and how much dorsal ridge
the ridge contrasts with the water. 2 Dark or some glare
3 Contrast is acceptable and glare is
acceptable
4 Contrast is good and no strong
glare
5 Contrast is really good and no
glare
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Table A.2 Description of the quality values (Q1-Q5)Narwhals for which none of
the ridge is visible in the photograph are excludedrom the quality assessment and
not further considered for matching. The quality vdues are based on the criteria
explained in table A.1. and are assigned by addinge values of the five criteria.
Other restrictions are explained.

Q Total of criteria values  Other restrictions

1 <10 -

2 10-16 Only one of the criteria can have a valuk o

3 17-20 Only one of the criteria can have a valu2 and no
criterion can have a value of 1

4 21-23 No criterion can have a value of 2

5 24-25 -
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