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General Abstract

Nineteen years of monitoring the highly endangered North Atlantic right whale
(Eubalaena glacialis) has led to the photo-identification of 388 individuals of which 283
were alive in 1997. In addition, sighting histories have been collected for 92 reproductive
females and the 208 calves they produced from 1980 to 1997. Calf production and
individual survivorship are low in the North Atlantic right whale and are notably lower
than that observed in a related species, the South Atlantic right whale (E. australis). Since
intensive monitoring began in 1980 there has been no evidence of population growth in
the former species; recent analyses indicate that the population may actually be declining.
Two intrinsic factors that may be affecting the reproductive fitness of adults, thereby
limiting the ability of this population to increase in size, are inbreeding depression and
low levels of genetic variability.

To assess the status of the population, microsatellite markers were developed and
used to establish individual-specific genetic profiles for 209 whales. Genetic profiles
based on nine microsatellite loci and mitochondrial control region haplotypes were used
to examine the population for evidence of inbreeding and to assess the current levels of
genetic variability. At the population level, genetic variability was found to be lower than
that reported for other large-bodied cetaceans, including the closely-related South
Atlantic right whale. No evidence was found to indicate that the low genetic variability is

the result of the most recent population bottleneck (19* century). Rather, the loss of
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genetic variability appears to have occurred over several hundred years, starting as far
back as the 16" century. Any reduction in fitness associated with the loss of genetic
variability, including reduced reproductive success and the loss of adaptive potential, may
have been affecting this population for over 400 years.

To examine the current population for evidence of inbreeding, the nature of the
mating system was identified and used to estimate the effective number of breeders in the
population. The individual-specific genetic profiles were used to evaluate relatedness
among the 209 whales, including that among breeding pairs. Mating by North Atlantic
right whales had been thought to involve dominance polygyny. In fact, most of the calves
evaluated in the paternity analysis had different fathers, and the pattern of paternity
assignments was most similar to that of random mating (i.e., lottery polygyny or
promiscuity). Under random mating, a larger proportion of adults will contribute to the
next generation, thereby slowing the rate of loss of genetic variability. Based on a
promiscuous mating system, the effective population size is estimated at between 103 and
154, which places the ratio of the census population size to the effective population size
within those reported for other large-bodied mammals.

Despite the random nature of the mating system, population structuring was
identified between calves born to two groups of females that differ in their use of nursery
habitat. Reproductive isolation is incomplete, however, and the differences between the

two populations are being progressively lessened through gene flow. The identification of

iv



two reproductively discrete populations suggests the existence of two mating areas for the
North Atlantic right whale population. Although mating is not entirely random within the
population, no evidence of inbreeding was detected in the population. Mating pairs were
no more related than unrelated whales (R,, = 0.0007 + 0.24 versus -0.035 + 0.28). While
74% of females produced at least one calf during a period of 17 years, only 55% had
multiple birthing events.

Given that genetic variability appears to have been lost over the past 400 years, any
consequences of inbreeding would have been expressed historically. The failure of the
population to increase in size during the past few hundred years may reflect an overall
reduction in the reproductive fitness of females that may be associated with the historic
loss of genetic variability. The ability of the population to remain at a stable size (~300)
throughout the past 400 years suggests that the current decline in the size of this
population is the result of more contemporary influences. The combination of
contemporary influences, such as resource shortages and accidental mortality, with the
low intrinsic calving rate, appear to be compromising the long-term persistence of this

species.
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Scope of thesis

This thesis concerns the genetic assessment of the endangered North Atlantic right
whale. The small size of the North Atlantic right whale population (~300) and its failure
to increase in number despite over 60 years of protection, make this one of the most
highly endangered of all large-bodied cetaceans. By the 19" century, over 700 years of
commercial harvesting had severely reduced the size of this population from tens of
thousands of individuals to several hundred animals. The failure of the population to
increase in number is, in part, the consequence of the low rate of calf production by
females. Resource shortages, human-caused mortality, and inbreeding depression have all
been suggested as possible factors influencing both the low calf production by females
and low individual survivorship. The focus of this thesis is on assessing the importance of
inbreeding and low genetic variability on the low realized calf production in the North
Atlantic right whale. The relative importance of historic and contemporary influences on
the low calf production in this small population were considered with regard to bottleneck
events and the nature of the mating system.

This thesis is presented as a sequence of individual papers that cover the
development of microsatellite markers for establishing individual-specific genetic profiles
and their use in the study of the endangered North Atlantic right whale. Chapter one
provides an overview of key concepts in population genetics with particular emphasis on
the use of molecular genetic data in the study of the biology of cetaceans. Chapter two is

written as a ‘Primer note’ and briefly outlines the development of the microsatellite



2
markers that I developed and used to assess the North Atlantic right whale. Chapter three
is formatted for submission as a short report. This chapter includes a broad range of
analytical approaches that illustrate how individual-specific genetic profiles may be used
to identify the existence of unknown animals and population structure. Through the use
of genetic profiles, I was able to identify characteristics of the North Atlantic right whale
that were not apparent through behavioural monitoring alone. Chapter four and five are
both formatted for submission as full papers. These chapters focus on assessing the
historic and contemporary levels of genetic variability in the population. In the General
Discussion, the implications of the timing of the loss of genetic variability that was
identified in chapter four and the nature of the mating system (chapter five) are
considered with regard to the low calf production and population growth rate observed in

this species.



Chapter one

General Introduction and Literature Review
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Populations with high levels of genetic variation have a greater potential to respond
to changes in their environment over evolutionary time scales (Lande 1988).
Consequently, maintaining existing levels of genetic variation has become an important
conservation objective (Frankel and Soule 1981; Soule 1986). Random fluctuations in
gene frequencies over time will affect small populations more than large populations. As
a result, many threatened and endangered species are subject to losses of genetic diversity
(i.e., random genetic drift; Crow and Kimura 1970). Since populations with low levels of
genetic variability have a limited range of responses to changes in their environment,
small or isolated populations are more vulnerable to both inbreeding depression and
extinction than are large populations (Soule 1986, 1987; Lynch ef al. 1995; Frankham
1998). Over ecological time scales, the loss of genetic variability will increase the
incidence of homozygosity, exacerbating the negative effects of inbreeding (Frankel and
Soule 1981; Charlesworth and Charlesworth 1987; Thombhill 1993; Keller et al. 1994;
Frankham 1995). Large populations that undergo a sudden reduction in number will lose
genetic variability; this loss may compromise the fitness of a population through
increased homozygosity, which leads to the expression of deleterious recessive alleles, or
the loss of heterotic effects (Allendorf 1986; Lacy 1987). Such consequences of reduced
genetic variability have been shown to reduce individual survivorship and reproductive
fitness in domestic and captive populations (Falconer 1981; Ralls et al. 1988; Thombhill
1993). Most of the evidence for inbreeding depression comes from studies of captive
populations (Ralls et al. 1979, 1988; Lacy et al. 1993; Lynch et al. 1995). Reduced

fitness effects associated with low levels of genetic diversity have been documented in



some natural populations (Wildt ez al. 1987; Thornhill 1993; Keller er al. 1994).

The rate at which genetic variability is lost or gained is a function of the number of
successful breeders (N,) in a population (Nei 1987). Some adults reproduce more
successfully than others, consequently, the effective population size (N; Nei 1987) is
smaller than the adult population size (Frankham 1995). The magnitude of the difference
between the number of successful breeders in the population and the census population
size (N) depends on the variance in mating success among adults within a population.
Variance in reproductive success may be high if a population has a skewed sex ratio or if
there is a large variance in progeny production among breeders (Wright 1931; Waples
1991; Nunney and Elam 1994; Rockwell and Barrowclough 1995). Non-random mating
strategies result in high variance in breeding success and this, in turn, will reduce the
effective number of breeders in a population. Small population size and non-random
mating will exacerbate genetic drift, thereby increasing the likelihood of allele loss and
fixation (Crow and Denniston 1988; Harris and Allendorf 1989). Directly calculating the
precise N, of a population requires that information on individual lifetime reproductive
fitness is available. As a result, individuals must be identifiable and their reproductive
activities must be monitored throughout their lifetime. Individual-specific reproductive
histories are logistically difficult to obtain for natural populations, consequently, N, is
usually estimated using indirect methods. For example, allele frequency data for a
population may be used to estimate N, indirectly using the observed changes in
population allele frequencies or heterozygosity over time (Nei 1987; Waples 1991).

If the size of a population fluctuates over time, the best approximation of the long-



term N, is the harmonic mean (Vucetich et al. 1997). As a result, dramatic reductions in
the size of a population, even when followed by population expansion, accelerate the loss
of genetic diversity. Because it is the rare alleles that tend to be lost during such a
bottleneck event, these events have little effect on short-term changes in heterozygosity
(Luikart and Cornuet 1998; Luikart er al. 1998). Alleles are lost more rapidly than
heterozygosity during a bottleneck event, consequently, populations that have recently
undergone a bottleneck will have a disproportionate number of loci with a heterozygote
excess than would be expected by chance (Luikart et al. 1998). This heterozygote excess
is transient and is only detectable until a new equilibrium is reached between genetic drift
and mutation (0.2-4 N, generations). If a post-bottleneck population is small, the
proportion of breeding events between individuals with alleles that are identical-by-
descent will increase. If a bottleneck occurs over a protracted period of time, the
expression of deleterious recessive alleles will occur gradually and this may actually
benefit a population by reducing its genetic load (see Nei 1987).

In order to evaluate the extent to which inbreeding will affect individual fitness, the
relationship among breeders must be identified and some measure of their reproductive
fitness must be known (Haig er al. 1990; Packer er al. 1991; Hedrick and Miller 1992;
Lacy er al. 1996). Although few pedigrees are known for natural populations (but see
Pemberton ef al. 1991; Coulson er al. 1998) the relationships among individuals may be
inferred through the use of genetic markers (Queller and Goodnight 1989; Piper and
Rabenold 1992; Blouin er al. 1996). By looking at the proportion of alleles shared at

individual loci, markers with Mendelian inheritance patterns may be used to identify



relationships among individuals. The capacity to differentiate among individuals related
as first or second order relatives depends on the number and frequency of alleles in the
population (Chakraborty and Jin 1993); highly polymorphic markers are required for such
studies. If a population has low levels of variation, the power of such relatedness studies
may be improved by studying a large number of loci (Chakraborty and Jin 1993; Blouin
et al. 1996).

Populations that have experienced bottleneck events are expected to have low levels
of genetic variability; genetic analyses of relatedness and inbreeding will require the
identification of highly variable molecular markers. Microsatellites are a particularly
useful class of genetic markers for such studies because they are highly polymorphic and
are distributed throughout the genome (Tautz 1989; Bruford and Wayne 1993; Blouin et
al. 1996). Moreover, as microsatellites are small tandemly repeated di-, tri-, or tetra-
nucleotide repeats (100-400 bp), they may be amplified using polymerase chain reaction
(PCR) technology (Weber and May 1989). The small amounts of DNA required for PCR
analyses are especially practical in the study of small populations, particularly if a species
is rare or endangered. Microsatellite-based profiles also have broad applications and may
be used to establish individual identities (Balding and Donnelly 1995; Palsbgll et al.
1997; Waser and Strobek 1998), analyze social group structure and mating systems
(Amos et al. 1993; Morin et al. 1993; Blouin er al. 1996; Clapham and Palsbgll 1997),
evaluate levels of genetic diversity at the individual and population level (Taylor et al.

1994; Houlden er al. 1996; Hoelzel et al. 1998), identify structuring within populations
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(Paetkau et al. 1995; Berubé et al. 1998), and examine evolutionary relationships among
species (Bowcock er al. 1994; Paetkau et al. 1997).

The Mendelian inheritance pattern of microsatellites make them well suited for use
in relatedness studies and parentage analysis, since the proportion of shared alleles at
these loci may be predicted based on probabilities (Bruford and Wayne 1993; Blouin er
al. 1996). The principle for such an analysis of relatedness or kinship is based on the
‘identity-by-descent’ of alleles between individuals (Ritland 1996). Individuals that are
more closely related to each other will share a larger proportion of alleles than will
unrelated individuals. The degree of relatedness between individuals may be estimated
using one of two approaches: (1) Queller and Goodnight’s (1989) unbiased estimate that
weights allele matches between two individuals using the allele frequency in the
population (R,,) or (2) by tabulating the number of matching alleles at each locus to
estimate the average number of matches between two individuals (M,,; Blouin er al.
1996). Although both methods provide similar relatedness estimations, the R,, estimate
makes use of allele frequency data, giving it a greater ability to discriminate among
related individuals (Blouin ef al. 1996).

Exclusionary principles used alone or in combination with likelihood analysis allow
hypotheses about paternity and mating behaviours to be tested (Hughes 1998; Marshall er
al. 1998). In some cases, such studies have demonstrated that traditional ideas about
mating systems are not always upheld by the genetic relationships (eg., Gibbs er al. 1990;
Avise 1994). The power to assign paternity will, however, depend on the number of

alleles at the locus, the proportion of the potential sires sampled, and the proportion of



first-order relatives that may be competing for matings (Double e al. 1997; Marshall er
al. 1998). Double er al. (1997) report, for example, that when father-son pairs are
competing for matings, over eight loci with 10 alleles are necessary for an exclusion

probability > 90% when the mother is known.

Application of Microsatellites in Population Biology

In small or endangered populations, non-random mating and random genetic drift
may have a large effect on the genotype and allele frequencies in a population. Deviations
in genotype frequencies from Hardy-Weinberg Equilibrium expectations (HWE) in a
population may be evaluated using observed allele frequencies (Nei 1987). If mating is
random, a population is large, mutation and migration are negligible, and no selection is
affecting the markers under study, alleles will unite according to their frequency in a
population. Because population studies generally focus on ecological time scales, and
microsatellites are non-coding, genotypes will only deviate from HWE if null alleles are
present, inbreeding is occurring, the population is structured, migration is occurring, or
mating is non-random (Bruford and Wayne 1993). Once populations have been identified
as being out of HWE, further study may be used to identify those factors that may be
influencing the observed deviation. The analysis of microsatellite data in Atlantic walrus
(Odobenus rosmarus rosmarus), for example, identified deviations from HWE that led to
the identification of four geographically distinct populations (Andersen et al. 1998).
Additional analysis using mitochondrial DNA (mtDNA) showed that the observed

structuring among populations was due to limited dispersal of females among the
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populations. Analysis of the genetic structure between seemingly distinct populations has
also led to the identification of extensive gene flow between populations that were
believed to be geographically separated. Paetkau ez al. (1995), for example, found that
populations of Alaskan brown bears (Ursus middendorffi) occupying distant island
archipelagos and mainland habitats had levels of gene flow that effectively homogenized
these populations.

Microsatellites have also been used to assess genetic changes within populations,
detect recent population bottlenecks, estimate N, and assess levels of inbreeding (Waples
1989, 1991; Frankham 1998; Luikart and Cornuet 1998). Statistical methods are also
available for identifying the occurrence and relative timing of bottleneck events for a
period of 0.2-4N, generations (Luikart and Cornuet 1998). Since populations that have
undergone a recent, severe bottleneck event may be experiencing an elevated risk of
inbreeding depression, it is important that conservationists identify and evaluate the
management priorities for these populations. In the case of the northemn hairy-nosed
wombat (Lasiorhinus krefftii), a population bottleneck that is thought to have reduced the
N. to ~10 within the past 120 years caused a 41% loss of heterozygosity (Taylor et al.
1994). Despite having low levels of genetic variability, the population has not only
persisted but has increased numerically since the bottleneck event. This observation
suggests that this population may be able to recover without the introduction of animals
from other, distant populations.

Individual-specific genetic profiles are also useful for evaluating relatedness within

social groups, estimating population abundance, and for identifying the population to
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which individuals belong (Bruford and Wayne 1993; see Waser and Strobek 1998). For
example, the analysis of 3,060 humpback whale (Megaptera novaeangliae) samples
established that they represented 2,368 animals (Palsbell er al.1997). The sampling
locations and recapture data were then used to identify migratory movements and to
provide information on the exchange of individuals across habitat areas. Individuals may
also be assigned as members of one or another population using likelihood principles that
contrast the allele frequencies in an individual to two possible source populations. A
benefit of being able to assign individuals as members of populations based solely on
their allelic composition is that the identity of unknown individuals may be established
without the need to tag the animals.

Studies of relatedness among social groups have also benefitted from the
development of individual-specific genetic profiles (Valsecchi and Amos 1996; Palsbell
et al. 1997). For species like cetaceans, difficulties in recognizing individuals and
tracking their behaviour (Larsen er al. 1996; Palsbell er al. 1997) may be overcome
through kinship analysis using genetic data. Microsatellite primers developed for long-
finned pilot whales (Globicephala melaena) were used to examine the relationship among
cohesive social groups (Amos et al. 1993). The cohesion and helping behaviour of
members of these groups was found to be influenced by kinship, suggesting that
individuals are obtaining inclusive fitness benefits from being members of these social
(kin) groups (see Queller and Goodnight 1989). Relatedness and parentage analyses may

be used to identify the mating system of a species even when individual identities are
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unknown (Clapham and Palsbgll 1997). Moreover, if mating pairs can be identified,
direct assessments of the levels of inbreeding in a population will be possible (Frankham

1995; Blouin et al. 1996; see also Ritland 1996).

Cetacean population genetics

Extensive ranging behaviours and the marine lifestyle of cetaceans make individual
identification, behavioural studies, and stock identification logistically difficult (Amos er
al. 1991). The application of molecular-genetic techniques to the study of cetaceans has
advanced our understanding of stock boundaries, gene flow, social group structure,
mating systems, and phylogeny (Amos er al. 1991; Hoelzel 1994; Milinkovitch ef al.
1994; Larsen et al. 1996; Clapham and Palsbell 1997; Hoelzel et al. 1998; Lyrholm and
Gyllensten 1998). The molecular marker selected for use will depend on the nature of the
question. Studies of mitochondrial (mt) DNA diversity and structuring allow
phylogenetic comparisons to be made, and can provide information on behavioural
substructuring that is maternally directed (Milinkovitch er al. 1994; Baker et al. 1998;
Lyrholm and Gyllensten 1998; Malik et al. In Press). The analysis of nuclear DNA
provides information both at the individual and population level and may be used to
establish individual identifications, kinship, parentage, levels of genetic diversity, and to
estimate levels of gene flow (see Bruford and Wayne 1993).

Phylogenetic assessments of cetacean taxa based on morphological features have

proven difficult due to the highly modified traits within this taxa (Milinkovitch et al.
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1994). The classification of cetacean taxa is not only complicated by difficulties in
morphologically-based studies, but also inconsistencies between genetic and
morphological analyses. Amason ez al. (1993), for example, found that the level of
genetic differences between two populations within a single genus (Balaenoptera spp.;
minke whales) was of a similar magnitude to that observed between two families of
baleen whales (Balaenopteridae and Eschrichtiidae). In a study of the phylogeny of
cetacean taxa, Milinkovitch er al. (1994) compared ribosomal and cytochrome b
sequences (mtDNA) for all major cetacean taxa. Although most of the broad
classifications matched those based on morphology, one group of toothed whales (sperm
whales) was found to be more related to the baleen whales (suborder Mysticeti) than to
other toothed whales (suborder Odontoceti; Milinkovitch ef al. 1994). To resolve these
discrepancies, multiple genetic loci and morphological analyses must be examined both
independently and collectively.

MtDNA has also proven useful for identifying behavioural differences associated
with maternal lineages (Schaeff er al. 1993; Baker er al. 1998; Lyrholm and Gyllensten
1998). Structuring of mtDNA haplotypes has been observed in association with
differential use of feeding or reproductive grounds by members of a panmictic population
(Larsen et al. 1996). In their study of the North Atlantic humpback whale, Larsen et al.
(1996) found evidence of genetic exchange between eastern and western populations but
noted the existence of two distinct matrilineal groups. The structured distribution of these
mtDNA haplotypes was partitioned according to site fidelity to specific feeding grounds.

MtDNA structuring has also been observed between proximal populations of beluga



14

whales (Brennin er al. 1997; Brown Gladden et al. 1997). In this instance, genetic
differences between whales in the eastern Hudson Bay and the western and central Arctic
indicate that despite their relative proximity to each other, these groups represent
geographically distinct populations.

Although markers within the nuclear genome may also be used to assess population
structuring and phylogenetic relationships, the Mendelian inheritance pattern of these
markers make them especially useful in the study of mating systems, parentage, effective
population size, relatedness, gene flow, and genetic drift (see review by Bruford and
Wayne 1993). In an early analysis of social group structure, Amos et al. (1993) found that
pilot whale pods consisted of extended family groups. The failure of adult males to
disperse from their natal pod, despite the fact that they do not breed within the group,
suggested that individuals derive inclusive fitness benefits from these long-term
associations. While long-term behavioural studies of cetaceans have provided extensive
data on the migration and behaviour of some species (Knowlton et al. 1992; Clapham and
Palsbgll 1997), difficulties in observing and confirming copulation events has limited our
ability to identify the nature of their mating systems. Nevertheless, substantial insights
into mating strategies are possible with a limited number of well selected DNA samples.
Clapham and Palsbell (1997) used microsatellite-based genetic profiles to assess the
number of males responsible for siring calves bomn to three female humpback whales.
They were able to show that the three calves had each been sired by different fathers,

thereby suggesting that mating may be promiscuous in humpback whales. Molecular-
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genetic analysis of cetacean populations, particularly when combined with demographic
data, has the power to provide a wealth of information on individual behaviours and the

structure of cetacean populations.

The right whale

Right whales (Eubalaena spp.) are large-bodied baleen whales that occur globally as
three populations: one in the North Atlantic, another in the North Pacific, and the third in
the Southern Hemisphere. Until recently, the populations were often recognized as three
subspecies: the North Atlantic population (Eubalaena glacialis glacialis), Southern
population (E. g. australis), and North Pacific population (£. g. japonica). The inability
to identify consistent differences between specimens from the different populations has
resulted in the reclassification of the populations into two subspecies: Balaena glacialis
glacialis in the Northern Hemisphere and B. g. australis in the Southern Hemisphere. In
the Atlantic ocean, there is no overlap in the range of the two taxa and hybridisation is
unlikely, as the two subspecies are six months out of synchrony in the timing of
reproduction (Schevill 1986; Brown 1994).

Both species of the right whale have similar body size, and overall morphological
features, and share similarities in their breeding biology (Schevill ez al. 1986; Winn et al.
1986; Knowlton er al. 1994). Female North and South Atlantic right whales are
iteroparous and have similar ages at first parturitition (9 versus 7.6 years, respectively)
and average calving intervals (3.3 versus 3.7 years, respectively; Payne et al. 1990;

Knowlton et al. 1994; Burnell 1998). Unlike female South Atlantic right whales,
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however, no female North Atlantic right whale has been observed to shorten the calving
interval due to the early death of a neonate (see Burnell 1998; NEAq catalogue). Genetic
differences exist between the two species at mitochondrial loci (Malik er al. In Press);
key differences currently exist in the size of their populations and their respective growth
rates. The South Atlantic right whale population numbers in the thousands, and is
increasing at a rate of ca. 1.075 per year (Best and Underhill 1990; Payne et al. 1990),
while the North Atlantic right whale population consists of around 283 individuals and

has a declining growth rate (0.976 per year; Caswell et al. 1999).

Status of the North Atlantic right whale

The North Atlantic right whale is a highly endangered species that has been reduced
from its former distribution throughout the North Atlantic ocean to a remnant population
in the western North Atlantic (Reeves and Mitchell 1986a,b; Aguilar 1986). The history
of exploitation extends back to the 11" century when Basque whalers began hunting the
species in the eastern part of its range (Aguilar 1986). The intensity of these commercial
harvests dramatically reduced the size of the eastern population by the end of the 16th
century. Concurrent with the slowing of whaling in the east, whaling activities intensified
in the western North Atlantic as Basque, British, Dutch, and Danish whaling efforts
expanded. By the 18" century, the western population was already showing signs of
depletion (Reeves and Mitchell 1986a,b) and by the end of the 19* century, the North
Atlantic right whale fishery had reached commercial extinction.

The remaining population of right whales was protected in 1935, however, photo-
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identification records suggest that the population size has changed little since this time
(Knowlton er al. 1994). Although the population size appears to have been stable at ca.
300 individuals throughout the past several decades, and recent population modelling
suggests that the growth rate for the population was positive in the 1980s (1.053 per
year), survivorship seems to have dropped since that time. The current growth rate for the
population is now estimated at a declining level (0.976 per year) and the population is
expected to face extinction within the next 200 years unless survivorship increases
(Caswell et al. 1999). Further complicating the growth of this population is the limited
reproductive success by adult females (Knowlton et al. 1994). The failure of many
females to produce more than one calf, and the low survivorship among whales, have
been attributed to food shortages (Kenney ez al. 1986), human-related mortalities (Kraus
1990), and reduced survivorship related to low genetic variability or inbreeding

depression (Schaeff er al. 1997).

Natural History of the North Atlantic right whale

Almost 20 years of photo-identification records and annual monitoring have
identified five habitats that are used seasonally by members of the population (Kraus et
al. 1986; Knowlton et al. 1994; Brown et al. 1994). Areas of importance for feeding on
zooplankton are those that are occupied by right whales during the summer months,
including the Great South Channel, Cape Cod and Massachusetts Bays, and the Bay of
Fundy (Kenney er al. 1986; Figure 1-1). Although the identity of mother-calf pairs and

the reproductive histories of many of the breeding females are known (NEAq Catalogue),
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Figure 1-1. Location of identified habitat areas used by western North Atlantic right
whales. Seasonal habitats presently used by western North Atlantic right whales include:
feeding grounds (Massachusetts Bay, Great South Channel, Roseway Basin), feeding and
nursery habitat (Bay of Fundy), and the calving area around Savannah, Georgia and Cape

Canaveral, Florida (Southeastern coast of the U.S.A).
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little is known about reproduction or mating in the North Atlantic right whale. Calf
production is known to be synchronous, with breeding females giving birth to their calves
during the winter months, and gestation has been estimated at ca. 10-12 months (Best
1994; Knowlton er al. 1994). Apparent breeding aggregations involving a focal female
and multiple males (Surface Active Groups) have been observed throughout the year
(Winn er al. 1986; Kraus 1991). These SAGs are thought to represent mating groups
wherein males compete for positions alongside the female (alpha positions). However,
because SAG activity has been observed throughout the range of this species, the timing
and location of mating activities remain unknown. If gestation is 12 months (Best 1994)
the synchronous calving during the winter months (NEAq catalogue) would indicate that
mating also occurs between January and March when the whales are in the southern part
of their distribution.

Breeding aggregations and mother-calf pairs represent the only known social
interactions between North Atlantic right whales (Lockyer 1984; Oldfield 1988). Calves
remain with their mother for approximately one year, during which time they migrate
from their place of birth to 2 summer feeding/nursery area (Kraus 1991). Calving takes
place in the southeastern United States off the coasts of Georgia and Florida during the
winter months and most of the females that are known to have produced calves have been
observed in these waters. Although all females in the population may utilize a common
calving ground (but see Watkins and Schevill 1982), mothers differ in where they take
their calves when they leave the calving area (Schaeff er al. 1993; Malik et al. 1999). The

majority of the mother-calf pairs migrate north during the spring and are subsequently
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identified in the Bay of Fundy during the summer months (Kraus 1991). Another group
of females have never been identified with calves in the Bay of Fundy and their
whereabouts during the summer months remains unknown (Schaeff ez al. 1993; Malik et
al. 1999). Mitochondrial structuring between the two groups suggests that the nursery
habitat used by females is selected through culturally-mediated philopatry. It is unknown
whether or not this behavioural difference among the females reflects reproductive

1solation between subgroups in this population.

Research Objectives and Statement of Hypotheses

The objectives of the present study were to identify polymorphic microsatellite loci
in the North Atlantic right whale and use these to evaluate the levels of genetic variability
in the population and assess the mating strategy through paternity analysis. The rate at
which genetic diversity has been lost from this population and the occurrence of
inbreeding were then considered with regard to the low realized calf production. These
data were then used to estimate the current and historic effective population size for the

North Atlantic right whale.
Hypotheses:
(I) The low reproductive performance in the North Atlantic right whale is

a result of a recent loss of genetic variability (i.e., 19" century).

(II) Mating by North Atlantic right whales is by dominance polygny: the



effective population size is smaller than that expected under random

mating.
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As a consequence of historic whaling pressures, the western North Atlantic right
whale (Eubalaena glacialis) is one of the most endangered of all large cetaceans
(Knowlton er al. 1994). Photo-identification techniques for individual identification of
whales and over 19 years of monitoring have provided extensive behavioural and life
history data on most of the known population (Kraus 1990; Knowlton er al. 1994).
However, some whales have not been identified due to low quality photographs. The
development of individual-specific genetic profiles would augment the study by allowing
these whales to be identified (see Palsboll et al. 1997).

Microsatellite loci are known to have high levels of genetic variability in many taxa
due to the high rates of mutation (Dietrich et al. 1992; Bruford and Wayne 1993).
Moreover, as microsatellites are non-coding, allele frequencies will be subject to random
genetic drift, making these markers useful for studying levels of genetic diversity and
';-)opulation structuring (Nauta and Weissing 1996). |

Skin samples were collected from E. glacialis in the waters off eastern Canada
between 1988 and 1997. Samples were stored in DMSO (20% DMSO, 0.25 M sodium-
EDTA, saturated with NaCl, pH 7.5; Amos and Hoelzel 1991) and DNA was extracted
using phenol-chloroform extractions (Brown ef al. 1991; Schaeff et al. 1993). Samples
were also available for several South Atlantic right whales (E. qustralis) from near
Peninsula Valdes, Argentina (Schaeff et al. 1993).

Restriction digests of 1-3 ug of genomic DNA were conducted in 25 ul. volumes
using three blunt-end cutting restriction enzymes (Rsal, EcoRV, and Alul; Gibco-BrL).

DNA fragments of < 450 base pairs were size separated on a 2% agarose gel. Cloning
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was carried out as described in Rassman er al. (1991). Insert sequences were determined
using the PRISM™ Ready Reaction Dye Deoxy Termination kit (Applied Biosystems
Inc.), a Perkin-Elmer 9600 Thermal Cycler, and an Automated DNA Sequencing System
(373A, Applied Biosystems). Primers were developed for the 13 of 34 microsatellite
sequences identified (Primer v. 5; Lincoln er al. 1991).

Amplifications using the Polymerase Chain Reaction (PCR) used 20-50 ng of DNA,
0.2 uM of each primer, 20 nm of y-**P end-labelled primer, 2.0-2.5 mM MgCl, , 0.70 U of
Tagq, 1x reaction buffer, and 0.20 mM dNTPs (Gibco-BrL). PCR products were size
separated on a 6% denaturing, polyacrylamide gel and visualised by autoradiography.
Alleles were sized relative to the clones. Loci were tested for deviations from Hardy-
Weinberg equilibrium (HWE) when > 58 chromosomes had been screened (Exact test;
Raymond and Rousset 1995).

Loci were considered monomorphic when the most common allele had a frequency
of > 95% (N > 58 chromosomes). Only two of 13 and one of nine polymorphic loci
deviated significantly from HWE in E. australis and E. glacialis (rw26 and rwl8 and
rw31 and rw34, respectively). The number of alleles (allelic diversity) was as great or
greater in E. australis than in E. glacialis at all but a single locus (rw34).

The potential use of these microsatellites in the study of toothed whales was
assessed using seven randomly selected primer pairs on six beluga whale samples
(Delphineptera leucas). All seven primer pairs produced PCR products and despite the

small sample size, four of the seven loci were variable (rw2-17, rw2-19, rw21, and rw26).
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For the right whales, the microsatellite loci will allow individual-specific profiles to
be developed and for E. glacialis, the exclusionary power (PE) for paternity analysis is
over 97% when the identity of one parent is known. In contrast, high allelic diversity in
E. australis provides a PE = 99% when neither parent is known. These microsatellite-
based profiles will augment the E. glacialis catalogue by identifying new whales and

confirming the identity of whales when photographs are of low quality.
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Abstract

Monitoring the highly endangered North Atlantic right whale since 1980 has led to
the photo-identification of 388 individuals of which 283 were living.! Over 17 years of
monitoring have also resulted in the collection of individual-specific survivorship and
reproductive data. Using these data, a population model has been constructed that predicts
the extinction of this species within the next 200 years.? To evaluate the status of the
population, individual-specific genetic profiles were developed for 209 whales at nine
microsatellite loci and the mitochondrial DNA control region.’* Using these profiles, we
were able to assess the current estimate of the census population size and provide the first
effective population size estimate for this species. Apparent mating behaviour suggested
that mating involved dominance polygyny®, however, genetic paternity analysis identified
that 83% of the calves had different fathers (20/24). This finding is consistent with a
random mating strategy and places the effective population size at ca. 133. Although
mating appears to be random, population structuring was identified between calves born
to two groups of females that differ in their use of nursery habitat (p < 0.001).
Reproductive isolation is incomplete, however, and the migration rate between the two
groups is ca. one individual/generation. Genetic analyses of the North Atlantic right
whale, particularly the identification of new adults, suggest that the population size is

larger than the 1997 estimate of 283.
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Introduction/Discussion

The North Atlantic right whale is one of the most critically endangered of all large
cetaceans.® A 17-year study by the North Atlantic Right Whale Consortium, a group
consisting of American and Canadian researchers, has resulted in the compilation of a
photographic catalogue of 388 individual animals,' 283 of which were alive in 1997.
Using these data, Caswell er al.? have modelled the growth rate for the population. This
model predicts the extinction of this species within 200 years due to the combined effects
of low individual survivorship and the small number of calves born each year. All of
these estimates and models rely, however, on the effectiveness of the existing monitoring
program at identifying newborns and matching sightings to previously identified animals.

Although most births since 1980 are thought to have been recorded off the coasts of
Florida and Georgia, a few new juveniles and full grown animals are sighted and added to
the catalogue each year.” Although the reproductive females in this population appear to
share one common calving area,® differences exist in where they take their calves to
nurse.* ' Since 1980, an average of 11 calves have been born each year, and only 60% of
these (123/205) were taken to the nursery ground in the Bay of Fundy (BoF).* '° As the
location of the alternate nursery area is unknown, those calves that are not taken to the
Bay of Fundy by their mothers are not photoidentified. The phenotypic traits for visual
identification only begin to appear around the time when mother-calf pairs have left the
calving ground for the feeding and nursery habitat areas in the north.® As a result, these
calves will appear as ‘new sightings’ in later years. It is unknown whether whales that are

sighted for the ‘first time’ after their year of birth represent known births for which
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photo-identifications were not made or previously unknown whales. Between 1980 and
1997, for example, 35 calves were not identified in their year of birth and 19 new
sightings were recorded. If most new sightings represent new animals, the population
may be larger than the present estimate. However, as the mating system appears to
involve dominance polygyny, the census population size may not reflect the effective
number of breeders.

To test the hypothesis that new sightings represent those calves that were not
identified during their first year, and assess the current population size estimate, we
attempted to assign mothers to 18 new sightings. Maternity analysis was conducted using
two groups of putative mothers: those mothers known to have unidentified calves and
those adult females that have not been observed with a calf. The proportion of breeding
males in the population was then estimated through paternity analysis and used to
estimate the effective population size (\N,)."?

Matemity assignments were made using individual-specific genetic profiles based
on nine microsatellite loci and mtDNA control region haplotype sequences.>* Maternity
assignments were made if all nine microsatellite loci and the mitochondrial haplotypes
matched between a new sighting and an adult female. Collectively, 42 adult females were
available for matemity testing to the 18 new sightings. In all but two instances, all of the
females could be excluded as mothers. Both of the two maternity matches were assigned
to unidentified calves born during the 1998 calving season. One of the matched calves,
which had been found dead in the calving ground (Tmp18, sampled 11 Jan. ‘98), was

matched to a female whose last known calving event was in 1991 (New England
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Agquarium identification 1158). Female 1158 was also not one of the seven mothers
identified as having had a calf in 1998.! The second calf (Tmp20, sampled 30 Jan. ‘98)
had been biopsy-sampled while in the presence of a female (NEAq 1315), however, the
relationship between these two whales was uncertain. Maternity analysis using all
putative mothers verified that calf Tmp20 was the offspring of female 1315.

All of the remaining ‘new’ sightings were either full grown or subadult when first
encountered, suggesting that they may represent 16 of the 32 unidentified calves born
between 1980 and 1995.! Given the incomplete sampling of new sightings and mothers
available for the matemity analysis, four maternal matches would be expected, on
average (assuming a hypergeometric distribution).!* No matches were made between the
eight mothers with unidentified calves that were available for maternity testing.
Moreover, no matches were made between the 33 females that were not known to have
produced calves regularly during the 18-years of monitoring and the new sightings. The
failure to match even a single new sighting to one of the 42 females, assuming they
represent unidentified calves, is unlikely (p < 0.0001, exact test assuming a
hypergeometric distribution). These results suggest that many of these new sightings are
previously unknown adults or subadults. These 16 unknown whales may, therefore,
represent a subset of the population that are infrequent visitors to the areas that are
routinely monitored along the east coast of North America.

The North Atlantic right whale population is known to consist of two groups of
breeding females that differ in their use of habitat areas.®? MtDNA structuring between

these two groups indicates that one group consists of mother-calf pairs that feed and nurse
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in the Bay of Fundy (BoF) during the summer and that the second consists of mother-calf
pairs that use some alternate summer habitat (Non-BoF). The existence of at least one
unidentified habitat area is consistent with the finding that some new sightings represent
adults that have not been observed within the areas typically monitored by the Right
Whale Consortium group.

In order to identify whales with unknown birthing histories, including new sightings,
as members of the BoF or Non-BoF groups, the population was examined for evidence of
further genetic structuring. All of the genotyped calves born between 1980 and 1997 were
divided into two groups: those taken to the Bay of Fundy (BoF, N = 54) and those that
were taken elsewhere (Non-BoF, N = 24). Significant genetic structuring was observed
between the two groups (R;,=0.19, p <0.001)'“. In order to discriminate between BoF
and Non-BoF whales, allele frequencies from each of the two groups were used to
identify the likelihood of individual whales belonging to one or other of the two groups.
For each individual genotype, the log-likelihood of an observed allele originating from
each of the two populations was calculated based on the frequency of that allele in each
population (Table 3-1).'* The LOG likelihood ratios for each allele were then summed
(1) and used as the index of similarity (i.e., Individual index: I,) to each of the two
populations (BoF and Non-BoF; {I;= Zlog(p;s.e/Pinsor)} )- The key difference in the two
distributions of I; values for the calves is the presence of a second peak in the distribution
within the BoF group (Figure 3-1). This second peak consists of 24 of the 54 Bay of
Fundy calves, all of which have positive ; values falling outside the range of the main

BoF distribution (i.e., I; >2.25). In order to identify unifying characteristics of the BoF
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extreme calves, sighting and birth histories were considered for each of the 24 calves with
respect to their pedigrees (Figure 3-2). The 24 calves were found t6 represent 12 family
groups, some of which included individuals from two or three different generations.

When the [; values are considered for all whales with unknown nursing histories (N
= 111), the distribution is non-normal (Kolmogorov-Smirnoff test p < 0.001) and has a
separate group of whales with large I; values > 2.25 (Figure 3-3). The group of unknown
whales with I; values greater than 2.25 included seven of the 11 sampled mothers of the
unique BoF calves, one adult female with no genotyped calves, and 11 adult males. All
but one of these mothers also had I; values that fell well outside the distribution of Non-
BoF whales (i.e., I; > 1.0). Although the birth history is unknown for the 11 males
identified as members of this group, five had a mtDNA haplotype (haplotype C) that is
only present in two of the 11 mothers identified as belonging to this group. This finding
provides further evidence that this unique Bay of Fundy group includes additional,
unsampled adult females.

The calves belonging to the Non-BoF and the BoF group with I; > 2.25 (‘BoF
extremes’) may represent the progeny of two discrete breeding populations that were
once reproductively isolated but are now exchanging genes. Under this hypothesis, the
population would consist of three different groups, the Non-BoF population, the BoF
extreme population, and a large group consisting of progeny of crossings between the
Non-BoF and BoF extreme groups.

The estimated immigration rate between the BoF extreme and Non-BoF populations

is one individual per generation (Rho estimate; N = 100).'* As such, we tested the
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observed distribution of I; values for calves of BoF extreme mothers to those expected if
these females mate randomly with males in the population. Matings were simulated
between the 10 BoF extreme mothers and 100 randomly selected adult males from the
overall population. Only 18.8% of the simulated matings produced calves with I; values >
2.25 (Figure 3-4). Based on this distribution, only 10 of the 55 calves that have been
produced by these 10 mothers would be expected to have I; values above 2.25. The
observed distribution of I; values differed from the simulated matings (¥2; p < 0.001). Of
the 55 births to the BoF extreme families, 24 calves had an [; value > 2.25. The large
number of calves with higher I; values than were predicted from simulated random
matings (p < 0.001, x?) supports the hypothesis that BoF extreme mothers are not mating
randomly with adult males in the overall population. In fact, even if all 22 of the
remaining, unsampled calves had [; values < 2.25, the observed proportion of calves with
I; > 2.25 within these families would still be substantially larger than the predicted level
(70% of sampled calves versus 42% of all calves).

Analysis of 18-years of sighting-resighting data has identified other differences in
calf production among adult females in this population.' Females are capable of
producing calves at four year intervals;'' as such, a population with 100 adult females
could produce an average of 25 calves per year. Although an estimated 100 adult females
are present in the population in any given year, the population has only averaged 11 births
per year from 1980 to 1997.!! The difference between the potential and realized number
of calves is the result of some females never having produced a calf during this time, and

the failure of many of the successful breeders to produce more than one calf. In the 1997
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population, for example, only 73 females had ever produced calves, and 55% of these had
only produced a single calf during their lifetime.'® The reasons for the low calf production
remain speculative,'”"'” however, survivorship and reproductive fitness may differ
between BoF and Non-BoF females due to differences in the quality of their respective
habitats."'® Although 60% of all calves are taken to the BoF,*' in 1997 and 1998, only
nine of the 24 calves produced were born to BoF females.' Until the location of the
alternate nursery ground and the mating ground(s) are known, efforts to mitigate any
existing disturbances within these habitats will not be possible.

Neither the timing nor the location of mating activities are known for this species,
however, behavioural data suggests that males compete for access to fernales.* Such a
mating system would reduce the N, and increase the incidence of breeding among
individuals with alleles that are identical by descent.”® N, may even be smaller given the
reproductive isolation between BoF and Non-BoF populations. Using DNA samples from
89 adult males (73 males over five years old and 16 of unknown age) paternity analysis
was conducted using exclusion and LOD likelihood analyses in combination with
sighting records.'* LOD values represent the probability of a male being the true father
relative to a random male from the population. Therefore, LOD values are useful for
ranking non-excluded males based on likelihood estimates. Using this approach, 20
different fathers were assigned to 24 calves with > 80% match probability based on the
differences in LOD scores.'s No evidence of inbreeding was observed among mating

pairs. In fact, the relatedness coefficients between members of mating pairs were
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Figure 3-1. Plots of Individual Index values (I;) for North Atlantic right whales from
different nursery groups. The [; is the log-likelihood of an individual’s genotype being
derived from each of two putative populations (Bay of Fundy and Non-Bay of Fundy),
where I; = Zlog(p;/py), where p is the frequency of allele ‘i’ in the Bay of Fundy group
() and in the Non-Bay of Fundy group (k). The main distribution of I; values fall around
0 for both groups and has a large area of overlap at moderate I; values. A second peak of

more positive I; values (Ii > 3.0) exists in the Bay of Fundy group.
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Figure 3-2. Individual index values (I;) and maternally-based pedigrees for Bay of Fundy
extreme calves. [; values consistent with the Bay of Fundy subgroup are indicated in bold
(I;> 2.25). The 24 calves represent 12 separate maternal lineages that include one or two
generations of calves. Four-digit numbers associated with each whale represent the
individual New England Aquarium identification code assigned based on photo-
identification records. Unidentified whales and non-sampled whales are indicated by
question marks. The four mitochondrial haplotypes observed in the family groups are

shown for the oldest known female in each pedigree (haplotypes A, B, C, and D).
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Figure 3-3. Plots of Individual Index (I;) values for the North Atlantic right whale
population. The observed distribution is significantly different from a normal distribution

(p <0.001).
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Figure 3-4. Individual Index (I;) values for simulated offspring of BoF extreme mothers
under random mating. I; values from simulated random matings between males from the
general population (i.e., all males pooled) and BoF extreme mothers are shown relative to

the observed I; values for 33 of the 55 calves bom to these females (i.e., those that were

genotyped).
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consistent with values expected among unrelated animals (R,, =-0.035 + 0.28 versus
0.0007 + 0.24, respectively).!®

Given that 83% of the calves were assigned different fathers, the effective
population size (N.) was estimated by assuming that the proportion of fathers would
remain similar for the entire population. In the living population in 1997, 73 of the 101
adult females produced calves.'® Many of these females only produced a single calf
during the 17-year period examined. If each of the 73 females had only produced a single
calf, 60 different fathers would be expected to sire the resulting 73 offspring. The N,
would therefore be 133. If, on the other hand, mating involved extreme harem polygyny
and only 20% of the males bred successfully, the N, would be less than half of the first
estimate (i.e., ~63) and both the potential for inbreeding and the rate of loss of genetic
diversity would be high. However, paternity analysis indicates that the mating strategy of
North Atlantic right whales is not based on a dominance heirarchy but rather, a more
egalitarian promiscuous system.'®

Behavioural and reproductive differences among members of the population, and the
identification of new adults, suggest that this population is larger than the minimum
estimate of 283 in 1997. However, until the location of all mating and nursery grounds
are identified, a more precise estimate of the population size will be difficult. Once the
existence and location of the mating ground(s) and the alternate summer nursery habitat
have been identified, differences in survivorship and reproductive success between the
two groups may be considered with regard to habitat quality. The predicted extinction of

the North Atlantic right whale within the next 200 years® makes intensive monitoring and
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the documentation of any change in the size of the population critically important. An
accurate estimate of the census population size will require that newly sighted whales be
properly identified as calves or novel adults and that Non-BoF calves be genetically
identified prior to the migration to the unknown nursery ground (i.e., that they be biopsy-
sampled while in the calving ground with their mothers). By combining DNA profiles
and demographic data, newly sighted whales and calves may be individually assigned

membership to one of the two subpopulations of North Atlantic right whales.
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Chapter four
The use of microsatellite DNA variation for estimating the timing of the loss of genetic

variability from the endangered western North Atlantic right whale (Eubalaena glacialis).
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Abstract
The right whales in the North Atlantic ocean are represented by a small population

of 283 identifiable individuals (Eubalaena glacialis). The E. glacialis population is
estimated to have been on the order of 12,000-15,000 individuals prior to the onset of
whaling in the 11" century. In contrast, the South Atlantic right whale population
(Eubalaena australis) is not known to have dropped below several thousand individuals.
We tested the hypothesis that the low genetic variation in E. glacialis occurred as a result
of a recent population decline (19th century) by comparing the levels of variability
between E. glacialis (N = 209) and E. australis (N = 29). A total of 22 microsatellite
primer pairs were selected, including 13 developed for other cetacean species, eight
developed for Eubalaena glacialis, and one set developed for bovids. Microsatellites
were not identified in either species for 11 of the primer pairs, however, three
heterologous and eight Eubalaena-specific loci were polymorphic in E. australis. The
average number of alleles (A = 7.4 + 4.0) and heterozygosity (H = 0.71 + 0.2) observed in
E. australis was similar to that repc')rted for other large mammals, including the North
Atlantic fin whale (Balaenoptera physalus). In contrast, genetic variability was
significantly lower in E. glacialis (A =4.5 +2.5,H=0.50 + 0.1, p=0.0007 and 0.005,
respectively) and only 54% of the 11 loci were polymorphic. Half of these loci had two or
three alleles, which differed incrementally by single repeat units. Bottleneck analyses
indicate that most of the loss of genetic variation from the E. glacialis population
occurred over a protracted period (ca. 500 years) and not during the most recent

population bottleneck (19th century).
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Introduction

A widely accepted view among biologists is that the capacity of a population to
persist over evolutionary time is related to the level of genetic variation present in that
population (Soule and Wilcox 1980; Frankel and Soule 1981; Soule 1986). Over the
shorter term, a small population will lose diversity through genetic drift at a rate
proportional to its effective population size (i.e., 1/2N_per generation; Nei et al. 1975). A
population that undergoes a marked reduction in size (population bottleneck) and this, in
turn, will be manifested as a reduction in overall levels of heterozygosity within the
population. Such a reduction in overall variability may then affect the fitness of a
population through the loss of heterosis (see Coulson et al. 1998). In humans, for
example, the incidence of spontaneous abortion was found to be higher when both fetal
alleles matched those of the mother at loci within the Human Lymphocyte Antigen
complex (Ober et al. 1998).

Members of a small population are more likely to be related to each other than are
those within a large population. Consequently, matings among closely-related individuals
will be more common, and deleterious recessive alleles are more likely to be expressed in
small populations (Frankel and Soule 1981; Lande 1988; Mills and Smouse 1994;
Frankham 1995). Inbreeding depression has been documented in several small captive
populations (Ralls er al. 1979; Lacy et al. 1996; Laikre et al. 1996), however, the
influence of inbreeding depression on small natural populations has not been well
established (but see Packer et al. 1991; Keller et al. 1994; Saccheri et al. 1998). Within

small populations, the combined effects of limited genetic variability and a small
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effective population size (N,) may exacerbate inbreeding depression, leading to reduced
survivorship/reproduction and a further loss of genetic variability (Lande 1991; Lynch
1994).

The highly endangered North Atlantic right whale (E£. glacialis) has numbered
around 300 individuals throughout the past century (Knowlton er al. 1994), 283 of which
were known to be alive in 1997. Although the population appears to have remained stable
throughout much of this century, recent modelling efforts suggest that the growth rate
declined from a slightly positive to a negative rate between 1980 and 1994 (Caswell er al.
1999). The reasons for the decline remain speculative, however, low genetic variation and
inbreeding depression have been suggested as possible influences (Kraus 1990, Knowlton
et al. 1994; Kenney et al. 1995).

Historically, northern right whales were distributed throughout the North Pacific and
North Atlantic oceans. Several centuries of commercial whaling severely reduced both
the size of these populations and the extent of their ranges. The Eubalaenid whales in the
Atlantic, include E. australis which is currently distributed throughout much of the South
Atlantic ocean and E. glacialis which occurs north of the equator where it 1s largely
restricted to the coastal waters off eastern North America. Many similarities exist
between the reproductive potential, behaviour, and general natural history of E. australis
and E. glacialis (Payne 1986; Best 1988). The potential for growth by the two
populations should be similar, as females have their first calves at ca. eight or nine years
of age and are capable of producing calves at intervals of four years (Knowlton er al.

1994), however, the growth rate reported for E. australis is over three-fold greater than
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that of E. glacialis (1.075 versus 0.976-to-1.025 per year, respectively; Payne 1986; Best
1988; Knowlton et al. 1994; Caswell er al. 1998).

The key difference in the whaling histories of E. glacialis and E. australis is that the
period of exploitation was much shorter for the latter and the population has remained in
the thousands of individuals within several subdivided populations throughout the
southern hemisphere (Braham and Rice 1984). In contrast, commercial whaling starting
in the 11" century reduced the size of the E. glacialis population from an estimated pre-
exploitation size of 12,000-15,000 to commercial extinction by the 16" century (Aguilar
1986; Reeves and Mitchell 1986a,b; Gaskin 1987). Around this time, whaling activities
by Basque, British, Dutch, and Danish fishermen had spread westwards and were being
increasingly directed at the western population. The number of E. glacialis harvested
increased up until the 18" century, when the population showed signs of depletion
throughout most of its range (Reeves and Mitchell 1986a,b). By the end of the 19*
century, the entire North Atlantic right whale population had reached commercial
extinction and may have been reduced to fewer than 50 animals (Kenney er al. 1995;
Knowilton et al. 1994).

The low levels of variation at minisatellite loci (Schaeff er al. 1997) and low
mitochondrnial haplotypic diversity (Schaeff er al. 1993; Schaeff er al. 1997; Malik et al.
In Press) observed in E. glacialis are consistent with expectations for a small population
that has undergone a bottleneck event. The whaling records suggest two possible
scenarios for the historic population decline in E. glacialis (Figure 4-1). The first scenario

suggests that the populations in the eastern and western parts of the North Atlantic ocean
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were distinct and that each experienced a separate size reduction (see Reeves and
Mitchell 1986a). Under this scenario, the population in the western North Atlantic would
now be represented by the present-day population. The loss of genetic variability would,
therefore, be expected to have occurred more recently (i.e., 19" century). The second
scenario for the population decline is one in which right whales had been affected
throughout the North Atlantic ocean by the 16" century. In this scenario, the loss of
variability occurred during a protracted bottleneck event.

To assess the levels of heterozygosity in the two species of right whale and examine
possible scenarios for the timing of the loss of variability in E. glacialis, we examined
genetic variability at microsatellite loci. Microsatellites are short nucleotide repeat units
of 100-300 base pairs in length that can undergo high mutation rates (10 gametes/
generation; Tautz 1989; Weber and May 1989; Bruford and Wayne 1993). New alleles
are thought to be acquired through stepwise mutation events where repeat units are
incrementally gained or lost (Shriver er al. 1993; Goldstein et al. 1995; Nauta and
Weissing 1996). Because these regions are non-coding, the loss of alleles is heavily
influenced by the number of breeders in a population (1/2N, per generation; Nei ef al.

1975).
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Materials and Methods

Sample collection and DNA extraction

Tissue samples used in this study were collected using biopsy-darting techniques as
described in Brown et al. (1991). Skin samples for the 209 individual E. glacialis used in
this study were collected from the Bay of Fundy and the Great South Channel between
1988 and 1998 and from Baccaro Banks off the Southern Scotian Shelf between 1988 and
1992. Twenty-nine skin samples from E. australis, collected offshore from the Peninsula
Valdes in Argentina were also used in this study (Schaeff ef al. 1993). DNA was
extracted from these samples using phenol-chloroform extraction protocols outlined in

Brown et al. (1991) and Schaeff er al. (1993).

Development and selection of microsatellites

Microsatellite loci containing di-nucleotide repeats (TG, and TC,)) were isolated
from the genome of E. glacialis following the protocol outlined in Rassman et al. (1991).
Forward and reverse primers for the amplification of the microsatellite loci were
developed using the program Primer (Lincoln er al. 1991) for sequences containing
microsatellite regions containing 10 or more repeat units (Waldick et al. a, In Press). To
compare the levels of genetic diversity between E. glacialis and E. australis, eight primer
pairs were randomly selected from the 18 developed for Fubalaena (Waldick et al. a, In

Press). An additional 14 heterologous primer pairs developed for other taxa were also
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screened on E. glacialis (Schlotterer et al. 1991; Buchanan et al. 1996; Valsecchi and
Amos 1996).

Polymerase chain reactions were carried out in 10 uL reactions using 20-50 ng of
template DNA (0.2 uM of each primer, 20 nM of y-*°P end-labeled primer, 2.0-2.5 mM
MgCl, , and the I1x PCR buffer, 0.7 Units Taq, and 0.20 mM dNTP; Gibco-BrL). PCR
cycles consisted of a S mn step at 94° C followed by 25-30 cycles of 30 s at 94° C, 30 s at
50-56° C, and 45 s at 72° C. One final 10 min. extension step at 72° C was added to the
end of the reaction. PCR products were separated by size on a 6% denaturing,
polyacrylamide sequencing gel and visualized by autoradiography and exposure to
phospholmager screens (Molecular Dynamics, Sunnyvale California). Alleles were
defined by their phenotype of a single strong band with two weaker intensity bands that

were 2 and 4 bp smaller, respectively.

Statistical analysis

Allele frequency data were compared between taxa and each locus was tested for
deviations in genotype frequencies from Hardy-Weinberg equilibrium using a 95%
confidence interval established by performing 10,000 bootstraps and permutations on the
allele frequency data (GenePop v.3; Raymond and Rousset 1995). Populations that have
recently experienced a bottleneck event, may also show a residual “heterozygote excess”
for several generations due to the loss of rare alleles, which have little influence on the
overall heterozygosity (Cornuet and Luikart 1996; Luikart and Cornuet 1998; Luikart et

al. 1998). This heterozygote excess occurs as a result of the more rapid rate at which
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alleles are lost from a small population than is heterozygosity. This condition persists
until a new equilibrium is established between the rate of loss through random genetic
drift and the accumulation of new alleles through mutation. Populations that have
undergone a recent bottleneck event will not have re-established equilibrium between
genetic drift and mutation. As a result, such populations will show an excess of
heterozygosity. To determine if significantly more loci show an excess of heterozygosity
than would be expected by chance at mutation-drift equilibrium, expected
heterozygosities are generated for the population data set and tested against the observed
heterozygosity for each locus. For microsatellite loci, mutation is best modelled
according to a ‘two phase model’ in which most mutations occur as single-step events,
and the remainder (5-10%) occurring as multiple-step events (Luikart and Cornuet 1998).
At mutation-drift equilibrium, ca. half of the microsatellite loci evaluated will be
expected to show a slight excess of heterozygosity. The bottleneck test then determines if
the ratio of the number of loci with heterozygote excess to those with deficiencies differs
significantly from that expected by chance under mutation-drift equilibrium (Sign test;
Bottleneck program, Luikart and Cormnuet 1998). Differences in the number of
polymorphic loci, average heterozygosity, and allelic diversity were directly compared

between the two species of Eubalaenid whale (t-test; Sokal and Rohlf 1981).
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Results

Characterization of microsatellite loci

In total, eight Eubalaena-specific primer sets (Waldick et al. In press) and 13
microsatellite primer sets developed for other cetacean species (Schlotterer er al. 1991;
Buchanan er al. 1996; Valsecchi and Amos 1996) were screened for polymorphisms in E.
glacialis and E. australis. Eleven of the cross-species microsatellite primer sets did not
amplify identifiable products in E. australis or E. glacialis. All were excluded from the
study. These included primer pairs developed for the beluga whale (DIrFCB
1,4,5,6,13,16,17; Buchanan et al. 1996) and four pilot whale primers (415/416, 417/418,
21P, and 30P ; Schlotterer et al. 1991; Valsecchi and Amos 1996). Of the eight E.
glacialis-derived microsatellite loci studied, seven were polymorphic in E. australis
while only three were polymorphic in E. glacialis (Table 4-1).

An additional polymorphic locus was identified in both Eubalaena species using a
heterologous microsatellite locus associated with the insulin-like growth factor 1 gene
(IgF-1). This microsatellite locus consists of a series of dinucleotide repeats in the 5’
portion of the functional gene, and has been shown to be conserved in Bos taurus (cow),
Sus scrofa (boar; Kirkpatrick 1992), and more recently in harbour porpoise (Phocoena
phocoena; Andersen et al. 1997). This locus was one of the two most heterozygous loci

identified in E. glacialis (Table 4-2).
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Table 4-1. Allelic diversity, locus-specific heterozygosity (H), and an evaluation of the

informativeness of microsatellite loci in E. glacialis (Eg) and E. australis (Ea).

3

Locus Sp. No. Ho! He’ PE Chrms?
Alleles Screened?

1P+ Ea 94 0.84 0.85 0.50 58418

Eg
0.43 0.47 0.18

37M+t Ea 113 0.90 0.88 0.73 58418

Eg
0.51 0.54 0.26

94M+ Ea 31 0.60 0.50 0.20 5858
Eg _ _ _

IgF Ea 1310 0.96 0.91 0.80 42418
Eg 0.78 0.76 0.57

Rw217 Ea 31 0.48 040 0.20 5858
Eg - - -

Rw219 Ea 41 0.45 0.65 0.37 5860
Eg _ - -

Rwl7 Ea 21 0.28 0.29 0.12 5858
Eg _ _ _

Rwil8 Ea 145 0.69* 0.86 0.71 58418
Eg 0.51 0.51 0.26

Rw21 Ea 61 0.67 0.80 0.59 5858
Eg _ - _

Rw26 Ea 113 1.0 0.89 0.75 58418
Ee 0.44 0.42 0.16

Rw31 Ea 75 0.89 0.79 0.57 58418
23 0.48 0.50 0.29

Average Ea 74+4.0 071 £0.2 Range 0.12-0.80
Eg 29+25 0.52+0.1 0-0.57




Primers indicated as ‘RW” are Eubalaena-derived (Waldick et al. In Press). 'Observed
Heterozygosity, > Expected Heterozygosity, > Number of chromosomes screened.
*Heterozygous excess p < 0.05. Informativeness is expressed as the probability of

exclusion (PE) for each species.tSchlotterer er al. 1991.
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Table 4-2. Sizes (bp) and frequencies of microsatellite alleles at nine polymorphic loci in E.

australis and E. glacialis.

Allele Allele Allele
(bp) Eg Ea (bp) EgTabl Ea (bp) Eg Ea
1P IgF 3™
125 0.14 149 0.04 189 0.07
127 0.20 151 0.03 0.09 191 0.12
129 0.10 153 0.02 0.11 193 0.09
133 0.002 0.02 155 0.07 0.09 195 0.07
135 0.618 0.04 157 0.05 0.11 197 0.05
137 0.38 0.16 159 041 0.09 199 039 0.03
139 0.26 161 0.15 0.14 201 0.55 0.14
143 0.04 163 0.03 0.11 203 0.06 0.03
147 0.04 165 0.21 0.12 205 0.26
167 0.002 0.02 207 0.09
94M 169 0.03 209 0.05
195 0.02 171 0.02
197 1.0 0.59 183 0.02 Rw21
201 0.39 185 0.04 313 0.02
317 1.0 0.19
Rw26 Rw217 321 0.14
159 0.03 167 1.0 0.78 323 0.20
161 0.12 169 0.13 325 0.37
163 0.28 0.05 171 0.08 327 0.04
165 0.71 0.05
167 0.01 0.04 RwlS8 Rw31
169 0.11 185 0.14 116 0.22
171 0.13 187 0.05 118 0.02
173 0.14 189 0.05 120 0.19
175 0.07 191 0.05 0.09 122 0.17 0.33
177 0.21 193 0.02 0.31 124 0.15
179 0.05 195 0.66 0.10 126 0.07
197 0.22 0.12 128 0.04
Rw219 199 0.03 130 0.67 0.02
85 0.48 201 0.02 132 0.09
87 0.27 203 0.02 134 0.03
89 1.0 0.20 209 0.03
91 0.05 233 0.02
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239 0.02
Rwl7 245 0.03
249 0.16 247 0.02

251 1.0 0.84
*Loci classified as monomorphic were screened on N = 58 chromosomes. The number of

chromosomes screened was N = 58 for E. australis (Ea) and N = 418 for E. glacialis*.
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Figure 4-1. Two possible models for the historic changes in population size for E. glacialis
in the North Atlantic ocean. The entire North Atlantic population is represented by the two
halves of each figure. The eastern population is depicted in the top half of the figure and
the western population is represented by the lower half of the diagram. A) Model I- The
depletion of the eastern population had occurred by the 16™ century, coincident with
increasing pressure on the western population. By the 19* century, an extreme population
bottleneck occurred as the result of the loss of most of the western population. A 29% loss
of heterozygosity due to this bottleneck event would have resulted in an N, = 20 during the
19* century. B) Model II- Whaling pressures affected the western and eastern populations
concurrently. By the 16" century, whaling pressures had affected the population throughout
the North Atlantic ocean, reducing the overall population size by an order of magnitude.
The population persisted at a reduced size in the western part of the distribution into this
century. The minimum N, necessary to account for the loss of 29% of historic

heterozygosity levels over a period of 400 years is ca. 80.
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Interspecific comparison of polymorphism and genetic diversity

Although none of the microsatellite primers used were derived from E. australis, and
the number of these samples was smaller (N = 29) than that of E. glacialis (N = 209), a
larger number of microsatellite loci were polymorphic in E. australis. Heterozygosity at
the 11 microsatellite loci studied was also significantly greater in E. australis than in E.
glacialis (p < 0.005) and both the average number of alleles and the range in allele size was
larger in small populations (Table 4-2). Although some overlap in allele sizes existed
between the two species, allele frequencies differed significantly between the two species
(Fisher exact test, p < 0.001).

Overall, E. australis was found to have many low frequency alleles at most
microsatellite loci while E. glacialis generally had 1-2 common alleles and a few rare
alleles. The standard deviation in allele size and average allelic diversity (A) at these loci
was also greater in E. australis (A = 7.4 £ 4.0) than E. glacialis (2.9 + 2.5, p <0.0001;
Table 4-1). While E. australis had an average of seven alleles/locus, only two loci had five
or more alleles in E. glacialis (rw31 and IgF-1). The more equitable distribution of allele
frequencies, and the higher number of alleles in E. australis, is reflected in the greater
overall Probability of Exclusion of non-parental adults (Table 4-1) and the higher
heterozygosity (H) in E.australis relative to E. glacialis (H=0.71 + 0.22 and 0.52 +0.12;

p =0.03)

Bottleneck analysis

The number of loci with heterozygosity excess/deficiency was assessed for the
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microsatellite loci using a combined model that incorporates both the stepwise and infinite
alleles models of mutation (i.e., Two-phase mutation model in the Bottleneck test; Luikart
and Cornuet 1997). The ratio of heterozygote excess to deficiency (5:4) in E. glacialis was
the same as that expected for a population in mutation-drift equilibrium under the Two-

phase mutation model (p = 0.57).



92
Discussion

The endangered North Atlantic right whale (£. glacialis) has levels of genetic
variation at microsatellite loci that are much lower than those of its close relative (E.
australis), other cetacean species, and a variety of other large, long-lived mammals (e.g.,
Paetkau and Strobeck 1994; Roy er al. 1994; Allen er al. 1995; Buchanan er al. 1996;
Richard er al. 1996; Palsbell et al. 1997; Berubé et al. 1998). A new explanation has been
proposed to account for low genetic diversity in species/populations with no history of
population bottleneck events (‘Genome-wide selective sweeps’; see Amos and Harwood
1998). Under this hypothesis, strong positive selection acts on particular parts of the
genome and results in the rapid loss of variability throughout the genome. Although such a
mechanism could account for low diversity at some loci in the nuclear genome, it is
unlikely to affect most loci and would not affect mtDNA diversity. The low mtDNA
diversity in E. glacialis is consistent with a species that has experienced a population
bottleneck event, suggesting that the low variability within the nuclear genome is also
associated with a bottleneck event. Eubalaena glacialis is also known to have gone
through two reductions in number during the past 700 years, as such, much of the low
allelic diversity is expected to be related to historically low (or fluctuating) population
sizes.

Although the allelic diversity and heterozygosity in E. australis was substantially
higher than that in E. glacialis, these levels were not unusually high among cetaceans and
were similar to those reported for other large-bodied cetacean populations of a similar

population size, including, for example, the North Atlantic fin whale, Balaenoptera
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physalus (A = 7.4 versus 7.0 and H = 0.71 versus 0.67, respectively; Berubé er al. 1998). In
contrast, the low genetic variability observed in E. glacialis was consistent with those
reported for other natural populations that have undergone population bottlenecks (Taylor
et al. 1994; Houlden et al. 1996; Luikart er al. 1998). For example, a 41% loss of
heterozygosity was reported in a wombat population (Lasiorhinus krefftii) that was reduced
in number from 1000 individuals to 25 individuals within a period of 120 years (Taylor er
al. 1994). The 29% difference in heterozygosity between E. australis and E. glacialis is
modest relative to that reported in this wombat population, nevertheless, the allelic
diversity and heterozygosity in the post-bottleneck wombat population are consistent with
the levels presently observed in E. glacialis. The genetic variability observed in E.
australis, on the other hand, is consistent with that predicted under the Stepwise Mutation
Model for a population with an N, in the thousands, and a rate of mutation of 10 gametes
per generation (Shriver et al. 1993).

Given that the current E. aqustralis population in the South Atlantic ocean is of a
similar size to that of the pre-bottleneck estimates for E. glacialis (Braham and Rice 1984;
Reeves and Mitchell 1986a,b; Gaskin 1987), the heterozygosity of the former may be used
as an estimate of pre-bottleneck heterozygosity levels (H,) in E. glacialis. Using an H, of
0.71 and the current level of heterozygosity in E. glacialis (H, = 0.50), a 29% loss of
heterozygosity has occurred in the population. The relative time of the bottleneck may be
estimated using the equation: H, = H, (1- 1/72N,)", where ‘t’ is time in generations (Crow
and Kimura 1970). If N, had been as low as 50 during the 19* century, only 10% of the

original level of heterozygosity would have been lost. If such an extreme bottleneck event
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occurred 10 generations ago, bottleneck analysis would have identified an excess of loci
with an excess of heterozygosity (i.e., within 10-t0-200 generations; Comnuet and Luikart
1996; Luikart and Cornuet 1998; Luikart er al. 1998). Power to detect severe population
bottlenecks such as that proposed for the North Atlantic right whale is reasonable (~80%).
Whaling records from the 18% and 19" centuries also fail to provide support for the
hypothesis that the effective number of breeders was as low as 20 individuals. Moreover,
small sampling effects associated with such a severe bottleneck event would be expected to
result in the random retention of alleles within a population. The random passing of alleles
through a bottleneck event would be expected to result in allele frequency distributions
composed of a random sub-sampling of the alleles from the pre-bottleneck population. In
E. glacialis, most microsatellite loci were monomorphic or had two or three alleles
differing in size by a single repeat unit; this suggests that some of these loci may have been
fixed for a single allele, but that enough time has passed since the decline for alleles to
become fixed or new mutations to have accumulated.

Given that genetic variability was low prior to the population bottleneck of the 19*
century, the loss may be attributable to a more historic bottleneck event, perhaps one
associated with the first reported population decline. A more probable model for the 29%
loss of heterozygosity based on the amount of variation lost, is one in which a protracted
period of exploitation (including the near extirpation of the eastern population) reduced the
N.. The loss of variability would have been intensified by a more recent population
bottleneck (19" century). For example, most of the 29% loss of heterozygosity is

accounted for in E. glacialis in a scenario in which the N, for the western North Atlantic
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had a harmonic mean of ca. 500 for five centuries (13*-to-18" century) but was reduced to
50 throughout the 19* century.

Additional evidence for a more historic date for the loss of genetic variability in E.
glacialis is provided by a study of mitochondrial haplotype diversity in present-day E.
glacialis, and samples from whales harvested 90 years ago (Rosenbaum et al. In Press;
Malik et al. 1999). Four of the mitochondrial haplotypes present in the whale samples from
one century ago are represented in the current E. glacialis population. As these older
samples include whales harvested from different parts of the North Atlantic ocean, the
absence of some haplotypes suggests that mitochondrial diversity had already been reduced
throughout this population prior to the 19* century (i.e., pre-exploitation diversity was
low). These findings indicate that a population bottleneck had reduced the genetic variation
in E. glacialis throughout its distribution prior to the 19™ century. Currently, analyses of
the levels of mitochondrial and microsatellite diversity are being assessed in ancient baleen
samples dating to the 16™ century. These samples will identify heterozygosity levels prior
to the most recent bottleneck event (19" century) and confrim the extent to which
variability had been lost by the 16th century.

The failure of the E. glacialis population to show any signs of population growth
during the past century has been hypothesized as being the result of inbreeding depression
(Schaeff et al. 1997). The effects of inbreeding on a population are acute, however, and
would be expected to be expressed as reduced survivorship and reproductive fitness shortly
after a population bottleneck event (Lynch er al. 1996). Given that genetic variability was

lost over several centuries, and that the most recent bottleneck event occurred over a
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century ago, it is unlikely that inbreeding depression would still have a strong effect on this
population. Given the relatively recent onset of the negative growth rate, and the antiquity
of the bottleneck event, it is unlikely that inbreeding depression is the cause of the recent
population decline. However, the historic loss of allelic diversity may have resulted in the
loss of adaptive potential or heterotic effects.

Recent modelling based on 17 years of sighting-resighting data indicates that the
growth rate for this population was positive until very recently (Knowlton er al. 1994;
Caswell et al. 1999). The recent decline appears to be a consequence of a lowering in
individual survivorship that is not compensated for by calf production. The low calf
production may be associated with the low genetic variability in this population. If, for
example, genetic variability at loci within the Major Histocompatibility Complex is low,
the likelihood of both the fetus and the mother carrying complimentary alleles may be
high. In humans, fetuses that inherit a paternal allele that does not differ from either of
those present in the mother are more likely to be aborted than those inheriting a unique
allele (Ober er al. 1998). Any such mechanism that increases the incidence of spontaneous
abortion in E. glacialis may explain the low incidence of multiple calvings by females in
this species.

Given that genetic variability may have been low for several centuries, the low calf
production in E. glacialis has probably been a characteristic of this population for several
centuries. The ability of this species to persist for several centuries despite its low rate of
calf production is remarkable, particularly given that whaling continued into the 19"

century and that the population had already lost much of its genetic variability by that time.
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Any effects of an increased incidence of inbreeding or the loss of heterosis associated with
the historic bottleneck have affected this population for over 100 years and are unlikely to
be the cause of the recent population decline. The main limitations for growth by this
population probably include those intrinsic factors associated with low calf production, and
those extrinsic factors that may be increasing mortality, including habitat disturbances and

human-related mortalities (Kraus 1990).
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Abstract
Inbreeding associated with small population size has been hypothesized as a

potential reason for low calf production in the North Atlantic right whale, however, very
little is known about the mating system of this species. To document the occurrence of
inbreeding and provide estimates of the effective number of breeders in the population,
the mating system was evaluated through paternity and kinship analyses. Microsatellite-
based genetic profiles for 209 whales and field observations for 388 whales were used to
assess the reproductive success of adult males and females during a 17-year period.
Within the 1997 population, 74% of the sexually mature females had produced at least
one calf from 1980 to 1997 but only 55% of these females produced multiple calves.
Paternity analysis using exclusionary and likelihood techniques identified putative fathers
for 39 of 62 calves tested, 24 of which were assigned with a match probability > 80%.
The relatedness coefficients observed between mating pairs was similar to the distribution
expected among unrelated whales (R,, = -0.035 + 0.28 versus 0.0007 + 0.24) and less
than that among first-order relatives (0.24 + 0.23). The distribution of males assigned 1,
2, 3, or 4 paternities was tested relative to that expected under three dominance
hierarchies and random mating. The male reproductive skew during the 17-year study
period was less extreme than that expected if only 50% or fewer of the males were siring
most of the calves (i.e., dominance polygyny; p < 0.05). The high proportion of males
that were assigned a single calving event in the paternity analysis is consistent with
random mating wherein ~60% of males sire offspring. The estimates of the effective

population size ranged from 103 to 154 and the ratio of N.:N was similar to that reported
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in other mammal populations. The low realized reproductive success among adult
females is considered with regard to low levels of genetic variability and genetic

structuring within the population.



110
Introduction
Small, isolated populations undergo higher rates of inbreeding than larger

populations (Frankham 1995, 1997). Consequently, estimates of the effective number of
breeders (i.e., effective population size, N,; Nei 1987) are relevent for assessing the status
of a population. The retention of genetic variability within a population is dependent on
N,, a value that is often 50% or less of the census population size (Frankham 1995). N, is
influenced by the mating system of a species, fluctuations in population size, and skewed
sex ratios, however, it is variance in lifetime reproductive success that tends to have the
greatest effect on N, (Waples 1991; Nunney and Elam 1994; Rockwell and Barrowclough
1995). As a mating system deviates from random mixing and N, becomes smaller, a
population may be subject to inbreeding depression which may be manifest as a reduced
number or lower quality of offspring (Ralls ef al. 1979; Charlesworth and Charlesworth
1987; Lacy et al. 1996).

Multiple generations of monitoring are necessary to collect the information on the
lifetime reproductive success of individuals are required to estimate N, (Barrowclough
and Rockwell 1993). Such long-term studies are expensive, particularly for long-lived
species, therefore, molecular-genetic analyses are being used increasingly to establish and
confirm parentage in natural populations (Chakraborty et al. 1988; Queller et al. 1993;
Keane er al. 1997; Marshall et al. 1998). One class of highly polymorphic markers that
are frequently used in parentage and kinship studies are microsatellite loci (Bruford and
Wayne 1993; Queller er al. 1993; Double et al. 1997; Parker et al. 1998). These loci are

particularly well-suited for kinship studies because they are distributed throughout the
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genome of vertebrates, are non-coding, and follow a Mendelian inheritance pattern (Tautz
1989; Schlotterer ez al. 1991; Bruford and Wayne 1993). Genetic profiles based on
microsatellite loci provide an alternate data set for the identification of individuals,
mating system studies, and for the estimation of population size (Amos e al. 1991;
Richard er al. 1996; Clapham et al. 1997; Palsbgll e al. 1997). Molecular-genetic
approaches are especially informative for the study of species like the cetaceans, which
are difficult to observe due to their secretive behaviors and large ranges. The status and
size of many cetacean populations has not been well established, therefore, molecular-
genetic analysis can provide new insights into the size of a population, the rate at which
genetic variability is lost, and the degree of inbreeding. When used in combination with
long-term monitoring data, this information may be used to refine population size
estimates, confirm mating systems (through parentage analysis), and document
inbreeding. In contrast to the intensive efforts necessary to monitor and identify whales
visually, genetic profiles may be completed relatively quickly using small amounts of
DNA amplified by the polymerase chain reaction (see Palsbell et al. 1997).

In this study, we combine 17 years of field observations of the North Atlantic right
whale (Eubalaena glacialis) with microsatellite-based genetic data to assess adult
reproductive success and estimate N,. Monitoring within the known calving and nursery
grounds has identified 92 breeding females and most of the calves they have produced
since 1980 (New England Aquarium catalogue).The population is estimated to consist of

a minimum of 283 individuals, ca. 200 of which are adults (> nine years; Knowlton er al.
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1994), making E. glacialis not only one of the best studied of all large-bodied cetaceans
but also one of the most endangered. The population growth rate for E. glacialis was low
but positive during the 1980s (1.025 per year) but has declined in recent years to a
negative level (0.975 per year; Caswell et al. 1999). During the past 17 years, the ca. 100
adult females in the population have produced an average of 11 calves per year (NEAq
right whale catalogue). Each female is capable of producing one calf every four years
(Knowlton et al. 1994), which means that the population could potentially realize an
average of 25 births per year. At this rate, the population growth rate would be 1.075 per
year, the rate observed in the related South Atlantic right whale (E. australis; Payne et al.
1990; Burnell 1998).

Low levels of genetic variability in E. glacialis (Schaeff et al. 1997; Malik et al.
1999; Waldick et al. In Prep.) and high relatedness among unrelated individuals have led
to the suggestion that inbreeding depression may be influencing the low reproductive
success of females (Schaeff er al. 1997). However, as the population is thought to have
lost genetic variability over a century ago (Waldick ef al. In Prep), the low calf
production may be associated with low levels of genetic variability. Given that the
identities of 92 reproductive females and their calves are known, molecular-genetic
paternity analysis may be used to directly assess the level of inbreeding among mating
pairs.

A behavioural study of apparent mating groups consisting of multiple males and a
single focal female suggests that males compete for access to females (Kraus 1991). Such

a mating strategy may result in a relatively small number of males being able to breed
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successfully, consequently, variance in male reproductive success may be high in this
population. Individual-specific microsatellite DNA profiles established for 209 animals
and the known reproductive histories of all adult females that were alive from 1980 to
1997 were used to assess paternity and kinship among subsets of the population. These
data were then used to: (1) identify those females that are not achieving their reproductive
potential, (2) establish the existence of a dominance polygyny mating system, (3)
examine levels of inbreeding by evaluating the degree of relatedness among breeding
pairs, and (4) estimate N, using both the variance in male and female reproductive

success and the observed changes in allele frequencies over time.
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Methods

Sighting-resighting records based on individual photo-identifications have been
catalogued for 388 whales identified between 1980 and 1997 (NEAq catalogue). The
gender of most of these whales (320/388) has been determined through behavioural or
genetic gender methods (Knowlton er al. 1994; Brown et al. 1994; Malik et al. 1999).
Biopsy-sampling of known whales since the 1980s has resulted in the collection of 484
samples from an estimated 283 living and dead whales. The 209 whales included in the
present study, which include 65% of the population known to be alive in 1997, have been

genotyped at 9 microsatellite loci (Waldick et al. In Press).

Reproductive Success of Females

Monitoring of females within known calving and nursery grounds throughout the 17
year period has identified 208 births to 92 females (NEAq right whale catalogue). In
1997, 73 of the known living adult females (N = 101) had been observed with calves. To
identify age-specific differences in reproductive success among females, we examined the
cumulative reproductive success of females alive in 1997 within three adult age classes:
9-12 years, 13-16 years, and > 17 years. Age classes were divided into intervals such that
each interval accomodated a single calving event by each female (Knowlton er al. 1994).
Using the 17-year reproductive histories of the 73 known reproductive females in the
1997 population, the number of calves born to each female within each interval was

determined.



Paternity analysis

The proportion of males contributing to calf production was evaluated through
paternity analysis using a combination of exclusionary principles and likelihood estimates
(Marshall er al. 1998). When more than one male matched the genotype of the calf, a
likelihood approach was used to rank males based on their probability of true paternity
(CERVUS; Marshall er al. 1998). The likelihood of each male being the true father was
determined using the ratio of the likelihood that the mother and putative (L(H,)) father

are the parents to the likelihood that the mother and a randomly chosen male are the

parents (L(H,)):

L(H,)/L(H,) = T(g/g..e)*P(g.)*P(g)
T(g/8n)*P(gm)*P(8)

where g, g, and, g, are the genotypes of the offspring, mother, and alleged father, T is
the Mendelian segregation probability, and P(g) is the frequency of a genotype in the
population. The likelihood of paternity assigned to a given male is, therefore, influenced
by how common the alleles shared between himself and the calf are in the overall
population. Likelihood values calculated for each locus were combined and the natural
logarithm of this combined likelihood ratio, or LOD score, was used to assign a
probability of paternity to all males. Positive LOD scores indicate that the male being
tested is more likely the father than a randomly selected male. The magnitude of the

observed difference in LOD scores for the top two ranking males was then tested against
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a critical ALOD value generated through computer simulations to assign a probability of
paternity to the top ranking male. Marshall et al.(1998) suggest incorporating a mismatch
errTor rate into paternity testing to account for possible mutation events and typing errors.
As such, paternity analysis was assessed for 62 calves using exclusions based on a single

mismatch (error rate = 0) and using likelihood assignments (3% error rate).

Mating System Analysis

To test the hypothesis that the mating system for E. glacialis involves male
dominance polygyny, the observed distribution of males with single or multiple paternity
assignments was compared with the distribution expected under random mating and
several types of dominance polygyny. The probability of siring offspring followed the
Poisson distribution and was set to be equal among males within age classes (i.e., 11/100)
but differed beﬁeen age clas.ses according to the number of years males were sexually
mature. Under random mating, males that were mature throughout the 17-year period
were expected to sire an average of 1.72 calves while those that were sexually mature for
only one of the 17 years were only expected to sire 0.11 calves. The expected
distributions of male mating success under dominance polygyny systems was estimated
for cases wherein only 35%, 50%, or 60% of all males successfully sire offspring.
Assuming an average of 100 adult males are present in the population in any given year,
the average nurnber of calves expected to be sired by breeding males over 17 years under
the three levels of dominance polygyny would be 1.77, 1.24, and 1.03, respectively.

Differences between the observed number of paternity assignments for males and the
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expected number under random mating and three types of dominance polygyny were

tested using the x test.

Kinship analysis

Coefficients of relatedness based on microsatellite genotypes were calculated for all
pairs of individuals genotyped using the program Kinship 1.1.2 (Queller and Goodnight
1989; Goodnight et al. 1997). Relatedness coefficients (R,,) reflect the probability that
two alleles, one in each of two individuals (x and y), are identical-by-descent, where (p;; -
P ) is the difference between the allele frequency in individual ‘i’ (p) and the population
(P), and the term (p;; - P_;) represents the difference between the allele frequency in the

second individual (‘j’) relative to the frequency in the population:

ny = (pi-j - P-i )/ (Pij = P-i)

(Queller and Goodnight 1989). To avoid potential bias in the calculation of population
allele frequencies, the genotype of the individual being tested is excluded from the
population frequency estimate (P_;). Information from multiple microsatellite loci was
combined by summing over alleles for all loci for each individual. Pairwise relatedness
coefficients were calculated for all possible pairs of whales (209 x 209). R,, coefficients
were grouped for individuals of known relatedness (using the pedigree data) and the
distribution of these observed values was tested against those generated through

simulations based on the allele frequency data for the population (Queller and Goodnight
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1989). R,, values were generated for unrelated, half-siblings, and full siblings and these
were tested against the frequency distributions for individuals of known relatedness from
the population, including: parent-offspring, mating pairs, siblings, half-siblings, and
unrelated individuals. Differences between the sets of distributions were tested using
Monte Carlo simulations (10,000 simulations) using the software package REAP (Roff
and Bentzen 1989). The relatedness coefficients for calves born within the same cohort
year were also tested relative to simulated unrelated and half-siblings using the Monte

Carlo approach.

Estimating the Effective Population Size

The N, estimate for E. glacialis was made using the variance in reproductive fitness
for males and females (i.e., Inbreeding N,; Kimura and Crow 1963). A second estimate
was also made using the changes in allele frequencies observed across one generation
(Variance N,; Waples 1991). The observed mean (k) and variance (V,) in reproductive
success were calculated separately for males and females (m and f; respectively) based
on the distribution of paternities among males and the reproductive histories of females.

Mean (X) and variance (V) were combined for the two sexes as:

K= mk,,, + (l-m)kf

V, =mV, +(1-m)V,+ m(1-m)(k,, - k)?,

where m and f are the proportion of males and females in the population. These values
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were then used to calculate the inbreeding effective population size:

Nc’:_I\I.x- K-2
K-1+V/K,

where N, , is the number of adults in the grandparental generation.

To estimate the variance N, using changes in allele frequencies across generations
(Waples 1991), the sighting records for individual E. glacialis were used to identify two
age categories separated by one generation. Allele frequencies were calculated for those
whales > 20 years old (N = 59) and those whales <10 years old (N = 55). The
computation of this estimate is based on the changes in frequencies (x) of alleles (L)
between the two sampled populations separated by ‘t” generations:

L
N.=_ 1 Y (X -%x)
L-1 ™ (x,-x)2 .
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Results

Population Demography

Using the sighting-resighting histories for 388 identified whales from the NEAq
right whale database, the numbers of males, females, and individuals of unidentified sex
for the living 1997 population were estimated. The precise age is only known for whales
that were identified in their year of their birth (N = 165), therefore, estimates of the
number of individuals in each of several age classes were made by inferring the ages of
the remaining whales using their sighting histories. The year of birth was assigned to
individuals of unknown age as the year prior to their first sighting unless the first sighting
involved a female with a calf. In the latter case, females were assumed to be at the
average age of first parturition upon first sighting (nine years; Knowlton et al. 1994).
Whales were classified into two subadult age classes (0-4 and 5-8 years) and three adult
age classes (9-12, 13-16, and >17 years; Table 5-1). For each age class, individuals of
unknown sex were assigned as males or females to maintain the 1:1 sex ratio observed in
E. glacialis (Brown et al. 1994). The expected calf production by the 101 adult females in
the population was estimated by assuming that all females over nine years of age
produced calves at intervals of four years throughout the 17 year period (N = 425 calves).
The number of expected births to females within each age class was then calculated as the
product of the number of four-year calving intervals since the age of nine years and the
number of females in an age class. The average (x) and variance (0?) in the number of

calves produced per female were calculated from the reproductive histories of all known
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reproductive females (living and dead) identified from 1980 to 1997 (x = 1.70 and ¢? =
2.6; NEAq catalogue).

In 1997 the population consisted of an estimated 147 females, 101 of which were
adults (67%) and 46 of which were subadults (33%). Only 73 of the 101 known adult
females produced calves from 1980 to 1997 (Table 5-1). These breeding females
produced 172 calves, which represent only 40% of the expected number for the adult
females. The proportion of females in each age class that had produced a calf increased
with age. Each age class, however, still only produced ~ 40% of the expected number of
calves. The 9-12 year olds were expected to produce one calf each; only 58% of the
females in this age group were known to have given birth. Although a larger proportion
of females > 12 years old produced calves than among 9-12 year olds, only 65% and 81%
of the females in the two oldest age classes had produced calves. Collectively, only 40 of
the 73 known breeding females (55%) had produced more than one calf during this 17-

year period (NEAq catalogue).

Paternity analysis

The 209 genetic profiles analysed included 100 of 165 photo-identified calves, 43 of
the known reproductive females (N = 92), and 66 individuals of either sex with unknown
birthing histories. The 62 mother-calf pairs evaluated in the paternity analysis included
calves born from 1980 to 1997. Genetic profiles based on 9 microsatellite loci provided
97.6% exclusionary power for paternity analysis when samples were available for both

mother and calf. To avoid excluding potential fathers, all males whose year of birth



Table 5-1. Number of females in each of four age classes for all female E. glacialis

known to be alive in 1997.

122

Age No. Estimated Expected  Observed No. No. No.
class Known totalNo. No. calves' Known Calves/
(years) females females calves! (% of expected) breeding female?
females
0-4 18 22 0 0 0 0
5-8 24 24 0 1 1 0.04
9-12 21 26 26 15 (58%) 15 0.57
13-16 18 23 46 19 (41%) 15 0.41
>17 51 52 353 137 (39%) 42 2.6
132 147 425 172 (40%) 73

! The number of calves that a female could have produced is: zero for 1-4 and 5-8 year

olds, one for the 9-12 year olds, and two for the 13-16 year olds. Given that 425 calves

could have been born during the 17-year period, the remaining calves would have been

produced by the > 17 year old category. 2 Average number of calves per living female.
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was unknown were included in the analysis. This approach is expected to have resulted in
the inclusion of juvenile males, thereby inflating the overall estimate of the proportion of
adult males tested. The minimum and maximum estimates of the proportion of males
included in the paternity analysis ranged across years from 60 to 75% with a within-year
variance estimate of ~5%. The age of first reproduction is unknown for the males,
however, one instance of a five-year old female producing a calf has been recorded
(NEAGq right whale catalogue). As such, two separate paternity tests were conducted. For
the first analysis, the average age of first parturition for females was used as the minimum
breeding age for males (nine years; Knowlton et al. 1994). In the second analysis, the
potential for males to breed at a younger age was considered by including males of all
ages in the analysis.

Neither the incorporation of a 3% error rate nor the inclusion of males less than nine
years old had a strong effect on the identity of the top LOD-ranking males. Using a 0%
error rate, 39 calves had 31 different males assigned the top-LOD score. Within these 39
matches, 24 fathers could be assigned with a match probability > 80%. When males of all
ages were included in the paternity analysis, two top-ranking LOD assignments changed,
however, no additional calves were assigned a putative father. When paternity analysis
was analysed using all males > nine years and a 3% error rate, the identity of 10/39 top
LOD score males changed but the proportion of calves with different top-ranking paternal
matches was similar to those observed with an error rate of 0% (44/62 or 71%; Figure 5-
1). Overall, the inclusion of a 3% error rate reduced the number of males that were

assigned a match probability > 80% but increased the number of calves with males
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assigned LOD scores with positive values (N = 62).

Mating system analysis

The overall proportion of males assigned single or multiple paternities was similar
for paternity analyses that used different error rates, therefore, the mating system was
evaluated based on the results of the most conservative approach. Using the results from
the analysis with a 0% error rate that included only those males over nine years of age,
the proportion of males assigned 1, 2, 3, or 4 calves (N = 39) during the 17-year study
period was tested against the expected distribution among males under random rmating
and dominance polygyny (Figures 5-1 and 5-2). Assuming the Poisson distribution, the
average number of calves sired under each hypothetical mating strategy was calculated
and used to represent the predicted distributions. The distribution of paternity
assignments using a 0% and 3% error rate were consistent with that expected under
random mating (Figure 5-1). In contrast, all three of the male dominance heirarchies
tested (35%, 50%, and 60%; Figure 5-2) differed from the observed distribution (p <
0.001, p < 0.05 and p < 0.05, respectively). The relative proportions of males assigned
single or multiple patemities to the 39 calves in our paternity analysis were used to create
a distribution of paternity assignments for the 172 calves born from 1980 to 1997. The
distribution generated from the observed data was similar to that expected through
random mating although a larger proportion of males were assigned one paternity.

Using the average number of male calves bomn each year (N = 5), the predicted

number (N = 168) and age distribution of adult males alive from 1980 to 1997 was
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generated. Under random mating, 60% of these adult males would be expected to sire
calves. To determine the effect that incomplete sampling of breeding males might have
on the expected distribution of patemities, we excluded 25% and 50% of actual breeding
males to simulate incomplete sampling under 40% dominance polygyny (Figure 5-3).
The effect of excluding actual breeders from the pool of sampled males increased the
number of males with no paternity assignments and decreased the number of males
assigned one paternity, making the paternity data appear more similar to a 35%
dominance hierarchy (p > 0.05). Given that the data suggest that mating is random in this
species, estimates of the mean and variance in male reproductive success were made
using the expected distribution of male reproductive success for 172 births (x = 1.0 and &?

=1.2).

Kinship Analysis

Relatedness simulations based on the observed allele frequencies in the population
were run to establish the distribution of R,, values for unrelated, half-sibling, and parent-
offspring relationships. The mean and standard deviations for these relationships were
made based on 1000 simulations (0.0007 + 0.24, 0.24 + 0.23, and 0.49 + 0.21,
respectively) and were similar to the R, values observed among individuals of known
relatedness. However, small sample sizes prevented statistical analysis between some
relationships. R,, values for calves born in the same cohort year were assessed to
determine if they were being sired by a limited number of males by comparing the

observed values among calves to the simulated values for half siblings and unrelateds. R,,
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values for five of the ten cohort years for which more than five calves had been
genotyped could be discriminated from the unrelated and half-sibling distributions
generated through the simulations (Figure 5-4). For the five cohorts, the distributions of
R,, values were consistent with expectations among unrelated individuals (p > 0.05) but

differed from that of half-siblings (p < 0.001).

Inbreeding analysis

The paternity data used to examine levels of inbreeding among mating pairs was
restricted to only the 24 paternity assignments with a probability of paternity > 80%.
When the relationship among breeding pairs was compared, the R,, vaiues had a mean
well below that among half siblings (-0.035 + 0.28 versus 0.24 + 0.23). No one cohort
year had a large proportion of calves included in the paternity analysis, however, the

proportion of calves genotyped within cohort years was high (71% + 13%)._

Estimating the Effective Population Size

The mean and variance in male reproductive success estimated under random mating
for the production of 172 calves (x = 1.0 and 6> = 1.2) and that known for the 101 living
adult females in the 1997 population (x = 1.7 and 0> = 2.6) were used to estimate the
inbreeding N, at 154. In contrast, the N, estimate based solely on changes in observed
allele frequencies across one generation placed the N, lower than the inbreeding estimate
(Variance N_.= 103). A third estimate based on the number of breeding females (N, = 72)

and males (assuming random mating, N,,, = 60) in the population was also used. For this
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estimate,

N+ N;

(see Nei 1987) the N, was intermediate between the variance and inbreeding estimates

(N, = 132).
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Figure 5-1. Distribution of male reproductive success from paternity analysis. Results of
paternity analysis with 0% and 3% error rates showing the number of males assigned 1, 2,

3, or 4 paternities are contrasted to predicted distributions under random mating.
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Figure 5-2. Expected distribution of male reproductive success under different
dominance polygyny mating strategies. The expected distributions for dominance

heirarchies in which only 35%, 50%, or 60% of all males breed are shown for 62 births.
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Figure 5-3. Distribution of male reproductive success under a 40% dominance hierarchy
with incomplete sampling. Simulations of incomplete samplings of breeding males (25%
and 50% of breeders unsampled) are contrasted to that expected from a 30% dominance

hierarchy and random mating.
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Figure 5-4. Frequency distribution of relatedness coefficients (R,,) for calves born in the
same cohort year. R, values are shown for the six cohort years tested against expected

values among pairs of unrelateds and half-siblings.



200 - Half-sibling simulation

200 - Unrelated simulation
150 150
100 - 100

50 50

0 0.85 0.45 0.05 0.35 0.75 0 -085 0.45 -0.05 0.35 0.75
" o065 025 015 055 -0.65 025 0.15 0.55
20 - 1 h 20 -
986 cohort - 1987 cohort

15 -

o83 045 2005 0.8 078

30 - 1989 cohort  ° - 1990 cohort

1991 cohort 1996 cohort
20 -
15 %
10 -
5 -
o 038s 045 0.0% 035 0.75 o 0.85 0.45 -0.05 0.35 075
L] 01s 0ss 0.65 0.15 0.55

02 £0.25
Relatedness coefficient Relatedness coefficient



136
Discussion

The mating system of the North Atlantic right whale is a polygynous one that
maximizes the number of successful breeding males, thereby increasing the N, and
slowing the rate at which genetic variability is lost (Nei 1987). This finding contradicts
behavioural observations which suggested that males compete for access to females and
that older males are more successful in obtaining and maintaining positions favourable
for copulation (Kraus 1991). These observations suggested that a limited number of
males may breed successfully in a given year, however, there is no evidence to support
this interpretation. Calves born within the same year were not more closely related than
unrelated individuals and both the relatedness and paternity data suggest that an
assortment of different males are siring calves born both within and across years.

If mating within the population were completely random, the variance N, estimate
would be expected to be similar to the inbreeding N, (Lande and Barrowclough 1987).
The observed difference between these estimates, although small (N, = 103 and 154,
respectively), suggests that mating may not occur randomly within the overall population.
This interpretation is consistent with the genetic structuring recently identified between
two group of whales whose mothers utilize different nursery grounds (Malik er al. 1999;
Waldick et al. In Prep.). Although gene flow occurs between these two groups, sufficient
structuring exists to maintain different allele frequencies in the two populations (Waldick
et al. In Prep.). If the population is structured and mating does not occur randomly within
a single panmictic population, the N, for the overall population would be expected to be

closer to the smaller variance estimate of 103. The difference between the two N,
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estimates may correspond with non-random mating within the overall population
(Waldick er al. In Prep.). Nevertheless, the promiscuous nature of the mating system
(lottery polygyny) should maximize the N, within each subpopulation. In fact, the ratio of
N_. to the census population size for this species is within the range of those reported for
other, large-bodied mammals (Frankham 1995).

The absence of evidence of matings between closely-related individuals, such as
might be expected under dominance polygyny, suggests that inbreeding depression may
currently be having limited effec_t on this population. Given that the North Atlantic right
whale population appears to have maintained a small, but relatively stable effective
population size for over 100 years (Waldick e al. In Prep), it is unlikely that the low calf
production by females can be attributed to a recent increase in the incidence of mating
among relatives. The progressive loss of genetic variability throughout 700 years of
commercial whaling may, however, have affected female fecundity through the loss of
heterosis (see Waldick ef al. In Prep.). Low variability at loci involved in reproduction,
for example, has been linked to increased incidence of spontaneous abortion of fetuses
(e.g., Human Leukocyte Antigen complex; Ober et al. 1998).

The low observed reproductive success among females does not appear to be a
consequence of infertility, such as might be expected if inbreeding depression were
affecting the population. In fact, the majority of the females (~74%) have at least one calf
by the time they are 20 to 30 years old. The main cause for the small number of calves
produced by this population is associated with the failure of many females (45%) to

produce multiple calves during their lifetime. If genetic variability was lost from this
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species more than 200 years ago, low calf production by North Atlantic right whales may
have been characteristic for this population throughout this time. However, contemporary
influences may also be limiting reproduction by this species. Resource shortages and
disturbances within feeding grounds, or other areas used for reproduction, may be
interferring with mating or feeding activities (Kraus 1990; Caswell et al. 1999).
Relatively high mortality has been observed among first-time mothers and may indicate
that human-related mortalities also affect calf production (NEAq catalogue).

Our analysis of the mating system and relatedness structure in the endangered North
Atlantic right whale provides no evidence to suggest that inbreeding is occurring in this
population. Rather, inbreeding depression is likely to have occurred more historically, in
association with the bottleneck events of the 15™ and 18" centuries (Waldick et al. In
Prep.). The recent decline in the growth rate in the North Atlantic right whale is more
likely the result of the combined effects of low genetic variability at genes involved in
reproduction and reduced survivorship. Although population bottlenecks due to intensive
whaling pressures over a period of 700 years have resulted in the loss of genetic
variability in the North Atlantic right whale (Schaeff et al. 1997; Waldick er al. In Prep.),
there is no evidence of infertility among females and the mating system is one which
maximizes the retention of genetic variability. This population has shown itself capable
of persisting for 100-200 years at a small population size. However, its resiliance to
additional stresses may be tenuous. Given that the existing model of population growth
for E. glacialis (based on current reproductive and survivorship data) predicts that the

population will go extinct within the next two centuries (Caswell er al. 1999), it is
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imperative that efforts be made to identify and mitigate those influences that may be

exacerbating the low calf production by this species.
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Whales represent a fascinating group of vertebrates which inhabit aquatic
environments. However, because of the logistic difficulties of studying large organisms in
marine habitats, many fundamental aspects of their behavior and ecology remain
poorly-understood. Much of the difficulty in studies of cetaceans is associated with
difficulties in indentifying individuals. By using genetic markers to develop
individual-specific genetic profiles for North Atlantic right whales, my work has provided
new insights into important aspects of the behaviour of this large whale, including some
that may also be helpful in conserving this animal. In particular, I have been able to 1)
document previously-unrecognized genetic structuring within the population, 2) provide
new insights into the role that 700 years of commercial whaling had on the genetic
composition of this species, and 3) identify the nature of the mating system. I briefly
expand on these contributions below.

The small size of this population combined with the collection of photographic
records over a 19 year period have enabled most of the whales in the population to be
individually identified. Using these records, the location and timing of use of important
feeding, calving, and nursery habitats have been identified and behavioural differences in
the use of these habitats have been noted among subsets of the population. These known
habitat areas are now routinely monitored and measures have been taken to protect
whales while they are within these waters. However, because some members of this
population use habitat areas other than those that have been identified along the east coast
of North America, not all members of this population are afforded protection by these

efforts. Given the tenuous reproductive success of this population, the identification and
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protection of all areas used for reproductive activities are critically important.
Behavioural differences in nursing ground use between maternal lineages have confirmed
the existence of an alternate nursery ground (Schaeff 1994; Schaeff er al. 1993; Malik et
al. 1999). By identifying genetic structuring between these two groups of whales (BoF
and Non-BoF) my study shows that the two groups are also reproductively isolated,
which suggests the existence of two separate mating grounds. Given the low calf
production by this population, it is critically important to identify these unknown habitats
so that any disturbances that may be interfering with reproduction may be mitigated.

The reproductive histories of 73 females over a 17-year period showed that most
females are fertile but that relatively few (45%) have successfully produced multiple
calves during this time. The reasons for the low calf production by females include
extrinsic influences such as resource limitations, disturbance, or habitat loss, and intrinsic
limitations associated with inbreeding or low genetic variability. Given that the historic
population size for North Atlantic right whales was in the thousands, it is unlikely that
resource limitations are currently playing a major role in the low fecundity of females in
this small population. However, disturbances at the mating, calving, or nursery grounds
may interfere with reproduction or reduce survivorship, both of which would be expected
to have a deterimental effect on reproduction. Once identified, the effects of these
extrinsic influences may be mitigated. If, however, intrinsic influences are affecting
female reproductive fitness, the current rate of calf production by females may represent
the maximum for this species. If low calf production is an intrinsic characteristic of this

species, the population growth rate may only be increased by directing conservation
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efforts at reducing the mortality rate for this species.

Through the analysis of the heterozygosity in the population and bottleneck analysis,
the loss of genetic variability was identified as having occurred prior to the 19" century.
Given the antiquity of this loss, the observation that most females are fertile, and the
absence of evidence of inbreeding in the current population, it is unlikely that inbreeding
depression is having a substantial influence on the low calf production in this population.
Rather, it may be the low levels of genetic variability that have limited reproduction
through the loss of heterosis (e.g., see Ober et al. 1998). The low calf production by
females would, therefore, be characteristic of this population for over one hundred years.
As such, the recent decline in the growth rate of this population would be the result of a
recent increase in mortality which cannot be compensated for by the intrinsically low calf
production by females.

The status of the endangered North Atlantic right whale may not, however, be as
tenuous as these findings initially suggest. The finding that the population consists of two
reproductively isolated groups, when combined with the observation that most of the new
sightings tested represent previously unidentified whales, suggests that the North Atlantic
right whale population is larger than was previously thought. Some of the unknown
whales are expected to be members of the Non-BoF group which are sighted less often
than the BoF whales because they occupy habitat areas other than those that are routinely
monitored by the Right Whale Consortium group. Through maternity and paternity
analyses, our genetic data enabled new sightings to be discriminated as previously

unknown whales or known births that had not been photo-identified. Once identified as
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such, the membership of these whales to the BoF or Non-BoF groups may be assigned
based on their Individual index value. Using this approach, the census population
estimate may be refined even in the absence of high quality photographs. Molecular-
genetic profiles provide a powerful dataset for augmenting field-based natural history

studies, particularly for secretive species like the cetaceans.

Recommendations for future research

1) Given the recent decline in the growth rate of this species, the identification and
protection of all areas used for reproductive activities must become a management
priority. Satellite tagging of adult males identified as belonging to the BoF and Non-BoF
groups will be necessary to track whales to their respective mating grounds. In addition, it
is critically important that the location of the second nursery ground be identified. Intra-
annual differences in calf production between the two groups may reflect different
stresses that are affecting the whales in their mating or nursery habitats. In order to
mitigate any anthropogenic influences that may be detrimentally affecting these

populations, these habitats must be protected.

2) Individual genetic profiles should be expanded to include additional microsatellite loci
and functional genes (e.g., Major Histocompatability Complex) so that whales with
unknown birthing histories may be assigned to the BoF or Non-BoF groups. These
profiles would also increase the ability to assign paternities and maternities, thereby

facilitating the refinement of both the census and effective population sizes.
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3) Genetic loci that have been shown to be important for growth and reproduction (e.g.,
Major Histocompatability Complex, Insulin-like Growth Factor etc.) should be examined
and examined relative to female reproductive success and inbreeding among mating pairs
to determine if the loss of genetic variability is limiting calf production. If most calves are
heterozygous at these loci, and the locus is out of HWE, this would support the
hypothesis that low genetic variability (loss of heterosis) is limiting calf production by

females.
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Appendix one
Microsatellite nucleotide sequences from the North Atlantic right whale. Sequences
that were found to be polymorphic in North and/or South Atlantic right whales are
presented in this appendix. Primer sites/sequences are highlighted in bold and underlined.

Clonal sequences are indicated for each known sample.
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(I) RW18 (CLONE 4-2, SAMPLE 18)
CTTGCATGCGCCNTTCNACTCTAGAGGATCCCCCTCTGGAGCACGGAATGACT
CCAGAGGGAAGCAAACTGGAAAAGGAGGATGGGGAGAGAGGGAGGGCGTG
TATGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTTTGGCAGGGGGG
GTGGTGGTTGGAGAANAAAGACGGGAAGTAAGGATCAACAAAGAGCCTGGG
ATGCTGGGAAATGGCATATTITAAGGGGGTGTCTGGCANCCTTCTTAAGGTG
GAACCTTTTCAGCAGGGTTTTCTCGGTTGCAGGGGTACCGAGCTCNAATTCGT

AATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTA

(II) RW26 (CLONE 4-9, SAMPLE 25)
GTCCATCCATATTACTGCAAATGGCATTACTTCATTCTTTTTTACAGCTGAGTA

ATATTCTANTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTATACATGCACC

ACATCTTCTTTACAGGATTITCCTTITTTTITTTTTITAACAGCTTCATTGAGGTAT

AACTG

(IIT) RW31 (CLONE 4-15, SAMPLE 31)
TGCGCNCCNTCNACTCTACAGGACGCCCAACAAATTITCAAATGATCATTTAT
TCATGGAGTGCTTTGGAATTAGAGTAGTATATATCATTITGAGTGGAGTGTGT
GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTTACATGGCAATAAATAT
AACTACCACACTGGACTCTAGGTGGCTATCAGCACAGGCTTCAACCATTGTAT
TCTGGCAGGGGTACCGAGCTCGAATTCGTAATCATGGTCATAGCTGTTTCCTG

TGTGAAATTGTTATCCGCTCACAATTCCA
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(IV) RW34 (CLONE 4-18 SAMPLE34)
ACTCAAGCCCCATAACGGCGCATAACACACACACACACACACACACACACA
CACACACACACACACACACACACAGNACAGTNGNNCGTGCCCCTCAATTATA
TAAAGTATCAGGTTICTGGCTCCCGAAACANAGNATTCATCTGTTANCTGAA

AAATATGGANTTATCTGG

(V) RW45 (CLONE 4-5, SAMPLE 21)
CCGTATTGCATCACAGCAAAAGGTCTTTCATTGCTGCCGCTGCTITGTGTG
TGTGTGTGTGTGTGTGTGTGTGTGTATGTATGAGAGAGAGAGAGAGAGAGAA
TGTGTAAACAGATCTCTCTGTGGAATAGTTTTGAAGTAAGGCTTTCTGATTT
CCGTGTTTCTAGTTGCTTATGTGCAACTTGCTTTTCTGTATCTCAGANGAAAC
AGCCAGTCTGGCCATGGTCTGATTTTGTCTGTCCATGCAACTAAACGTTACTA
CCTCCACAAACTTCCTTAGGAAGGAATTCCTGAATTTCCTAAAAGGGGAATT
GTAAGTGATGTTTGAGGGGTACCGAGCTCGAATTCGTAATCATGGTCATAGC
TGTTTCCTGTGTTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGC

CGGAAGCATAAAGTTGTTAAAGCCTGGGGTGCCTAATGAGTGAG

(VI) RW48 (CLONE 4-8, SAMPLE 24)
AGTTTTGTGTGATTTTAAAAATAAAGACTGTGTATTCTTTTCTATAGCATTAAC
ATAATTTTCTTAAAAAGGAAGAAGAAATTAGTGTCTTGAGAAGTAATTGAAA
GCCAATGACTTTTCCCTGTAGATTTCATAAGGGTTTGTGTGTGTGTGTGTGT

GTGTGTGTGTGTGTGTGTGTGTGTGTGTGGTGGGGACAGCANTGTTTCAGTGC



158

ATTTGTTCCCAGGANACACTGCGGTATCAGAGTTCAATGGAATGAGGGGGG

TACCGAGCTCGAATTCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGT

TATCCGCTCACAAT

(VII) RW417 (CLONE 4-17, SAMPLE 33)
CTACAGGACNCCCNIGTATCCTGCAACCTTGCTGAACTCGTGTGTGTGTGTG
TGTGTGTGTGTGTGTGTGTGTGTGTATITTTTTITAGTGGATTCCTTAGGATTTT
CTTTATGCAAGGTCATGTCATCTGTGAATAGAGATAGTTTTATTTTTTCCTTIT
CCAATCTATTTGCTTTITATTTCTTTITTCTTGCCTGGCGCTAGAACCTGCAGTA
AGTTATTTACTTAATACTGAATACAAGTGGCAGGAACAGACATCCTTATCTTG

TTCCTAATCTTAGGGCAAAAGCGTTCAGT

(VIII) RW219 (CLONE 2-19)
ATCAGTTCCATAGGGCTGCTCACAGCATAGCTTCTTAATTCTCACACACACA
CACACACACACACATTGGGATTGAACCCAAAATGGAAATCAGTGATITGTA

GACAACCTAAACTTGTCATAAGTGAT

(IX) EGL2-12 (CLONE 2-12)
ATC TCA CTT CTC CAA AAT AGA CCA GAA ATA AAT CCA TTT TAT TAA ATA
TGT GAC ACT TTT CCG CTT TAG GAT GGC CCA CTA CTC TGTG TGTG TGTT
TGTG TGTG TGTG TGCA CACG CA TGTG TATG TGTG TGTC CTTT TATA TGTT

CTIG GTTA GGAT GGAA GCTT TTTT TGGG GGTA AGTT TTAA ACTATATA
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ATTG ACTT AAGA GCAA GTGT AATTTTTC ACTG AAACTTA TTCTTGA

GTCCTAATCAGAT

(X) RW217 (CLONE 217)

ATCTGGCATTTIGTTT TAA AAT AAT CCTGTT AAT GAGTGT GTG TGT
GTGTGT GTGTGTGTG TCT AGT GACTAG AGGTAG AAATGAAAC AAA ACT
GGT CACATGCTGACAATGATGAAGCTG GGT GAT GTGAGA GGG TACATT
GGG TITATTACATTATICTITCTGGTT TTG TAATAT ACA CTGTCA TAA

AAA ATA AAGTTT AAA AAATGT ATA AGT CATTAATTT CTA TAT CGT GAT;

(XTI) RW410 (CLONE 4-10 SAMPLE 26)
ATTTCACTTGTATGACAATCTCTAGGTCCATCCATATTACTGCAAATGGCATT
ACTTCATTCTTTTTITACAGCTGAGTAATATTCTAGTGTGTGTGTGTGTGTGTG
TGTGTGTGTGTGTGTATACATGCACCACATCTTCTTTACAGGATTTCCTTTTTIT
TTTTTTAACAGCTTCATTGAGGTATAACTGATACAGAGTAGAAGTTGTACATG
TITGATATACACAATTTGGTAAGTTTGGCATGTGCATGTTATGAGCTTGACA
TGTGCATTATCAACCCATGATGGGTACCGAGCTCGAATTCGTAATCATGGTCA
TAGCTGTTTCCTGTGTTGAAATTGTTATCCGCTCACAATTCCACACAACATAC

GAGCCGGAAGCATAAAGTTGTAAAGC



Appendix two
Microsatellite nucleotide sequences from the North Atlantic right whale. The
following Appendix includes nucleotide sequences that were found to contain
microsatellite repeats but were not tested in right whales. Clonal sequences are indicated

for each known sample.
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(I) RW166 (CLONE 4-26 SAMPLE 6) SHOULD BE RE-TRIED WITH NEW
REVERSE PRIMER
ACCAGCAAAACCAGCATCACTCTATCAATTAATGTGTGTGTGTGTGTGTGTG

TGTGTGTGTGTGTCTTGTGATGGGATAACCANTCANTAGGGGTTTTAGTTAT

GCTGAATTGATTTTTITAATC

(II) RW01 (SAMPLE 01 CLONE 4-21) SHOULD BE RE-TRIED WITH NEW
PRIMERS
CTTGCAAATTACATTCAGAATTANNNACATCTTTCTCGAAAACCTTCATTGC
CTATTTGATGTGTTTCCCCAAATCTCTGAATGGGAAATGTTGACAGGGATTTT
CCATGGTTATTTICTCCAATTTTCTCCAATTTITCTCCTTCTACAAAGTAACACAC
ACACACACACACACACACACACACACACGCACACACACAGAGGAACTCCGG

AAAAGTCATTGGTT

(II1) SAM25 (SAMPLE 25)
TTTGTCTTTCTCTGTCTCACTTATTTCACTTGTATGACAATCTCTAGGTCCATC
CATATTACTGCAAATGGCATTACTTCATTCTTTTTTACAGCTGAGTAATATTCT

ANTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTATACATGCACCACATCTT

CTTTACAGGATTTCCTTTTITITITTITAACAGCTTCATTGAGGTATAACTGATA
CAGAGTAGAAGTTGTACATGTTTGATATACACAATTITGGTAAGTTTGGCATGT

GCATGTTATGAGCTTGACATGTGCATTATCAACCCATGATGGGTACCGAGCTC
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GAATTCCGTAATCATGGTCATAGCTGTTTCCTGTGTTGAAATTGTTATCCGCT
CACAATTCCACACAACATACGAACCCGGAAAGCATAAAGTGTTAAAGCCTGG
GTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCT
TTCCANTCGGGAAANCTGTCGTGCCANCTGCATTAATGAACCGCCAACCCCC
NGGAAAAGCGGTTGCNTATTGGCGCTCTTCCGCTTCCCGCTCACTGAATCCCT
GCCCCCGTCCTTTCGGCTGCGGNAACGGTATCACTCACTCCAANGNNGNNAT

ACGGTATCCACAAC

(IV) RW4-1 (CLONE 4-1, SAMPLE 17)
CATNTCNACTCTAGAGGATCNCCCTAGCGAAAAAATGAAACAATGCCATTTG
CAGCACCACAGATGAGTCTAGGAGTAATCACGCAACTTGTGGTAAGTGAGAA
AGCGAAAGACACATGTCCTATCATATCACTTATAGGTGTTACCTAAAATGTG
ATACCAATGAAGATATTTCCACAGACAAAGGCAATCACAGATTCATTCAACA
AACTTACGGTTCACCCAATGGAAAGGTGTGAGGATTGGATACATTACGACAT
TGGGGTTAACAGAGATGTGGGTACCGAGCTCGAATTCGTAATCATGGTCATA
GCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAG
CCGGAAGCCATAAAGTGTTAAAGCCTGGGGTTGCCTAATGAGTTGAGCTAAC
TCCACATTAATTGCGTTTGCGCTCACTGCCCCGCTTTCCAGTTCGGGAAACCT
GTCGTGCCAGCTGCATTAATGAATCCGGCCAACGCCCCGGGAAAAGCGGTTT
GCGTTATTGGGCCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCNCTCCGTCGT
TCCGCTGCNGCGAACGGTATCACTCACTCCAAGCGGTAATACGGTTATCCAC

AGAATCNGGGATAACCCNGAAAAACATTTINAACCAAAGCCCNCAAAAGCCA
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GAACCTTA

(V) RW4-25 (CLONE 4-25, SAMPLE 05)
AAATTGCTGTCATCTGGTCTGTCTGCTTCCTCTGCCTGAGGCCGAACTCACAT
GGGCAAGAACTTTCCCTGCAGTCATAGGAGGCTTCCATCCCACAAGAAGGTC
TCCTTAACATGGAAAGGCTCCCCCTGTTTTCCATCTTAGGGTTGTGTGTGTGT
GTGTGTGTGTGTGTGTGTGTGTGTGTTACAGGGAAGGGGTTGGANAGGGTGA
GGAATATATGTTTTAAAATCAAAAGTCCAATGCTTGGCTCTAGAACTTACCTG
CTGTTTAAACTTTGGATTCCCAAACACTGTTTGAGAAAGTCACTTCATGTCAC

AAAATGGCC

(VI) RW5-7 (CLONE 5-7, SAMPLE 36)
GATCNCCCTAGCGAAAAAATGAAACAATGCCATTTGCAGCACCACAGATGAG
TCTAGGAGTAATCACGCAACTTGTGGTAAGTGAGAAAGCGAAAGACACATGT
CCTATCATATCACTTATAGGTGTTACCTAAAATGTGATACCAATGAAGATATT
TCCACAGACAAAGGCAATCACAGATTCATTCAACAAACTTACGGTTCACCCA
ATGGAAAGGTGTGAGGATTGGATACATTACGACATTGGGGTTAACAGAGATG
TGGGTACCGAGCTCGAATTCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAA
TTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCCATAAAGTG
TTAAAGCCTGGGGTTGCCTAATGAGTTGAGCTAACTCCACATTAATTGCGTTT
GCGCTCACTGCCCCGCTTTCCAGTTCGGGAAACCTGTCGTGCCAGCTGCATTA

ATGAATCCGGCCAACGCCCCGGGAAAAGCGGTTTGCGTTATTGGGCCTCTTC
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CGCTTCCTCGCTCACTGACTCGCTGCNCTCCGTCGTTCCGCTGCNGCGAACGG
TATCACTCACTCCAAGCGGTAATACGGTTATCCACAGAATCNGGGATAACCC

NGAAAAACATTTNAACCAAAGCCCNCAAAAGCCAGAACCTTA

(VII) RW5-12 (CLONE 5-12, SAMPLE 05)
TTTCCAGAACTGAAAGTAACCTGGTGTTACTGCATCAGAGGTTTTAAGTGTGT
GTGTGTGTGTGTGTGTGTGTGTGTGTGGTGTGGGGGGAAATGAGGAGATGAT
GGTATGAGATTAGATTAGATCAGTAAATGGGTGTCAGATGATTCAGAACCTT
GTATGCCATGGTTAAGACTCTANATITTAAAATAAGTACAATGGAAACCAAT
CAAAAATTTAAGAGTAGAGAATCATTATCTGATITAATTTTTAAGAGGGGTAC
CGAGCTCGAATTCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTAT
CCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCT
GGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCC
GCTTTCCAGTCGGGAAACCTGTCNTGCCAGCTGCATTAATGAATCGGCCAAC
GCCCNGGGAAAAGCGGTTTGCNTNTTGGGCGCTCTTCCGCTTCCTCGCTCACT
GACTCGCTGCGCTCGGTCGTTCNGCTGCGGCGAACGGTATCANCTCACTCAA
AGGCNGTAATACGGTTATCCNCACAATCCNGGGANAACCCCGGAAAAACAT
GTNAACAAAAGGCCCCAAAGGCCAGAACGTAAAAAGCCCCTTGCTGGCGTTT

TCCC

(VIII) RW5-5 (CLONE 5-5, SAMPLE 35)
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GGTGGGGACGGANGGCTGGCAGGGACGTGGGGGGAAGGCTCTGGGAGTTCG
GGGAGGCTCTTCCGAGGGAGAGGTGGAAGTCGTCCCATCACGGGACTTTTIT
GCGGAGTTTTTGTTTGACATCTGATCTGGCGCGGGTCTCAGGAAGAANGGGG
CAGGTGGAAGTGTCGGGAGGGCAACGTTGACCTGACCTGCTCTCTCTTAGTTT
CCATCTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTTTGTGTCC
GTCCCCGTGTCCAGTCCAGGCTTCTGGCAGCCGCAGATGCCTTCAGTGGGGGT
ACCGAGCTCGAATTCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTT
ATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGC
CTGGGGTTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTG
CCCGCTTTCCANTCGGGAAACCTGTCGTGCCANCTGCATTAATGAATCCGCCA
ACNCCCCGGGAAAAGCCGTTTGCGTINTTGGGCGCTCTTCCGCTTCCTCGCTCA
CTGACTCCCTGCGCTCGGTCNTTCGCTGCGCAACCGTATCACTCACTCAAAGC

GGTAATACNGTTATCCCNNAACANGGGATAACCCNGAAAAACCC

(IX) RW 4-24 (CLONE 4-24, SAMPLE 04)
TCTGATAGATCAAAGTACATGGGCCAGTGTGGAACCCANAACAGGATCAAGA
TGTAATGTACATCCANGGCGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGT
GTGTATGTATCTTTTGTTTCAAAACTATTTTAAATCCAAATAATATCTCTATTG
CTTAGGAAAAATGTGATTAAAGAGTCCATTTITGAGACTATTGGTTAAGTGATA
AGTACATACCTATATTITATAATAATTTATATATACATATATATCATAAAATNN
NNATGATGAGAAATTTAGCATTTGTGTTITGAATACTTTATITCTATATITAAA

AGTTAAGATCTCCACAATTCAGGGCTTGGTTGGAGGAAACCCTTCAACAAAG
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CCTGGCAGGGATTATTTCTTAGATTITITAGAA

(X) RW4-11 (CLONE 4-11, SAMPLE 27)
GTCTTTCTCTGTCTCACTTATTTCACTTGTATGACAATCTCTAGGTCCATCCAT
ATTACTGCAAATGGCATTACTTCATTCTTTTTITACAGCTGAGTAATATTCTAGT
GTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTATACATGCACCACATCTTCTTIT
ACAGGATTTCCTTTTITTTITITITAACAGCTTCATTGAGGTATAACTGATACAGA
GTAGAAGTTGTACATGTTTGATATACACAATTITGGTAAGTTTGGCATGTGCAT
GTTATGAGCTTGACATGTGCATTATCAACCCATGATGGGTACCGAGCTCGAAT
TCGTAATCATGGTCATAGCTGTTTCCTGTGTTGAAATTGTTATCCGCTCACAA
TTCCACACAACATACGAGCCGGAAGCATAAAGTTGTAAAGCCTGGGGTGCCT
AATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAA
TCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCCGGGA
AAAGCGGTTTGCGTTATTGGGCGCTCTTCCCGCTTCCTCGCTCACTGACTCGC
TGCGCTCNGTCGTTCCGCTGCGGCGAACGGTATCAGCTCACTCCAAGGCGGT

AATACGGTTATCCACCC

(XI) RW13 (SAMPLE 01)
ANCCCAGCAGGTGAGCAGAAAGCAATTATTAACCCTTAGTGTAACGTTCTAN
AATTGTGCTGATAATTAATACATTTTCTCTATCTTTGAGAGTCAGAAGGATCC

CTGACATCAGGGCTCTACTCAGCAAATAGCCTAGAGAGGACCCAATGCCTCT

GAATTTATAGGAAAGTGTTTACAATAAAACTTGTGAAGTTTTGTITITGTTTC



167

ATCTTGGGAGAGACTATATGATACAAAGAAAGCTGGAGTGCTGTTTITAAACA
CAGGGGTGTGTGTTTGTGTGAGTTGTGAATGTGCCCANTGTGCGTTGTGGGTG
TGCTGTGAGCACATGGTTITCATTATGTGTGGGGTGTGTGTGTANTGTGTATGG
TGTGTGTGAGTGTGGTGTCTGAGTGTGTGGGGTTGATTGTATGGAAATTGTGG
GCATATGACTACATTGGGCATATAAGGGAATGTTTATGTGAGGTGTGTATGCC
NACTGTTGGGTGTGTGTGTGTGTGTATTTGTAAAATTACTGCTTTCTCCCACTT
TTACTGANGTGTAATTGACATACAGGGGTACCGAACTCGAATTCTAATCATG
GTCATAGCTGTTTCCTGTGTGAAATGGTTACCCGCTCACATTCCCCCAACATA

CACC

(XII) RW4-3 (CLONE 4-3, SAMPLE 19)
CCCCCCCCCTTCTGCATGCGGCTTGTCNACTCTACAGGATCCCCCNGTCAGAC
TCTCNACGTGGGCACTCGGATATTCCTITAGATACACATCACCGGATCACAAT
AAAAGTTAGGAAATCTTCCAAACGATCGCAGGCAGACGCTCGGGGCACTTCA
ACTCTAAAGTGGGGCCCCCAAGGAAATCTTTCANAANAANTCCAGTTTGTGT
GTGTGTGTGTGTGTGTGTGAGANAGACAGTTTTTITCATTCTCTAAAAAATCTA
NTTTTTAAACAAAGATCAATGTGTTATGCTGAAGTGTTGAGTGACCAGACCTC
ACACTGGTCAGAATGGTCATCATTAAAAAGTCTATAAATAACAAATGCTGGA
GAGGGTGTGGAGAAAGGGGAACCCTCCTACACTATTGGTGGGAATGTAAGTT
GGTGCANCCACTATGGAAAACAGTATGGANGTTCCTCAAAAAACTAAAAATA
GAACTACCGTATGATCCAACAATCCCACTCCTGGGCATATATCTGGACAAAA

CCANAATTCAAAAAGATACATGTGGGTTACCGAGCTCGAATTCCGTAATCAT
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GGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCCACCACA
TACGAACCCGAAGCCTAAAGTGTNAACCTGGGGTGCCTAATGAATGANCTAA

CTCACATTAATTGCGTTGCGCCCATGCCCCT

(XIII) RW4-19 (CLONE 4-19, SAMPLE 35)
TCTCTCTCTATGGACTGGGTGTGAAGGGAGTCACTACACACACACACAGACA
CACACACACACACCCCTCACCAGAAGATAATATGATAGGTGGCAAATAACAG
CACATGCTATTTTCCAAAGAAATCATCCTCACATAATCCTCTCTAGCCTCTGA
CAACTTGATCCTTTTTATTACCTTITGGTGGGAGATAGGGTCCAGTAGTTGAAT
ATTTCCTTTGAAAATCTGCATCTTGATATCTTAGAACTTATITTGGTGTCTGAT
ATATCTTGGTGGGGGTACCGAGCTCGAATTCGTAATCATGGTCATAGCTGTTT
CCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAA
GCATAAAGTTGTAAAGCCTGGGGTTGCCTAATGAGTTGAGCTAACTCACATT

AATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGC

TGCATTAATGAATCGGCCAACGCCNCGGGGAAAAGCGGTTTGCGTTTTTGGG
CGCTCTTCCGCTTCCTCGCTCACTGACTCCCTGCGCTCCGTCGTTCNGCTGCN
GCGAACGGTATCAGCTCACTCAAAGCGGTAATACGGTTATCCACAGAATCAG

GGGATAACCCAGGAAAAACATGTNANCCCC



Appendix three
List of mother-calf pairs included in paternity analysis (N = 62). Paternity
assignments are included from analysis using a 0% mismatch error rate for males over
nine years and males of all age. Paternity assignments are presented for analysis based on

a 3% mismatch error rate.
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