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Pairwise relatedness patterns of beluga whales (Delphinapterus leucas) in the
St. Lawrence River population

Katelyn Cherwonick

Abstract

The St. Lawrence River beluga whale (Delphinapterus leucas) population is
geographically and reproductively isolated from other beluga populations. This small population
is also endangered, therefore learning the population dynamics and social structure of the St.
Lawrence belugas is of great interest for not only biological reasons, but also for establishing
conservation strategies. The main goal of this study was to uncover the genetic structure and
final-scale relatedness patterns of the St. Lawrence River beluga population, and in particular to
establish if the population follows a matrilineal social structure, similar to other cetaceans such
as sperm whales and orcas. These queries are addressed by genotyping DNA of beluga whales in
the St. Lawrence at 22 microsatellite loci. These genotypes were used to estimate pairwise
relatedness of all individuals. Network analyses were then conducted on these data to assess
clustering patterns within the population, as well as to assess the patterns of genetic connectivity
among individuals. The population shows significant signs of clustering, with females being
more clustered than males, and males having higher connectivity than females. These findings
suggest that the St. Lawrence River beluga population does follow a matrilineal social structure
since females cluster with other females based on close genetic relatedness, and males act as
conduits of gene flow between these maternal clusters. Future studies will combine these
network data with field observation to identify how genetic clusters reflect habitat use patterns
and differential exposure to anthropogenic disturbances in the area.
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Introduction

The social structure of animal populations can be diverse and complex, particularly in
long-lived vertebrates that display group living such as primates and elephants (Goldzien, 1987;
Archie et al., 2006). Many toothed whale species (odontocetes) are highly social and live in
societies with complex social structures (Mann et al., 2000). At a large scale the dynamics of
group-living species are thought to be driven by two major factors; ecological conditions that
make group living beneficial; and differential relatedness among individuals within the group,
which results in different strategies for maximizing inclusive fitness (Emlen, 1982). Thus,
understanding the social structure of complex animal societies requires long-term ecological data
for understanding the ecological conditions driving group living, as well as high-resolution
genetic data for understanding relatedness patterns and kin selection. Detailed field data on the
St. Lawrence beluga population have been collected for over 20 years. Described below are the
recent advancements made in the genetic aspect of this work, and the subsequent insights these

have provided to our understanding of the social structure of the St. Lawrence beluga population.

Group Living

Group-living is characteristic for many species, despite the inevitable costs associated
with it. Costs associated with living in a group are that it can be energetically demanding, lead to
an increased stress response (mainly experienced by a subordinate in relation to its social status
of a dominate within the same group), result in resource competition, reproductive competition,
as well as aggressive interactions between members of the group (Creel, 2001; Craig et al., 2002;

Majolo et al., 2008; Schradin et al., 2010). However, conditions imposed by the ecological



environment can make group living beneficial, such as a lack of food resources or the constraint
of having poor options for independent breeding (Emlen, 1982a).

Group-living can only evolve when its innate benefits are greater than the costs (Emlen,
1982Db). Several hypotheses on the benefits of group living include the suggestion hunting in a
group increases the possibility of gaining larger prey and the idea that group-living decreases the
risk of predation (Mech, 1981; Inman and Krebs, 1987). The benefits of group-living and the
mechanisms of ecological constraints interact with each other to form tolerable living conditions
(Keonig et al., 1992). For example, striped mice display group-living during their breeding
season, even though this is an unstable social group dynamic, because during this time period
when the population is at a high density, dispersal is unfavorable due to the lack of quality

territory available (Schradin et al., 2010).

Inclusive Fitness and the Evolution of the Family

Inclusive fitness refers to how successfully an organism passes copies of its genes to
future generations (Creel, 1990; Queller, 1992). More specifically, it is a combination of the
fitness an individual attains through its own reproductive success (direct fitness) combined with
the fitness of that individual through the reproductive success of its genetic relatives (indirect
fitness). The rationale is that relatives share genes, and therefore an individual can indirectly pass
on alleles through the reproductive success of relatives (Hamilton, 1964). Thus, individuals
should show differential willingness to help, or sustain fitness costs from, other individuals in
proportion to how related they are. This process can result in complex social structures in

species, such as families, where ecological conditions favour group living because variation in



relatedness of individuals within the group will lead to variation in strategies of, and conflicts
among, individuals as they each try to maximize their own inclusive fitness.

The evolution of the family builds off factors that drive group-living, but instead of
random congregations of individuals within a population, families are composed of genetic
relatives. Families seem to form when early-in-life breeding opportunities are limited and low
fitness would be experienced by early dispersal, thus forcing offspring to remain with their
parents after maturity (Emlen, 1994; 1995). Hamilton’s theory of kin selection is directly related
to this concept in that the greater the frequency of shared alleles, the more willing individuals
should be to help each other (i.e. to incur costs at the expense of a relative’s benefits) (Hamilton,
1964).

As with group-living, there are potential costs and benefits associated with delaying
dispersal from parents, instead of dispersing upon maturity. Thus, dispersal of offspring is one
aspect of behaviour that has been studied in relation to inclusive fitness (Emlen, 1994; Emlen,
1995; Pamillo and Crozier, 1996; Clutton-Brock, 2009). Families are rare because as an
individual, not reproducing offspring upon maturity (not dispersing) can have negative
consequences on the fitness of that individual (Emlen, 1995). However, if the inclusive fitness
of individuals that delay dispersal (and therefore their own reproductive success) is greater than
that of offspring who disperse upon maturity, family living is expected to develop (Emlen,
1994).

While breeding opportunities are fewer within the family group (avoiding inbreeding
depression), there are many advantages derived from a family structure: helping rear closely
related individuals (cooperative breeding), forming coalitions with relatives to better acquire

breeding vacancies, and the possibility of inheriting parental territory (Emlen, 1994). The latter is



especially true for dynasties who rule territory with high quality resources in which a consistent
genetic lineage inhabits the same area over many successive generations (Emlen, 1995). Such
behaviours, when individuals are closely related, can create variation in breeding success and
survival which influences the success of a social group (West et al., 2007; Clutton-Brock, 2009).
For example, in African elephants there exist stable sub-units of close maternal relatives which
combine to form larger groups of maternal relatives (Archie et al., 2006). Periodically these
groups fuse with other units that consist of more distant maternal relatives (Durand et al., 2007).
It was discovered through studies on genetic relatedness that these group changes appear to be
directed by the female matriarch of each group because social groups are representative of

individuals who share the same haplotype (Archie et al., 2006).

The Beluga Whale

Beluga whales (Delphinapterus leucas) are toothed whales that are relatively small
compared to other whale species; generally ranging in length and weight from 3 to 5.5 m and
1,350 to 1,500 kg, respectively (Sergeant and Brodie, 1969; Béland, 1996). Belugas are
characterized by their lack of a dorsal fin and white skin, although neonates are grey to brown in
colour. Whitening of the skin occurs after six years as belugas reach adulthood and the colour
change takes place over a number of years until they are completely white around age 13
(Brodie, 1971).

Belugas have a discontinuous circumpolar distribution in Arctic and sub-Arctic waters.
The range of each population changes seasonally in response to the movement of the ice edge,
with migrations between higher-latitude summering grounds and lower-latitude wintering

grounds (Brodie, 1971; Stewart and Stewart, 1989). Summering grounds exist around the mouths



of rivers and in estuaries, which are areas of high productivity and therefore represent important
feeding areas. As temperatures drop and the water begins to freeze, the belugas migrate to deeper
off-shore locations that are referred to as wintering grounds. Five main wintering areas have
been identified in North America, which may be composed of multiple summering groups
(Donovan, 1992).

Based on observations of peak calving times in mid-summer, and an estimated gestation
time of 14.5 months, conception likely occurs while beluga whales are in their wintering grounds
or in early spring during their migration to their summering grounds (Brodie, 1971). However,
poor weather conditions during the Arctic winter, and the beluga’s preference to remain under
offshore ice cover, make studying belugas in the winter difficult to impossible. Thus, data on
most beluga populations is limited to information obtained while in their summering grounds,
resulting in a large gap in our understanding of what happens during the winter, which includes
mating (Brodie, 1971; Sergeant, 1973). Although mating cannot be directly observed, patterns of
gene flow and reproductive success can be inferred through genetic analyses. Thus, for this
species genetic analyses are particularly useful and can shed light on important aspects of their
biology, such as reproduction and gene flow, which are otherwise unavailable.

Genetic analyses involving mitochondrial DNA (mtDNA) have been helpful in
understanding the population structure of many whale species by inferring maternal lineages
from the maternal inheritance of mtDNA (Baker et al., 1993; Palsbgll et al., 1995; Witteveen et
al., 2004; Hoelzel, 2009). For example, in humpback whales mtDNA sequencing showed that all
whales within an ocean converge on one breeding ground in the Caribbean during the winter, but
during the summer months whales of different matrilines use different feeding areas (Witteveen

et al., 2004; Hoelzel, 2009). This maternally-based site fidelity results in strong differentiation of



mitochondrial haplotypes among summer feeding areas, despite the complex mixing of these
whales on one common breeding ground (Baker et al., 1994).

Studies involving mtDNA have also been conducted on beluga whales (Brennin et al.,
1997; Brown Gladden, 1997; O’Corry-Crowe et al., 1997). These analyses have shown that
beluga whale haplotypes differ between eastern populations and western populations, indicating
that matrilines return to the same summer habitats after spending time in wintering locations with
multiple beluga populations. The differentiation of beluga haplotypes in the various summering
grounds is evidence of site fidelity to these locations year after year (Brennin et al., 1997; Caron
and Smith, 1990).

Of all the beluga whale populations around North America, the population inhabiting the
St. Lawrence River is the only one that resides south of the Arctic Circle and has an estimated
population size of 1,000 individuals (Béland, 1996; Stewart and Stewart, 1989). The summering
ground for this population is the Saguenay River and the estuary of the St. Lawrence River. Once
the estuary freezes over in the winter belugas are forced out to the icy waters of the Gulf of St.
Lawrence, which appears to be the location of their wintering grounds. These data on habitat use,
combined with genetic data, have shown that the haplotypes common to belugas in the St.
Lawrence River beluga population is reproductively isolated from all other beluga populations

(Brennin et al., 1997; Brown Gladden et al., 1999; O’Corry-Crowe et al., 1997).

Genetic Methods of Analysis

Earlier studies on beluga populations and other social animals focused on the use of
mtDNA since it is more abundant and is more resistant to degradation due to its robust circular

structure than nuclear DNA (nDNA) (Brown et al., 1979; Butler and Levin, 1993). The pattern



of inheritance for mtDNA primarily follows the matriline since mitochondria originate from the
egg of the mother. This haploid nature of mtDNA allows for easier sequencing; however it also
means that mtDNA data must be interpreted carefully because it does not represent gene flow of
the whole population (Butler and Levin, 1993; Godinho et al., 2008). One advantage nDNA has
over mtDNA is biparental inheritance, which means that nDNA represents patterns of gene flow
to and from both sexes (Butler and Levin, 1998). Hence, many studies that had limited resolution
based on analysis of mtDNA were improved by incorporating nDNA microsatellites to further
assess population structure and dynamics (Moore, 1995; Godinho et al., 2008).

A major advancement in the use of nDNA in population studies was the discovery of
microsatellites or STRs (short tandem repeats) which have a relatively uniform distribution
throughout an organism’s genome (Queller et al., 1993). Microsatellites have repeat units of 1-6
base pairs in length and entire microsatellite regions are typically small enough to be amplified
using PCR (polymerase chain reaction). They are also abundant in the genome and are highly
polymorphic; making them ideal as genetic markers for population studies (Queller et al., 1993;
Bennett, 2000). The ability to add fluorophores of different colours to primers, and therefore
label the resulting PCR products, allows for several loci to be amplified and analyzed in one
reaction called a multiplex reaction (Church and Kieffer-Higgins, 1988; Bennett, 2000). These
multiplex reactions increase the efficiency of the genotyping process and allow for studies to be
carried out that look at the genetic relationships among groups, within groups, and between
individuals (Mann et al., 2000).

The analysis of nDNA microsatellites is now widespread (Maiers et al., 1996; Brown
Gladden et al., 1999; Burg et al., 1999; Mann et al., 2000; Witteveen et al., 2004; Frére et al.,

2010; Martien et al., 2012). The proportion of shared alleles at certain loci can be used to



estimate genetic relatedness patterns between individuals, which allows for inferences to be
made about aspects of population structure (Mann et al., 2000). More specifically, genetic
relatedness among social groups can be estimated by comparing allele frequencies from
microsatellites between individuals to infer information about the structure, mating systems and
stability of animal populations (Blouin et al., 1996).

Microsatellites were used to compare nuclear data with previously studied mtDNA data
on the distribution of select North American beluga whales (Brennin et al., 1997; O’Corry-
Crowe et al., 1997; Brown Gladden et al., 1999). Brown Gladden et al. (1999) found the nDNA
results matched previous mtDNA studies in that there was a non-uniform distribution of
microsatellite alleles between populations. From this study it was concluded that belugas from
different summering sites mate with individuals from other summering sites that winter in the
same location. However, belugas from different wintering grounds do not mate, as there was still
differentiation among whales from different wintering locations. Conversely, if mating of
different wintering groups did occur, then a relatively uniform distribution between
microsatellite alleles would have been observed. These results were reflected in a study by
Turgeon et al. (2012), which found that belugas in eastern and western Hudson Bay showed
differentiation of mitochondrial haplotypes, and represent distinct summering groups that follow
maternally-inherited migration patterns. However, microsatellite analyses showed a lack of
differentiation at the nuclear markers suggesting interbreeding between belugas from Hudson
Bay does occur on their wintering grounds (Turgeon et al., 2012).

Some studies have used results from relatedness data to conduct network analyses as a
means to further ascertain the complex social relationships of a particular population (Lusseau,

2003; Martien et al., 2012). This is a relatively new application of network analysis, which is a



long standing mathematical technique (Newman, 2006; Wey et al., 2008). In animal population
network analysis an individual is considered a “node”, and the connectivity of individuals and
groups is determined by the number and orientation of edges attached to each node. Through
network analysis, clustering patterns of individuals can be interpreted as a group that has a high
level of connectivity; furthermore, it can be possible to recognize specific nodes as “key players”

which are individuals that have a high level of connectivity (Newman, 2006; Wey et al., 2008).

Study Objective

The goal of this study was to investigate the social structure and finer-scale relatedness
patterns of the St. Lawrence River beluga population by genotyping microsatellites to conduct
network analysis. However, instead of looking at structuring differences between summering and
wintering sites, as was conducted in previous beluga whale studies on relatedness, | researched
the clustering patterns within one summering site (Brown Gladden et al., 1999).

Based on patterns observed in studies of large social animals such as elephants and other
whales (Mann et al., 2000; Archie et al., 2006), | hypothesized that the St. Lawrence River
beluga population follows a matrilineal social structure. Derived from field observations of
beluga whales in the St. Lawrence, it was predicted that the population would display
intrapopulation genetic clustering, with females being more clustered than males, representing
groups of closely related females. Consistent with matrilineal-based groups, it was also predicted
and that males would be more connected than females, since males should serve as a conduit of

gene flow between these clusters for reproduction with females from different matrilines.



Materials and Methods

Sample Collection and Preparation

Beluga whale skin samples were obtained in collaboration with the Group for Research
and Education on Marine Mammals (GREMM) using an air propelled dart that takes a small
biopsy from free-swimming whales (Barrett-Lennard et al., 1996). This method has been used
for collecting samples from many cetacean populations and research indicates that it does not
have any short- or long-term impacts on the whales, other than an initial startle response (Noren
and Mocklin, 2011). Tissue samples were also collected from dead individuals during
necropsies. All samples were stored in a 20% dimethyl sulfoxide solution (DMSQ) which
contains; 20% DMSO, 0.25 M Ethylenediamineteraacetic acid (EDTA) (pH 8.0) and is saturated
with sodium chloride (NaCl) (Seutin et al., 1991).

In preparation for DNA extraction, 35-45 mg of whale tissue from each sample were
weighed, then diced on a KimWipe using a scalpel blade. The sample and 100 pl of lysis buffer
were then added to a mortar that had been cooled with liquid nitrogen (LN). The purpose of lysis
buffer is to break open the cell membrane encasing the DNA and contains; 10 mM EDTA (pH
8.0), 2% sodium dodecyl sulfate (SDS), 40 mM Dithiothreitol (DTT), 10 mM Tris base (pH 8.0)
and 0.1 M NaCl (Budowle et al., 2000). The tissue was ground into a powder using a pestle that
had also been cooled with LN. The ground skin material was scraped from the mortar with a LN
cooled scoopula into a 1.5 ml tube and another 300 pl of lysis buffer was added. For each batch
of extractions, a positive control of beef muscle tissue was prepared in the same manner as the
beluga whale samples and a negative control — containing only reagents and no DNA — was also
prepared to identify if any of the extraction reagents were contaminated. Samples were incubated

at room temperature for 5-6 days, mixing two to three times per day by upending.



On the last day of incubation in the lysis buffer, 0.5 units per milligram of tissue (which
for a 40 mg sample is 20 units) of the enzyme proteinase K (pro-K) was added to each sample
tube, and mixed by flicking. After sitting overnight at room temperature samples received
another 20 units of pro-K, were mixed, placed in 65°C water bath for 1 hour, and then placed in
the incubator at 37°C for 1 hour. All samples had another 20 units of pro-K added, were mixed,

and left overnight at room temperature.

DNA Extraction

Phenol:chloroform methods were used to extract DNA from the beluga tissue samples. In
a fume hood an equal volume (400 pl) of phenol:chloroform was added to each sample and the
samples were upended for 5 minutes. After being spun in the centrifuge for 4 minutes at 12,000 x
g the aqueous layer was removed and aliquoted into to a new 1.5 ml tube. These steps were
repeated by adding another equal volume (400 pl) of phenol:chloroform to each sample. Then
the samples were upended for 5 minutes and spun in the centrifuge for 4 minutes at 12,000 x g.
After this second aqueous layer was transferred to a new 1.5 ml tube an equal volume (400 pl) of
chloroform was added to the tube, upended for 5 minutes, and spun in the centrifuge for 4
minutes at 12,000 x g. The aqueous layer was removed and aliquoted into a new 1.5 ml tube then
80 pl of 10 M ammonium acetate and 800 pul of 95% ice-cold ethanol were added to each sample,
and were mixed well. Samples were left if the freezer overnight to facilitate DNA precipitation.

After removing samples from the freezer, they were spun at 12,000 x g for 10 minutes,
and the ethanol was decanted. Then 100 pl of 70% ethanol was added to each sample and the
tubes were spun again at 12,000 x g for 10 minutes. After the 70% ethanol was decanted and a

KimWipe was used to remove excess ethanol, tubes were left open for 10-20 minutes to allow



any remaining ethanol to evaporate. Lastly a volume, enough to immerse the DNA pellet, of
TEo.1 pre-warmed to 65°C was added to each tube and mixed well to re-dissolve the pellet. TEq

IS a storage solution for DNA that contains 10 mM Tris (pH 8.0) and 0.1 mM EDTA (pH 8.0).

Assessing DNA Quantity and Quality

DNA concentrations were initially estimated based on spectrophotometery using a
NanoDrop 2000 (Thermo Scientific). The NanoDrop was blanked using TEq; and four calf
thymus standards at know concentrations of 50 ng/ul, 10 ng/ul, 5 ng/ul, and 1 ng/ul were used
for calibration. Based on the amount of TE,; that each sample was diluted in, the concentration
readings from the spectrophotometer were used to estimate the yield of DNA in each sample as
well as create 5 ng/ul dilutions to be used for further assessments of DNA quality and quantity in
an agarose gel.

Agarose gel electrophoresis was used as a second method of estimating the quantity of
DNA in each sample, as well as to assess the amount of DNA degradation in each. Twenty
nanograms of DNA were loaded into 2% agarose gels stained with the intercalating dye ethidium
bromide. With every gel a Low Mass DNA Ladder (Invitrogen) was added to the first well, as a
standard to which DNA samples could be compared to assess DNA quality and quantity (Figure
1). Based on the intensity (fluorescence) of each sample, the DNA concentration and yields are
re-estimated and a functional concentration was calculated which was then used to make new 5

ng/ul dilutions to be used for further DNA analyses.



Sexing Beluga Samples

Two regions of the nDNA were targeted and amplified to assign a sex to each individual,
using the primer pairs described in Gilson et al. (1998). One pair (P1-5EZ and P2-3EZ)
amplified a 445 base pair (bp) portion of a zinc finger transcription factor gene present on both
sex chromosomes (Table 1). The second region, a 224 bp region of the SRY gene located on the
Y-chromosome of males, was amplified using the forward and reverse primers Y53-3C and Y53-
3D respectively (Table 1). PCR amplifications were conducted in 20 pl reaction volumes
containing; 10 ng of DNA, 1X PCR buffer (20 mM Tris-HCI (pH 8.4), 50 mM KCI)
(Invitrogen), 1.5 mM MgCI; (Invitrogen), 0.2 mM of each dNTP, 0.4 mg/ml BSA, 0.3 ul Taq
polymerase (Invitrogen) and 0.3 uM of each primer. Cycling conditions consisted of an initial
denaturing step for 5 minutes at 95°C to better separate the long fragments of double stranded
DNA, 30 cycles of 95°C for 30 seconds, 55°C for one minute, 72°C for one minute, and a final
extension step of 64°C for 45. Every round of samples run through these PCR conditions also
contained a positive control in which 10 ng calf thymus DNA were added and a negative control
in which 2 pl of reagent water were added in place of DNA.

PCR products were run on a 2% agarose gel stained with 0.5 pl/mL ethidium bromide
and visualized under UV light. For each sample 4 pl of PCR product were combined with 2 pl of
Orange G loading dye. A sample that has two bands indicates the sample is a male, while a

single band is indicative of a female (Figure 2).

Microsatellite Genotyping

Each sample was amplified at 22 microsatellite loci using protocols that had previously

been developed in our laboratory (Table 2). The forward primers are labelled with one of four



fluorophores; 6-FAM, VIC, NED or PET (Applied Biosystems) which visualizes the alleles at
loci as either blue, green, yellow or red, respectively. PCR amplifications of microsatellite loci
were conducted in 10 pl reaction volumes containing; 10ng of DNA, 1X PCR buffer
(Invitrogen), 1.5 mM MgClI; (Invitrogen), 0.2 mM of each ANTP, 0.16 mg/ml BSA, 0.05 u/ul
Taq polymerase (Invitrogen) and concentration specific to each primer (Table 2). Cycling
conditions were as follows: 5 minutes at 95°C, 30 cycles of 95°C for 30 seconds, annealing
temperature (Ta, Table 2), 72°C for one minute, and a final extension step of 64°C for 45
minutes. Every round of samples run through these PCR conditions also contained a negative
control in which 2 pl of reagent water were added in place of DNA.

In preparation for genotyping, the PCR product of the target regions were first diluted by
combining 2 ul of PCR product with 18 ul of water, then 2 ul of each dilution was suspended in
10 pl HiDi formamide that also contained a size standard called GS600 which is labelled with
LI1Z, the orange fluorescent tag (Applied Biosystems). PCR products were size-separated and

visualized via capillary electrophoresis on an ABI 3500xI genetic analyser.

Microsatellite Scoring, Relatedness and Network Analysis

Microsatellite alleles at each locus were scored using the GeneMarker 2.2 computer
software (SoftGenetics) (Figure 3). Allele calls were edited manually at the 22 loci to ensure
correct scoring. Any scores that were difficult to call were re-assessed by the principle
investigator (Tim Frasier) to either come to a consensus on the appropriate call, or to conclude
not to score a specific locus for an individual. Unsuccessful loci and samples were removed from
the dataset for further analysis since samples with a lack of loci information have the potential to

sway the data and provide results that are not representative of the population.



Network analysis was initiated by first creating pairwise matrices of the relatedness of
genotypes, by using the relatedness estimator described in Li et al. (1993), and the software
program GeNetwork (Frasier, 2011). Once relatedness between genotypes was estimated, the
statistical program R was used to perform individual-based network analyses on the genetic data
using the igraph package (Csardi and Nepusz, 2006; R Development Core Team, 2012). There
are many methods for estimating the existence of group structures within a network; however the
fast greedy community cluster analysis was the most appropriate fit for the data.

Network analyses were then conducted independently for males and females to test for
patterns of clustering within each of the sexes. There are several means to quantify how
“connected” individuals are within a network, essentially how many connections go through
each individual. One metric of this is called “eigenvector centrality”, which measures the
strength of connectivity of each individual relative to other individuals within the same network
(Croft et al., 2008). Individuals with high eigenvector centrality are those which are connected
to many other individuals, and conversely, individuals with low eigenvector centrality are those
which have few connections to other individuals within the same network. The eigenvector
centrality values between males and females in the St. Lawrence beluga network were plotted
and compared.

The metric of “modularity” was calculated for the total beluga network, based on the
fastgreedy community cluster analysis. Modularity measures how well divided clusters of a
network are relative to the total groups within a network, and reflects the concentration of
individuals within identified clusters compared to the random distribution of all individuals in
the network (Croft et al., 2008). A low modularity value would indicate connections between

individuals are relatively equal, whereas a high modularity value would represent a network that



has many close connections between individuals within clusters, but sparse connections between
individuals belonging to different clusters. GeNetwork was then used to calculate the
significance of clustering patterns in the beluga network by comparing the modularity of the
observed network to the expected modularity values of 100 randomly generated, non-clustered
populations, consisting of the same number of individuals. Modularity values were also
established for each sex separately, and the modularity of these observed male and female
networks were tested for significance following the same methods of analysis carried out for the
total beluga network.

The resulting networks were then combined with the long term field photo-identification
data obtained in collaboration with GREMM, such as whether the sample was taken from a live
individual or during a necropsy, as well as the gender of the samples, to identify association
patterns among individual beluga whales. Networks were visualized using the software program

Cytoscape (Smoot et al., 2011).



Results

Most of the samples showed a bright band with high molecular weight when assessed for
DNA quality and quantity (Figure 1). Samples that did not appear in the initial assessment of
DNA on the 2% agarose gel still contained enough DNA for analysis, since the amplification of
the target loci in the multiplex reactions were successful. Of the 222 samples used for analysis,
214 amplified successfully using the primers for sexing, 126 of which were males and 88 of
which were identified as females (Figure 2).

Previous members of our laboratory extracted and amplified 177 beluga samples,
following the same protocol as was followed for the 68 samples | extracted, for a total of 245
samples that required microsatellite analysis. Out of the 22 loci amplified in the multiplex
reactions, 16 were ultimately used for the subsequent analyses. Six loci (FCB4, TexVet5,
TexVetl9, Mk6, GATAO018 and Ev1Pm) were excluded from the relatedness and network
analysis due to a lack of samples with successful allele scores. Additionally, any samples missing
data from five or more loci were also not included in subsequent analyses. This resulted in 222
samples amplified at a minimum of 11 loci being used to represent the St. Lawrence River
beluga whale population in the network analysis and calculation of population metrics.

Network analyses based on the pairwise relatedness showed evidence of clustering, with
clustering analysis detecting four clusters in the beluga population (Figure 4). The modularity of
the total beluga network was estimated at 0.164 (Figure 5). Although distinct clusters are not
immediately detectable with the eye, the degree of clustering within these data is statistically
significant, as indicated by the modularity of the observed network being significantly higher

than those from the simulated data sets (P < 0.01).



Network analyses were then conducted independently for males and females to test for
patterns of clustering within each of the sexes (Figure 6, Figure 7). The modularity of the male
network was 0.156, which was not significantly more clustered than the simulated networks,
with 10 of the simulated networks having as high, or higher, modularity than the observed data
(P <0.1) (Figure 8). The modularity of the female network was 0.206, which was significantly
higher than expected based on the simulated networks (P < 0.01) (Figure 9). Three main clusters
were found in the female network, which are colour-coded for better visualization in Figure 10.
The eigenvector centrality values for males have higher values than females, and this difference

is statistically significant (Wilcoxon rank-sum test, P = 0.00036) (Figure 11).



Discussion

Network analysis based on the pairwise relatedness shows evidence of clustering. The
high degree of clustering within these data indicates that there is significant sub-structuring
within the population and that the clusters represent groups of closely related individuals. From
the separated male and female information the results show that only females have significant
clustering patterns. This indicates that the clustering pattern of the entire St. Lawrence Beluga
population is driven by patterns of relatedness in females, which suggests a matrilineal-based
social structure.

The difference in eigenvector centrality values for males and females clearly show that
males have significantly higher values than females, which indicates that males are “more
connected” than females. Males possess the main flow of connections between the different
clusters, with few connections directly linking females from different clusters. The higher
connectivity that males have in comparison to females is representative of their role in
facilitating gene flow between the identified clusters for reproduction with females from
different matrilines.

The resulting data from this study shows there is intrapopulation clustering in the St.
Lawrence River beluga network, with the cluster patterns reflecting patterns of relatedness
within the population. The data show that females are more clustered than males. This indicates
that females are maternally related, since there is a higher proportion of shared alleles at the
scored microsatellite loci between females of closer genetic relatedness than between unrelated
individuals. If belugas in the St. Lawrence follow a matrilineal social structure, with individuals
primarily associating with matrilineal-based groups, it is expected that each female would have a

cluster of maternal relatives within the population, with male movements facilitating gene flow



between these clusters for reproduction with females from different matrilines. This is the pattern
that was found in the genetic networks.

There are several reasons that could explain why beluga whales group together based on
genetic relatedness. Ecological constraints of being a small population and having low
reproduction rates may have made group living more beneficial by clustering based on pairwise
relatedness as a means to better each individual’s inclusive fitness (Clutton-Brock, 2009; Emlen,
1982a, 1994; Keonig et al., 1992). Furthermore, site fidelity and learned behaviour of the
neonates from the mother could be at play (Brodie, 1971; Brennin et al., 1997). Since the
population consistently returns to the same summering location of the St. Lawrence River,
clusters may also be returning to specific areas within the estuary as well. Beluga whales also
lactate over a two year period; however the neonate may spend three or more years with its
mother (Brodie, 1969). Therefore, the relatively long lactation time beluga calves are subjected
to would allow the neonates to learn their mother’s migratory route, leading to site fidelity, and
eventually genetic differentiation of clusters within the population if females show preferential
use of areas within the estuary (Brodie, 1971).

This research is part of an on-going project that will continue to add more samples
annually to the existing dataset. The subsequent addition of future samples will create a more
comprehensive understanding of the St. Lawrence River beluga population dynamics and social
structure by increasing the accuracy of information on relatedness of the individuals within the
population. Comparing known association patterns identified through photo-identification with
these network data will give a good perception to understanding the dynamics of the St.

Lawrence River beluga population.



Further analysis could be done which explore the female social structure more closely to
investigate if there are key players within each matrilineal cluster. Key players in a network are
individuals that have a higher connectivity compared to others in the population (Newman, 2006;
Wey et al., 2008). This type of analysis could help reveal if the matrilineal social groups contain
dominant females, which would be representative of a matriarchal society, such is the case for
wild African elephants (Archie et al., 2006).

A continuation of this research will combine the network data from this study with field
observations as a means to identify how the genetic clusters reflect habitat-use patterns and
differential exposure to anthropogenic disturbances in the St. Lawrence River, such as toxins,
vessel traffic, and habitat degradation (Bailey and Zinger, 1995; Environment Canada, 1992;
1997; Richman and Dreier, 2001; Martineau et al., 2002). This is an important application since
this population is endangered; it is listed as near threatened on the international union for the
conservation of nature (IUCN) red list, as threatened by the committee of the status of
endangered wildlife in Canada (COSEWIC) and are listed on schedule 1 of the species at risk act
(SARA). Once data on differential exposure to contaminant loads are available, having access to
the genetic network data from this research will provide a means to correlate the observed
differential use of identified clusters of belugas to the exposure rates of pollution and other
anthropogenic disturbances, so that conservation initiatives targeting the most highly affected
areas can be created.

Another future goal is to genetically link dead individuals, who cannot be identified
based on natural markings, back to specific clusters of previously sampled individuals, since not
all deceased individuals were also sampled when they were alive. This will provide a way to link

life history data with information obtained during the necropsy, such as exposure to toxic



chemicals, which may correspond to preferential use of the St. Lawrence estuary of the cluster
from which the individual belonged. For creating conservation strategies it will be informative to
link dead individuals to previously established clusters within the St. Lawrence River beluga
population network if these clusters of individuals show differential habitat use patterns and
therefore have differential exposure rates to anthropogenic disturbances. Separating the sample
types into categories of live individuals and dead individuals is a step towards establishing the

foundation for this avenue of research (Figure 12).



Table 1. Primers used to sex the beluga whale DNA samples by amplifying the sex determining
regions in the genome of mammals.

Primer Reaction Ta (°C) Reference
Concentration (UM)

P1-5EZ 0.3 55 Aasen and Medrano, 1990

P2-3EZ 0.3 55 Aasen and Medrano, 1990

Y53-3C 0.3 55 Gilson et al., 1998

Y53-3D 0.3 55 Gilson et al., 1998




Table 2. Primers used to amplify microsatellites in the genome of beluga whales with the use of
fluorescent labels and ten multiplex reactions. There are 22 primer pairs in total and all amplify
dinucleotide microsatellite repeats, except for GATA417 and GATA028 which amplify

tetranucleotide microsatellite repeats.

Primer Fluorescent  Multiplex Reaction Ta Reference

Label Reaction  Concentration (uM)  (°C)
IGF1 VIC #1 0.2 58 Barendse et al., 1994
Ev14Pm 6-FAM #1 0.3 58 Valsecchi and Amos, 1996
GATA417 PET #1 0.3 58 Palsbell et al., 1997
RW31 VIC #2 0.18 52 Waldick et al., 1999
SW19 PET #2 0.4 52 Richard et al., 1996
FCB14 VIC #3 0.35 55 Buchanan et al., 1996
RwW34 6-FAM #3 0.35 55 Waldick et al., 1999
RW48 VIC #4 0.35 52 Waldick et al., 1999
FCB3 VIC #5 0.3 58 Buchanan et al., 1996
Ev37Mn VIC #6 0.3 54 Valsecchi and Amos, 1996
FCB17 6-FAM #6 0.85 54 Buchanan et al., 1996
FCB5 NED #6 0.45 54 Buchanan et al., 1996
FCB10 6-FAM #6 0.6 54 Buchanan et al., 1996
Ev94Mn 6-FAM #7 0.8 56 Valsecchi and Amos, 1996
FCB6 NED #7 1.2 56 Buchanan et al., 1996
FCB1 VIC #7 0.45 56 Buchanan et al., 1996
FCB4 PET #8 0.2 58 Buchanan et al., 1996
TexVet5 NED #9 0.3 52 Rooney et al., 1999
GATAO028 NED #9 0.4 52 Palsbell et al., 1997
MK®6 VIC #9 0.3 52 Kritzen et al., 2001
TexVetl9 6-FAM #9 0.3 52 Rooney et al., 1999
EviPm NED #10 0.3 52 Valsecchi and Amos, 1996
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Figure 1. Example of a 2% agarose gel stained with ethidium bromide loaded with
20ng DNA dyed with Orange-G for assessment of DNA quality and quantity. (+)
indicates a positive male calf thymus standard. Samples #45 and #49 show DNA of

low quantity while all other labelled samples show DNA with high molecular weight
bands.
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Figure 2. Example of a 2% agarose gel stained with ethidium bromide for
visualization of Sexing PCR product for determination of sex. A single band indicates
a female while two bands indicate a male. (+) indicates a positive male calf thymus
standard. Samples #3 and #4 indicate scorable females, while samples #6 and #8
indicate scorable males.
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Figure 3. An example of an electropherogram of the amplified loci FCB1, FCB6 and Ev34Mn in Multiplex #1. The
peaks for FCB1 and Ev34Mn show this individual is heterozygous at those loci. The peaks for FCB6 show this
individual is homozygous at that locus.
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Figure 4. Network of the St. Lawrence beluga population (222 samples) based on
pairwise relatedness values. Pairwise sharing values less than 0.4 were filtered out for
better visualization. Each node represents one individual; the edges represent the
number of connections between the individuals. The edge length between nodes is
proportional to the genetic distance. The clustering in this network is significant (P <
0.01).
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Figure 5. Network of the St. Lawrence beluga population (222 samples) based on
pairwise relatedness values. Pairwise sharing values less than 0.4 were filtered out for
better visualization. Males are shown in blue (126 samples), females in red (88
samples), and individuals of unknown gender in black (8 samples).
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Figure 6. The modularity value for the St. Lawrence beluga population is estimated
at 0.164 as represented by the red dotted line. This value falls outside of the expected
modularity values of 100 randomly generated networks of 222 individuals. This
measure of clustering is significant (P < 0.01).




Figure 7. The networks of each sex in the St. Lawrence River beluga population independently. Pairwise sharing
values less than 0.4 were filtered out for better visualization. The network for males is on the left, females on the
right. Clustering patterns exist for both sexes, but this pattern is only significant for females (males, P > 0.1; females,
P <0.01).
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Figure 8. The modularity value for the St. Lawrence River male beluga population
is estimated at 0.156 as represented by the blue dotted line. This value falls within the
expected modularity values of 100 randomly generated networks of 126 individuals.
This measure of clustering is not statistically significant (P > 0.1).
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Figure 9. The modularity value for the St. Lawrence River female beluga
population is estimated at 0.206 as represented by the red dotted line. This value falls
outside of the expected modularity values of 100 randomly generated networks of 88
individuals. This measure of clustering is significant (P < 0.01).




Figure 10. The network of the St. Lawrence River female beluga population
independently. Three main clusters exist based on the fast greedy community cluster
analysis. These groups have been colour-coded for enhanced visualization.
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Figure 11. Box plot of the eigenvector centrality values for males and females in the
St. Lawrence River beluga population network. The data clearly show that males
have higher values than females and are therefore more connected than females. The
difference for this measure for connectivity is statistically significant (P = 0.0004).




Figure 12. Network of the St. Lawrence beluga population (222 samples) based on
pairwise relatedness values. Pairwise sharing values less than 0.4 were filtered out for
better visualization. Samples taken from live individuals are represented in black and
samples collected from dead individuals are represented in yellow.
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