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Abstract

Characterizing the population genetic structure of a species can provide insight into
isolating effects of local adaptation and genetic drift, and homogenizing effects of gene flow.
The relative interplay between gene flow and genetic drift can indicate whether multiple
conservation units are needed to preserve biodiversity. Baja California, Mexico is a biodiversity
hotspot where many individuals are genetically differentiated from conspecific individuals
breeding elsewhere. Cassin’s auklet (Ptychoramphus aleuticus), a zooplanktivorous seabird,
breeds in colonies along the Pacific coast of North America. One subspecies, P. a. australe, is
described from Baja California and another, P. a. aleuticus, is described from the rest of its range
to the Aleutian Islands, Alaska. Many of the colonies throughout its range have been declining in
numbers likely as a result of decreases in food availability in cold-water upwellings along the
coast. The mitochondrial control region and eleven nuclear microsatellites were analysed using
programs based on coalescent and Bayesian theory to determine how the southern subspecies

compares genetically to the main subspecies.

First, population genetic structure was characterized throughout Cassin’s auklet’s
breeding range using pairwise genetic differentiation indices, hierarchical analysis of variance,
statistical parsimony and Bayesian clustering methods. The two subspecies were genetically
differentiated but individuals breeding in the Channel Islands were more genetically similar to P.
a. australe individuals. Population genetic differentiation was not evident within the two genetic

groups.

Second, gene flow between the two genetic groups was estimated using coalescent and

Bayesian methods. Significant gene flow was estimated from the northern group (Aleutian



Islands to Southeast Farallon Islands) into the southern group (Channel Islands to San Benito
Island) but not from the southern group into the northern group since the time of divergence,
possibly as a result of the non-breeding distribution. Results show that the two genetic
populations diverged recently and the populations have experienced a recent population change
in size. Restrictions in home range and foraging range may cause population genetic
differentiation, resulting in two distinct management units. Genetic differentiation of the
southern population provides support for Baja California and southern California being a

biodiversity hotspot.
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Chapter 1: Introduction and Literature Review

General introduction

Determining the population genetic variation of a species and understanding how
populations diverge is an integral part of characterizing biodiversity. Gene flow can connect
fragmented populations genetically and help maintain population genetic diversity by
counteracting genetic drift. Conversely, if barriers to gene flow exist, populations have the
potential for local adaptation and divergence. However, divergence can also occur with gene
flow and quantifying the relative interplay between local adaptation, genetic drift and gene flow
can provide insight into how species diversify. In addition, describing historical and
contemporary gene flow between populations can aid in implementing effective conservation

efforts.

Seabirds provide interesting systems for studying microevolutionary processes such as
genetic drift and gene flow because population genetic structure may be influenced by both
physical and non-physical barriers to gene flow (reviewed in Friesen et al. 2007). Most seabirds
are capable of flying long distances allowing for possible population genetic admixture (e.g.
wandering albatross, Diomedea exulans, Milot et al. 2008). However, seabirds often exhibit high
natal philopatry which could isolate colonies and result in population genetic structure (reviewed

in Friesen et al. 2007).

In this introduction, the hypothesis that the southern subspecies of Cassin’s auklets
(Ptychoramphus aleuticus) is genetically differentiated from the northern subspecies is reviewed,

testing the importance of Baja California as a biodiversity hotspot.



Baja California as a biodiversity hotspot

Baja California, Mexico, is a biodiversity hotspot, where individuals of many species are
genetically differentiated from conspecific or congeneric individuals breeding elsewhere. Baja
California has been ranked as having the second highest percentage of endemic species of Indo-
Pacific reef fish (Allen 2008) and is well known for its high percentage of endemic species of
vascular plants (Riemann and Ezcurra 2005). Guadalupe Island in particular is recognized for its
wide array of contemporary and historical endemic species across many taxonomic levels
including marine invertebrates (Hubbs 1960), littoral marine plants (Neushul et al. 1967), seed
plants (Thorne et al. 1969), other flora (Thorne et al. 1969, Garcillan et al. 2008), deep-sea
benthic fish (Hubbs 1960) and birds (Barton et al. 2004 and references therein) including
seabirds such as Xantus’s murrelet (Synthliboramphus hypoleucus, Birt et al. 2012) and Leach’s
storm-petrel (Oceandroma leucorhoa, Friesen et al. unpubl.). Guadalupe Island is an oceanic
volcanic island that is situated approximately 260 km west of the Baja California Peninsula,
isolating individuals from conspecifics on the mainland (Neushul et al. 1967, Riemann and

Ezcurra 2005, Garcillan et al. 2008).

Changes in oceanographic and climatic conditions from Baja California, Mexico to Point
Conception, California, may also contribute to the high diversity of taxa in this area (Neushul et
al. 1967, Dawson et al. 2001). The California Current flows south along the coast of California
until reaching Point Conception where the current flows east, creating different oceanographic
conditions above and below this point (Neushul et al. 1967). In southern and central California, a
southern counter-current flows northward creating local upwellings (Dawson et al. 2001).

Phylogeographic breaks occur at varying latitudes in this area, suggesting that specific barriers to



gene flow differ between species depending on their ecology and history, resulting in a transition

zone in southern California (Dawson et al. 2001).

The study species: Cassin’s auklet

Cassin’s auklet (Charadriiformes: Alcidae), a burrow-nesting seabird, breeds along the
Pacific coast of North America, with colonies on islands from Baja California, Mexico to the
Aleutian Islands, Alaska (Gaston and Jones 1998, Ainley et al. 2011; Figure 1). Currently, one
subspecies, P. a. australe, has been described from Baja California, and another, P. a. aleuticus,
from the remainder of the range (Gaston and Jones 1998, Ainley et al. 2011). Although the
subspecies are similar morphologically, the northern subspecies has a slightly longer body and
larger body mass with a clinal decrease in body mass from north to south (Gaston and Jones
1998, Ainley et al. 2011). Natal philopatry appears to be prevalent in Cassin’s auklets but
experience at a breeding site was not correlated with reproductive success (Pyle 2001, Pyle et al.
2001). Cassin’s auklets appear to be socially monogamous but most social behaviour occurs in
their burrows (Gaston and Jones 1998). Observations of pairs of Cassin’s auklets leaving the
Triangle Island and Frederick Island breeding sites suggested pairing occurs at the nesting
colony but copulation may occur at sea like Aethia species (Gaston and Jones 1998). Mate
switching appears to be rare (Pyle et al. 2001, Ainley et al. 2011) but is more common when a
breeding season is skipped (Pyle et al. 2001). The timing of breeding varies along the Cassin’s
auklet breeding range with laying of one egg in November in Baja California, March to May in
central California, late March to April in British Columbia and early May in the Aleutian Islands
(Gaston and Jones 1998). Cassin’s auklets are zooplanktivorous, feeding on mainly copepods
and euphausiids near the continental shelf break (Gaston and Jones 1998, Bertram et al. 2001,

2009, Abraham and Sydeman 2004).



Reproductive success depends on the availability of appropriate nesting habitat as well as
proximity to and availability of prey food resources (e.g. Lee et al. 2007, Hipfner 2008, Wolf et
al. 2009). Cassin’s auklets are tightly associated with cold-water upwellings because
reproductive success mainly depends on the availability of euphausiids (Bertram et al. 2001,
Hyrenback and Veit 2003). The highest abundance of euphausiids in the North Pacific occurs in
cold water upwellings where nutrient-rich water is brought to the surface as a result of winds
hitting the coast (Huyer 1983, Legaard and Thomas 2006). The strength, duration and timing of
upwellings differ along the Pacific coast. In the north, upwellings occur along the Aleutian
Islands arc (Stephensen and Irons 2003) and a down-welling regime occurs frequently in the
Gulf of Alaska (Day 2006). The North Pacific Current flows east from the central Pacific and
bifurcates in mid-British Columbia (Huyer 1983, Legaard and Thomas 2006). North of this
bifurcation, the upwellings are seasonal and fairly weak compared to the Central California
Current that flows from Vancouver Island to central California and is seasonal but strong (Huyer
1983, Legaard and Thomas 2006). The southern part of the California Current from southern
California to Baja California produces moderate upwellings all year round (Huyer 1983, Legaard
and Thomas 2006). These predictable food resources in central California are likely the largest
support for a year round resident population of Cassin’s auklets and possibly support migrants

from farther north (Adams et al. 2004).

Cassin’s auklets appear to adjust the timing of their breeding to coincide with the highest
abundance of euphausiids at the highest peak of upwellings (Abraham and Sydeman 2004,
Hipfner 2008, Bertram et al. 2009, Wolf et al. 2009). However, these cold upwellings are
affected by changes in the sea surface temperature (e.g. Huyer 1983, Hyrenbach and Veit 2003).

As the surface temperature increases, the cold water upwellings are reduced, decreasing the



amount of primary productivity (Huyer 1983, Hyrenbach and Veit 2003). Since Cassin’s auklets
feed at a lower trophic level than other predators, they are more directly linked to ocean
processes and thus may be more sensitive to changes in upwellings (Abraham and Sydeman
2004, Wolf et al. 2009). Abraham and Sydeman (2004) found that in the 1983, 1992 and 1998
breeding seasons during the warm phase of the El Nifio Southern Oscillation, the hatch dates of
Cassin’s auklets at Southeast Farallon Island were later in the season, likely as a result in the
shift of prey availability due to a reduced upwelling. Similarly, at Triangle Island, British
Columbia, when sea surface temperatures were warmer, the timing and duration of the peak of
highest prey availability was mismatched with the timing of Cassin’s auklets breeding, causing a
decrease in nestling growth rates and a lower probability of surviving to fledging age (Bertram et
al. 2001, Hipfner 2008). To test this directly, Hipfner et al. (2010) removed the egg of the first
breeding attempt from a sample of birds breeding on Triangle Island. The pairs that relaid
(experimentally delayed timing of breeding) had a reduced fledging success rate than the control

pairs that laid earlier (Hipfner et al. 2010).

Although numbers of Cassin’s auklet have been stable at approximately 3.5 million
individuals (Ainley et al. 2011), previous studies showed declines at some colonies throughout
the breeding range. At the largest Cassin’s auklet colony in California at Southeast Farallon
Island, burrow occupancy declined by approximately 6.1% per year between 1971 and 2002 (Lee
et al. 2007). Moreover, in the spring of 2005 on Southeast Farallon Island, Cassin’s auklets
abandoned the island completely and the reproductive success decreased to zero as a result of an
atmospheric blocking event where the jet stream was farther south than usual, disrupting the
California Current System (Sydeman et al. 2006). Although declines in the population have been

noted before, in 35 years of monitoring, a decline of this magnitude has never been seen



(Sydeman et al. 2006). In addition to the recent decline at Southeast Farallon Island, Wolf et al.
(2010) used a mid-level emissions model for climate change and Cassin’s auklet demographic
population model to predict that the Southeast Farallon Island Cassin’s auklet population growth

rate (A) could decline by 11-45% by 2099.

In addition to ocean-wide climate processes differentially affecting the currents along the
coast, the local oceanographic environment also varies from colony to colony (Wolf et al. 2009).
Whereas the colonies in the California Current System were strongly impacted by oceanographic
climatic conditions, impacts were less pronounced in the northern colonies (Gaston et al. 2009).
Cassin’s auklets’ burrow occupancy declined by 2.3% per year at the largest Cassin’s auklet
colony, on Triangle Island, British Columbia, between 1984 and 1999 but the number of
Cassin’s auklets appeared more stable between 1999-2004 (Gaston et al. 2009). In addition,
Rodway and Lemon (2011) noted a decline of 32% in burrow occupancy on Rankine Island in
Haida Gwaii, British Columbia between 1984 and 2000, but some recovery seems to have
occurred between 2000 and 2010. Similar to Southeast Farallon Island, the reduced upwellings in
2005 resulted in the lowest Cassin’s auklet occupancy recorded on Triangle Island (Sydeman et
al. 2006), but breeding success was stable in the northern British Columbia colonies (e.g.
Frederick Island) where Cassin’s auklets depend more on downwellings for prey (Gaston et al.
2009). Currently, the Committee on the Status of Endangered Wildlife in Canada (COSEWIC) is

reviewing whether Cassin’s auklet should be listed in Canada.

Along the Aleutian Islands the current distribution of Cassin’s auklets is much more
fragmented than it was previously, despite the availability of suitable nesting habitat (Bailey
1993, Stephensen and Irons 2003, Byrd et al. 2005). Islands that currently have an abundant

population of Cassin’s auklets (e.g. Buldir Island) never had foxes (red foxes, Vulpes vulpes and
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Arctic foxes, Alopex lagopus) or Norway rats (Rattus norvegicus), suggesting that introduced
predators extirpating colonies have created this fragmented distribution (Byrd et al. 2005). This
led the United States Fish & Wildlife Service (2006) to designate Cassin’s auklets as having high
conservation concern in Alaska. Furthermore, breeding colonies of Cassin’s auklets are absent
from the Gulf of Alaska (Gaston and Jones 1998) despite seemingly suitable habitat (Stephensen
and Irons 2003). Stephensen and Irons (2003) suggested the lack of least and crested auklets
(Aethia pusilla and Aethia cristatella, respectively) in the Gulf of Alaska may be due to the
limited appropriate nesting habitat due to vegetation growing quickly over the rock crevices,
blocking entrances to nesting sites. Many of the Cassin’s auklet colonies on islands in Mexico
have also been extirpated by predators, although some islands have been recolonized (Wolf et al.
2006). The various magnitudes of decline of Cassin’s auklet colonies demonstrate the
importance of characterizing population genetic diversity to determine the appropriate number of

conservation units.

Describing population genetic variation for conservation

Defining conservation units can lead to more effective allocation of limited funds for
populations that are in need of management. Evolutionary significant units (ESUs) are
populations that are both geographically and genetically distinct (reviewed in Moritz 1994,
Crandall et al. 2000, Funk et al. 2012). The amount of genetic differentiation suggested to
consider populations as separate ESUs varies among studies (Moritz 1994). In general, reciprocal
monophyly of mitochondrial alleles suggests historical isolation of populations leading to
population distinctiveness (Moritz 1994). More recently, restricted gene flow between lineages
has been used to diagnose ESUs (Fraser and Bernatchez 2001). However, both neutral and

adaptive variation should be assessed to delineate ESUs (Crandall et al. 2000, Fraser and
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Bernatchez 2001, Funk et al. 2012). In contrast, contemporary population structure based on
neutral variation can be used to infer management units (MUs), which are demographically

(Moritz 1994) but not genetically isolated (Faubet et al. 2007, Funk et al. 2012).

Determining population genetic variation and structure

To obtain independent estimates of genetic variation within and between populations of
Cassin’s auklets, the mitochondrial control region and 11 nuclear microsatellites were analysed
in the present study. The mitochondrial control region is a non-coding, hypervariable region of
the mitochondrial genome that has a high mutation rate (Baker and Marshall 1997).
Mitochondrial DNA is haploid and maternally inherited in vertebrates, thus has one-fourth the
effective population size of nuclear DNA, making it more sensitive to changes in population size
and gene flow than nuclear DNA (Moore 1995). Microsatellites are short tandem repeats of two
to six nucleotides in the nuclear genome (McDonald and Potts 1997). Due to slippage of DNA
polymerase during replication and errors in crossing-over, different numbers of repeats arise
producing distinct alleles (McDonald and Potts 1997). As a result of typically high mutation rate
of microsatellites, recent changes in gene flow and population size are detectable, but homoplasy

occurs more frequently than in mitochondrial DNA (Estoup et al. 2002).

Genetic variation can be measured within and among populations to characterize
population genetic structure and gene flow within a species. Wright’s (1951, 1965) F-statistics
and Cockerham’s (1969) 0-statistics are based on the relative allele frequencies at the individual,
sub-population and total population levels. Fst, the standardized index of genetic variance, is
used to characterize population genetic differentiation by estimating the variance in allele

frequencies between sub-populations within the total population (i.e. between populations within



a species; Holsinger and Weir 2009). By using an analysis of molecular variance (AMOVA) to
estimate hierarchical F-statistics, such as Fcr (the genetic variance between population groups)
and Fsc (the genetic variance within population groups), populations can be partitioned into

groups to maximize Fcr and minimize Fsc.

Determining population genetic structure from Fst estimates introduces bias because the
populations have to be defined a priori (Pritchard et al. 2000). In contrast, the program
STRUCTURE (Pritchard et al. 2000) uses a Bayesian maximum likelihood assignment method
using a Markov Chain Monte Carlo (MCMC) to estimate the number of genetic clusters that best
describes the data by assigning individuals to clusters based on their individual genotype and not
sampling location (Pritchard et al. 2000). The genetic clusters are formed by minimizing

deviations from Hardy-Weinberg equilibrium and linkage equilibrium (Pritchard et al. 2000).

Estimating gene flow

Estimating past migration rates from contemporary population genetic variation can be
difficult due to the generally complex histories of populations (Hey and Nielsen 2004). In
Whitlock and McCauley’s (1999) review of Wright’s (1931) population island model, they
discuss how estimating the number of migrants (Nm; where N is the effective population size
and m is the migration rate) from Fst values makes many assumptions that are not usually true in
wild populations (e.g. equal exchange of genetic material between populations, large and
constant population sizes, migration-drift equilibrium). Hey and Nielsen (2004) developed an
isolation-with-migration model based on coalescent theory that accounts for the possibility of
gene exchange during divergence. It considers a situation in which one ancestral population

diverges into two populations at a certain time, following which symmetrical or asymmetrical



migration may have occurred (Hey and Nielsen 2004). However, the isolation-with-migration-
analytic model implemented in IMa (Hey and Nielsen 2007) has the following assumptions: the
molecular markers used are selectively neutral, recombination rate is zero, other populations are
not exchanging genes with the two focal populations, and population structure is not evident

within the two focal populations (Hey and Nielsen 2004).

The isolation-with-migration model is useful to estimate average gene flow among
populations since the time of divergence (Hey and Nielsen 2004). However, the timing of gene
flow also can provide insight into historical versus contemporary evolutionary processes.
Specifically, the amount of contemporary gene flow can indicate demographically isolated
populations, useful for determining management units (Faubet et al. 2007). The program
BAYESASS uses a Bayesian method to estimate the amount of gene flow that has occurred
among populations within the last few generations (Wilson and Rannala 2003). Some key
assumptions are relaxed in the model implemented in BAYESASS, where deviations from
Hardy-Weinberg equilibrium are tolerated but linkage equilibrium is assumed (Wilson and

Rannala 2003, Faubet et al. 2007).

Obijectives and hypotheses

To determine whether the two subspecies of Cassin’s auklets are genetically
differentiated, this thesis had three objectives: 1) summarize the population genetic variation of
sampling sites from throughout the breeding range, 2) characterize the population genetic
structure throughout the range, and 3) test whether any gene flow has occurred between distinct
genetic groups since the time of divergence. The gaps in the Cassin’s auklet breeding

distribution, the documented declines of Cassin’s auklet throughout the range, and previous

10



research on species with similar ranges suggest that the two subspecies will be genetically
differentiated, and that Cassin’s auklets will likely exhibit strong population genetic structure
throughout the range with some gene flow occurring. This study will add to the knowledge of
whether the Baja California subspecies is genetically differentiated from the northern subspecies

as well as providing information about appropriate conservation units for management decisions.
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Chapter 2: Materials and Methods
Sample collection and DNA extraction

Blood or solid tissue samples were collected over a 22 year span from 250 breeding
Cassin’s auklet adults or chicks at eight sampling sites along the Aleutian Islands, in addition to
nine sampling sites from the rest of the breeding range (Figure 1, Table 1). Most samples were
blood that were collected by pricking the individuals’ ulnar vein where it crosses the joint
between the humerus and radius/ulna and drying a few drops of blood on filter paper or
preserving the blood in ethanol. For some individuals from the Aleutian Islands and Washington,
solid tissue samples (e.g. liver, heart) were collected from carcasses found in the breeding season
or shortly after (to increase confidence that the individuals were breeding in that area) and were
archived in museums (Table 1). One family group (two adults and a chick) was sampled from
Reef Island, British Columbia to confirm correct scoring of microsatellites (Dewoody et al.
2006). All samples are archived at -80°C at Queen’s University, Kingston, Ontario. DNA
extractions were performed using the standard proteinase-K phenol/chloroform method
(Sambrook et al. 1989). Samples that did not amplify well were re-extracted using the

ChargeSwitch Forensic DNA Purification kit (Invitrogen, Carlsbad, CA).

Laboratory methods: mitochondrial control region

Published sequences of regions flanking the control region from Cassin’s auklet
mitochondrial DNA (NADH dehydrogenase subunit 6, Moum et al. 1994; 12S ribosomal RNA
gene, Baker et al. 2007) and mitochondrial control region sequences of closely related species
(family: Alcidae) were used to develop polymerase chain reaction (PCR) primers for Cassin’s

auklet control region (ca_crllL and ca_cr960H, Table 2, Appendix Al). Internal primers

13



(ca_cr600H and ca_cr652L, Table 2, Appendix Al) were designed in the conserved domain Il of
the control region for better amplification of the more variable domains I and I11. For some
individuals, a new primer (ca_cr652Lb) was modified from the internal primer ca_cr652L to
obtain clearer sequence at the 5° end of domain III (Table 2). PCRs were performed in 15 pL
reaction volumes with 1x Multiplex Mix (Qiagen, Mississauga, Ontario), 0.4 mM each of the
heavy and light strand primers and approximately 50-100 ng of template. The reactions were
amplified in a TGradient (Biometra, Montreal, PQ) thermocycler. Due to the HotStarTaq in the
Multiplex Mix, the amplifications began with an initial denaturation step of 15 minutes at 94°C
(Qiagen), followed by 35 cycles of denaturation at 94°C for 30s, annealing at 50°C for 30s and
extension at 72°C for 45s. A final extension of three minutes at 72°C was applied. The PCR
products were visualized on 2% agarose gels and sequenced in one direction using the 3730XL
DNA Analyzer (Applied Biosystems, Foster City, CA) at the Genome Quebec Innovation Centre
(Montreal, QC). The heavy strand was sequenced for the 5* end and the light strand was
sequenced for the 3’ end based on clearer sequences. Chromatograms were checked manually
and ambiguous sites were labelled with the appropriate International Union of Pure and Applied
Chemistry IUPAC code. Sequences were aligned by using CLUSTALW (Larkin et al. 2007) as

implemented in BIOEDIT (Version 7.0.9.0, Hall 1999).
Laboratory methods: microsatellites

Primers for five microsatellite loci designed for whiskered auklet (Aethia pygmaea,
Dawson et al. 2005) were tested in ten Cassin's auklet individuals. Two loci amplified well, were
polymorphic, and thus were amplified in all of the individuals (Apy02, Apy10, Table 3). For
microsatellite primer development in Cassin’s auklet, 1 pug of DNA was sheared to create an

[llumina paired-end shotgun library on a sample preparation Covaris S220 System (Applied
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Biosystems, Foster City, CA) using the standard protocol in the lllumina TruSeq DNA Library
Kit and a multiplex identifier adaptor index (Savannah River Ecology Laboratory). Paired-end
reads of 100 base pairs (bp) were sequenced on the HiSeq automated sequencer (Illumina,
California, USA). Reads were analyzed with the program PAL_FINDER_v0.02.03 (Castoe et al.
2012) to select sequences that included microsatellite repeats ranging from dinucleotide to
hexanucleotide repeats. The program PRIMER3 (version 2.0.0, Rozen and Skaletsky 2000) was
used to select loci with flanking primer sites that only occurred once in the library. Loci that
were between eight and fifteen repeats long, were tetra- or pentanucleotides, and had a “GC”
clamp at the end of the primers were amplified in a subset of individuals (details below). Forty-
three pairs of primers were tested on three individuals, of which 26 pairs produced clear
amplifications and were polymorphic (Table 3). For the polymorphic loci, sixteen individuals
from throughout the range were amplified to determine variation in lengths of fragments. Loci
were chosen for further analysis if the size of the fragment was less than 400 bp, alleles appeared
to differ in length in a stepwise fashion, and genotype frequencies did not deviate significantly
from Hardy-Weinberg equilibrium (see below). Several loci were grouped into either triplex
(Triplex 1: Pall1, Pal18, Pal26) or duplex reactions (Duplex 1: Pall7, Pal25, Duplex 2: Pal21,

Pal38, Duplex 3: Pal37, Pal42). The other loci were amplified in a single reaction.

For PCR, M13 forward sequence was added to the 5’ end of the forward primers (M13F:
5’-CACGACGTTGTAAAACGA-3"). PCR reactions were performed in 5 pL reactions with 1x
Qiagen Multiplex Mix (containing 3mM Mg?*), 1 uM M13 forward primer labelled with D4 dye
(Sigma-Aldrich, Oakville, ON), 0.15 mM of each forward and reverse primer, and approximately
20 ng of DNA. Most loci were amplified using a touchdown protocol with an initial denaturation

of 15 minutes at 95°C, followed by 17 cycles of denaturation at 95°C for 45s, annealing for 45s
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at a temperature from 60-52°C decreasing by 0.5°C each cycle, and an extension of 30s at 72°C.
Another 21 cycles followed, with denaturation at 94°C for 45s, annealing at 52°C for 45s and an
extension of 72°C for 30s. A final extension of 10 minutes at 72°C was applied. For loci that did
not amplify well with a touchdown protocol (Pal21, Pal38) a protocol of initial duration of 95°C
for 15 minutes, followed by 35 cycles of 95°C for 45s, 52°C for 1 minute and 72°C for 30s was
performed. A final extension of five minutes was performed at 72°C. The PCR products were
genotyped for length variation using a Beckman Coulter CEQ 8000 capillary automated
sequencer at Queen’s University Department of Biology Core Genotyping Facility, and alleles
were scored visually using the Beckman Coulter CEQ 8000 genetic analysis system (version
9.0). The loci were tested for null alleles and scoring errors in MICRO-CHECKER (version

2.2.3, Oosterhout et al. 2004).
Population genetic analysis of the control region

ARLEQUIN was used to estimate standard diversity indices including haplotypic
diversity (h, Nei 1987) and nucleotide diversity (n, Tajima 1983). The standard deviations were
reported after the estimates. Many analyses of population genetic structure and gene flow assume
that the molecular markers are selectively neutral. Therefore, to test for deviations from selective
neutrality in the mitochondrial control region, Fu’s F test (Fu 1997) and Tajima’s D test (Tajima
1989) were performed in the program ARLEQUIN (version 3.5.1.2, Excoffier and Lischer 2010)
assuming an infinite site mutation model. Chakraborty’s (Chakraborty 1990) and Ewens-
Watterson’s (Ewens 1972, Watterson 1978) tests of deviation from selective neutrality were also
estimated in ARLEQUIN. A maximum likelihood program based on coalescent theory,
FLUCTUATE (version 1.4, Kuhner et al. 1998) was used to estimate whether populations were

growing. Thirty short chains of 1000 steps and four long chains of 100,000 steps were run,

16



sampling every 20 steps. Watterson’s estimate of 6 was used as a prior and the population size
was allowed to vary. A second run was conducted with all parameters the same except that the
population growth rate (g) was constrained to zero. Significance was determined by comparing
G, estimated by two times the difference between the In likelihood of the maximum value of g
and the In likelihood at g=0, to the critical value of ¥ at one degree freedom (M. Kuhner, pers.

comm. in Veit et al. 2005).

To test for a significant correlation between genetic and geographic distance throughout
the breeding range, a Mantel’s test was applied in ARLEQUIN to a matrix of pairwise Slatkin’s
linearized ¢st values (Slatkin 1995) and a matrix of great-circle distances based on latitude and
longitude of sampling sites (calculated from http://www.movabletype.co.uk/scripts/latlong.html).
Ten thousand permutations were performed and significance was determined at an alpha level of

0.05.

Pairwise ¢st estimates were calculated between sampling sites using ARLEQUIN.
Individuals were grouped based on their sampling location, except sampling sites with fewer
than nine individuals which were grouped by region (e.g. Aleutian Islands; southeast Alaska and
Frederick Island, Table 1). Ten thousand permutations were performed using pairwise distances
at a significance level of 0.05. A Benjamini-Yekutieli correction was applied to reduce the
chance of a type | error but to retain enough power to avoid type Il errors (Narum 2006).
Hierarchical F-statistics were calculated with an AMOVA in ARLEQUIN, with sampling sites
grouped by (1) subspecies, (2) significant pairwise ¢st estimates, or (3) genetic breaks
hypothesized from geographic separation (e.g. Gulf of Alaska) to determine what grouping of

sampling sites maximized the variation between groups (highest ¢cr value) and minimized the
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variation within groups (low ¢sc value). Ten thousand permutations were performed using a

significance level of 0.05.

Finally, the relationships between control region haplotypes were summarized in a
haplotype network estimated using statistical parsimony (Templeton et al. 1992) in TCS (version

1.21, Clement et al. 2000).
Population genetic analysis of microsatellites

ARLEQUIN was used to test for deviations from Hardy-Weinberg equilibrium and
linkage equilibrium within each sampling site. Allelic richness, number of alleles and gene
diversity were estimated using FSTAT (version 2.9.3.2, Goudet 1995). The program
BOTTLENECK (version 1.2.02, Cornuet and Luikart 1996) was used to test for evidence of a
recent population expansion or bottleneck (i.e. within the last few generations) for distinct
genetic groups. As the mutation model for microsatellites is unknown, the two-phase mutation
model with 70% stepwise mutations and 30% infinite alleles was run for 1000 iterations. To
estimate population genetic structure, pairwise Fsts were estimated, and AMOVA and Mantel's

tests were conducted on Fst in ARLEQUIN using the infinite-alleles model as above.

In addition, STRUCTURE (version 2.3.2, Pritchard et al. 2000) was used to determine
the number of genetic clusters (K value) that most accurately described the genotypic data by
assigning individuals to genetic clusters based on their genotype. An “admixture” model was
applied allowing allele frequencies to be correlated between populations that allows for the
possibility of populations experiencing different amounts of drift (Falush et al. 2003). The model
was run for 1.0 x 10° generations. The number of genetic clusters (K) ranged from a minimum of

1 to a maximum of 10 (the number of sampling sites) and each was run for 10 iterations. Since
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structure appeared to be weak, a “no admixture” model was applied with the prior “locprior”,
which uses sampling sites (1-10) as prior information to help cluster individuals (Pritchard et al.
2000, Hubisz et al. 2009). A burnin of 1.0 x 10° generations was applied and the number of
genetic clusters (highest AK) was determined using Evanno’s method (Evanno et al. 2005). For
the highest AK value, the “Greedy” option was used in CLUMPP (version 1.1.2, Jakobsson and
Rosenberg 2007) to summarize the 10 iterations from STRUCTURE, and DISTRUCT (version
1.1, Rosenberg 2004) was used to display the results graphically. STRUCTURE is only able to
detect the highest level of genetic structure (Evanno et al. 2005), thus subsets of the data were

run separately to assess any sub-structuring within the major genetic clusters.
Estimation of gene flow

Gene flow was estimated from the mitochondrial control region dataset using an
isolation-with-migration model as implemented in IMa (Hey and Nielsen 2007). Initial runs
included wide uninformative priors on parameters (ancestral population size, 0; two population
sizes, 01, 82; maximum time for population splitting, t), and migration parameters (m; and my)
were set to zero. Priors were optimized by adjusting the values based on the posterior
probabilities from preliminary runs reaching convergence by the distribution reaching zero.
When the population size parameters and divergence time parameters were optimized, migration
parameters were added and optimized. Single chains were run without heating parameters,
recording results every 0.5 hour. A burnin of 1.0 hour was applied to ensure stationarity of the
runs. The analysis was run for at least 10,000,000 steps, and effective sample size (ESS) values
were monitored. Each analysis was run three times starting at a different random number seed to

ensure consistent results (Hey and Nielsen 2007).
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To estimate the population migration rate, the number of migrants per generation (2Nm)
was calculated by multiplying the high point (Hipt) value of the population size by one half of
the Hipt of the migration parameter (Hey and Nielsen 2007). The time since divergence was
calculated by T=t/u, where T is the time since divergence in years and p is the neutral mutation
rate. A mutation rate for the control region in Cassin’s auklets has not been estimated, thus a
range of values was applied. The average divergence rate for the avian mitochondrial genome
has been estimated at 2% per million years (Shields and Wilson 1987, Weir and Schluter 2008)
and was used as the minimum sequence divergence rate for Cassin’s auklet control region. A
maximum sequence divergence rate was set as 20% per million years as the control region
mutation rate is often 10 times the average mitochondrial sequence divergence rate (as was done
in Kidd and Friesen 1998 for guillemots, Cepphus spp.). Estimates using a sequence divergence
rate of 3.3% were also conducted as this was the rate of sequence divergence calculated for
divergence between razorbill (Alca torda) and common guillemot (Uria aalge) control region
and cytochrome b (Moum and Arnason 2001). The divergence rates were converted to a
mutation rate per year per locus (M. Miller, J. Hey, pers. comm.). The sizes of the ancestral
population and two descendant populations were estimated by N=6/4ug where N is the effective
female population size and g is the generation time of Cassin’s auklet. The generation time was
estimated by a+(s/(1-s)) (Lande et al. 2003) where o is the age at first reproduction (3.4 years for
Cassin’s auklet, Pyle 2001) and s is the annual survival rate (0.77 in female Cassin’s auklet at the
Farallon Islands, Lee et al. 2007). The 90% confidence intervals were calculated using the lower
and upper bound of the estimated 90% highest posterior density (HPD90Lo and HPD90HI,

respectively).
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Finally, BAYESASS (version 1.3, Wilson and Rannala 2003) was used to estimate
contemporary migration rates between genetic populations diagnosed from STRUCTURE using
the from the microsatellite genotypic data. Three million MCMC iterations were run with a
burnin of 999,999 runs, sampling every 2000 runs. Trace files were monitored for convergence
and non-migration rates were monitored to ensure sufficient power in the data to estimate

migration rates. Standard deviations are reported after the estimates.
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Table 1. Sampling information of Cassin’s auklet and the number of individuals (N).

Location Sampling site Code Latitude Longitude Sampling Sample type Sample collector N
year
P. a. aleuticus
Aleutian Islands,  Buldir I. AL 52°36°’N  175°02°E  1989-2011 Soft tissue,  J.Warzybok/H.Walsh 15
USA blood
Ulak I. 51°51°’N  178°47°W  1997,2011 Blood H.Walsh/J.Williams/ 5
B.Drummond
Adak 1. 51°41°’N  176°18°W  1991,2002 Soft tissue UAM 2P
Chugidanak 1. 52°28°'N  169°20°W 1990 Soft tissue ~ AMNH 2°
Kagamil I. 52°59°'N  169°42°W 1993 Soft tissue ~ AMNH 1°
Aiktak 1. 54°57°N  164°58°W 1990 Soft tissue ~ AMNH 2°
Big & Little Koniuji Is. 55°57°N  159°59°W  1990,2001 Softtissue ~ AMNH/UAM 3¢
Semidi Is. 56°52°N  156°01°’W 2000 Soft tissue ~ UAM 2
Southeast Alaska, Lowrie I. SA 54°51°N  133°32°W 1996 Soft tissue ~ UAM 5
USA
British Columbia, Frederick I. FR 53°55°'N  133°09°W 2000 Blood M.Drever/D.Bertram 30
Canada Reef I. RE 52°51°’N  131°31’W 2011 Blood S.Wallace/A.Gaston 20
Triangle I. TR 50°51°’N  129°05°W 2002 Blood M.Hipfner 30
Washington, Washington coast WA  46°02’N  123°55°W  1997-2000 Soft tissue ~ UWBM 0°
USA
California, USA  Southeast Farallon I. SF 37°%41’N  123°00°W 2011 Blood R.Bradley 30
Channel Is. (Prince I. CH 34°15°N  120°20°'W 2011 Blood L.Harvey 23

and Santa Rosa 1.)
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P. a. australe

Baja California,  San Jeronimo . SJ 29°51°’N  115°%48°W 2003 Blood S.Wolf 11
Mexico Guadalupe 1. GU 29°13’N 118°23°W 2003 Blood S.Wolf 30
San Benito . SB 28°18°'N  115°34'W 2003 Blood S.Wolf 30

Total: 250

&8 samples from American Museum of Natural History (AMNH; DOT1179, DOT1205-1211), 1 from University of Alaska Museum (UAM; UAMX1578)
bsamples from UAM (UAMX2982, RWD24221, UAMX2265, UAMX1251, KSW4732, UAMX4561, UAMX4562, UAMX4565, JJW1195, UAMX4564)

¢ samples from AMNH (DOT1364, DOT1380, DOT1407, DOT1575, DOT1576, DOT1827)
92 samples from Big Koniuji Island from AMNH (DOT1494, DOT1550) and 1 sample from Little Koniuji Island from UAM (UAMX2242)
¢ samples from University of Washington Burke Museum (UWBM: 86712, 85562, 85603, 86749, 86752, 86753, 86754, 86755, 90293)
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Table 2. Primers designed for the mitochondrial control region in Cassin’s auklet. Locations of
these primers are displayed in Appendix 1 except ca NDOL is located at the 3’ end of ND6 and

ca 12sH is located at the 5° end of 12SrRNA. A site labelled “K” represents a G and a T.

Primer Sequence

ca_ND6L 5’-GAAGGATTAGACGCAACTGCC-3’
ca_crlllL 5’-ATGCACGAGCGTGTCTCG-3’
ca_cr600H 5’-GGTCGGATGTCGCGATCACG-3’
ca_cr652L 5’-CCCCTCCAGKGCACCGAGG-3’
ca_cr652Lb 5’-CCCCTCCAGTGCACCGAGG-3’
ca_cr960H 5S>-ATAGTTTGTGTCGTGTTGGTCG-3’
ca_12sH 5’-GTAAGGTTAGGACTAAGTC-3’
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Table 3. Primers designed for microsatellite loci in Cassin’s auklet except for the loci indicated
with ¥ (Dawson et al. 2005). The subscript number beside the repeat motif indicates the number
of repeats. A touch-down thermocycler protocol was used if a range of annealing temperatures

was given. See text for details.

Primer Sequence Repeat motif Annealing
temperature
(’C)
Apy02" F:5’-GGAAATTCTTTCCTGAAGTCTCC-3’ (TATC)12 60-52°C
R:5’-AAAATCTGAGACTATCACCTTTATCAT-3’
Apyl0¥ F:5’-GCAGTTCTTGTTTAGCATGGC-3’ (TATC)13(T);  60-52°C
R:5’-AGTGCAAGACCGAACCTCAG-3’
Palll F:5’-AAACTGAAGAACTACACTCTGAAGGG-3’ (ATGG)13 60-52°C
R:5’-CAACCGCTTCACTTAGCTTGG-3’
Pall7 F:5’-AGGAGGCAGGTGCAAGTCC-3’ (ATGG)12 60-52°C

R:5’-GGTTTGGTGCAACAACTCGG-3’
Pall18 F:5’>-CAGAACTAAAGCATAACTATGAACAGC-3> (AATAG)13 60-52°C
R:5’-GCTGTCATTAGCCCGAACC-3’

Pal21 F:5’-GGGAAAGCGAAAGACAAAGG-3 (ATGG)13 52°C
R:5’-ACTGTGAGCTCCACGGGC-3°

Pal25 F:5-TTGCTCTCCTGTGGACACC-3’ (AATAG)11 60-52°C
R:5’-CCCAACCTCTCAACAAAGG-3’

Pal26 F:5°-GCTGTTTCCGACCTGATGG-3’ (ATGG)11 60-52°C
R:5’-GCTGGCTTATGCTTACCTGC-3’

Pal37 F:5°-TGTCTAAGCACTCCATTACCATCG-3’ (ATGG)10 60-52°C
R:5’-GTACATCGCACACAGCTCTCC-3’

Pal38 F:5’-GCAGAGGATTACAGGCAGAGG-3’ (ATGG)10 52°C
R:5’-GAGTGAGGCAAGGAGCGG-3’

Pal39 F:5’-CTTGTAGCCGCCGTCTAAGC-3’ (ATGG)10 60-52°C
R:5’-CCAGTCTCTGAACCTGGACCC-3°

Pal42 F:5’-GGATGAGTAGCTCAGTGGATGG-3’ (ATGG)s 60-52°C

R:5’-CGTCACTGATGGAGACTGGG-3’
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Chapter 3: Results
Variability and assumptions of the mitochondrial control region

The full mitochondrial control region (from tRNAY to 12SrRNA) was sequenced for 10
individuals using the primers ca_ ND6L and ca_12sH (Table 2, Appendix Al). Variation was not
found in tRNAY and after six base pairs of the 5> end of domain I a poly-C region caused
ambiguous sequences. Thus subsequent individuals were amplified using the internal primer
ca_CR11L rather than ca_ND6L. The control region was amplified in two fragments divided by
a poly-T region that resulted in unclear sequences. A repeated sequence (CAACA) at the 3’end
of domain Il resulted in uncertainty in the length of the fragment, thus only 190 bp of domain Il
were sequenced for all individuals. The two fragments were concatenated, resulting in 706 bp

sequence (237 bp of domain I, 275 bp of domain 11 and 190 bp of domain I11).

Several lines of evidence demonstrated that true mitochondrial DNA was amplified: 1)
tRNAY folded into the correct cloverleaf-like structure (Desjardins and Morais 1990), 2) regions
with high similarity to previously known conserved sequences, F box, D box, C box, CSB-1 and
bird similarity box, were found (Desjardins and Morais 1990, Moum and Bakke 2001, Ruokonen
and Kvist 2002; Appendix Al), and 3) the position of variable sites was as expected (38 in
domain I and 10 in domain I11; Appendix A2). Only individuals with successful amplification of
both fragments were included in further analyses. For 227 individuals, 88 haplotypes with 49
variable sites were found, 44 of which were transitions, three were transversions and two had

multiple states.

Haplotype diversity was similar among sampling sites ranging from 0.78 + 0.07 in

Triangle Island to 0.97 £ 0.02 in the Aleutian Islands (Table 4). Nucleotide diversity also was
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similar among sampling sites ranging from 0.004 + 0.003 in Southeast Alaska/Frederick Island
to 0.008 + 0.004 in the Aleutian Islands and Guadalupe Island (Table 4). Although the control
region is non-coding, Fu’s Fstest estimated large negative numbers that were significantly
different from zero for the northern and southern populations (Table 4). Significant values with
Fu’s Fs test can indicate an excess of rare haplotypes that may result from selection on the
control region or other mitochondrial gene, or the occurrence of a recent population expansion
(Fu 1997, de Jong et al. 2011). Estimates of Tajima’s D were mostly negative (except Southeast
Alaska/Frederick Island and Reef Island) suggesting a population expansion or selection (de
Jong et al. 2011) but the values did not deviate significantly from zero (Table 4). Deviations
from selective neutrality were not evident from the Ewens-Watterson’s tests and only the
northern population showed significance from the Chakraborty’s tests (Table 4). The results
from FLUCTUATE suggest a significant recent population growth in both the northern

population (G=6.94 p=0.01) and southern population (G=8.04 p=0.005).

Population genetic analysis of the control region

Throughout the Cassin’s auklet breeding range, genetic distance based on the control
region increased with increasing geographic distance (Mantel’s test, R=0.44, p=0.01; Figure 2).
Pairwise ¢st estimates were not significant between sampling sites within P. a. aleuticus or
between sampling sites within P. a. australe after using a Benjamini-Yekutieli correction (Table
5). In contrast, most pairwise ¢st estimates between P. a. australe and P. a. aleuticus sampling
sites were significantly different from zero (Table 5). One exception was that the Channel
Islands sampling site was significantly differentiated from all other P. a. aleuticus sampling sites
and was not significantly genetically differentiated from any P. a. australe sampling sites after a

Benjamini-Yekutieli correction (Table 5). Global ¢stestimates were similar if sampling sites
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were grouped by subspecies (¢st= 0.42 p<0.001) or if Channel Islands was grouped with P. a.
australe (¢st=0.43 p<0.001) but more of the variation was captured between groups rather than
within groups for the latter grouping (Table 6). When the Aleutian Islands were partitioned
separately from the rest of the northern subspecies, the global ¢st and ¢cr values were low and

not significantly different from zero (Table 6).

Although the two subspecies were not reciprocally monophyletic in the haplotype
network, there was evidence of phylogeographic structure (Figure 3). Haplotypes mainly
grouped by subspecies in the network with a few haplotypes that were sampled in one subspecies
range grouping with haplotypes from the other subspecies (Figure 3). Most haplotypes occurred
in only one or two individuals in a single sampling site; however, 22 haplotypes were shared
between two or more sampling sites (Figure 3, Appendix A3). Haplotype A was shared between
all of the sampling sites except for Channel Islands and Guadalupe Island (Appendix A3).
Sampling sites within the P. a. aleuticus range did not share haplotypes with sampling sites
within the P. a. australe range with two exceptions: 1) one haplotype was shared between one
individual in Southeast Farallon Island and five individuals in Guadalupe Island and 2) three
haplotypes were shared with similar frequencies between Channel Islands and sampling sites
farther south (Appendix A3). Several haplotypes were shared between all sampling sites within

each subspecies (Appendix A3).

Variability and assumptions for the nuclear microsatellites

All microsatellite loci were highly variable, with the number of alleles per locus within
populations ranging from 4-13 with an average of 4.60-11.20 alleles per locus globally

(Appendix A4). Gene diversity also was similar among sites, ranging from an average of 0.77 in
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Triangle Island to 0.83 in San Jeronimo Island (Appendix A4). In addition, allelic richness was
similar among sampling sites, ranging from an average of 4.65 in Southeast Alaska/Frederick
Island and Reef Island to 5.07 in Channel Islands (Appendix A4). Results from MICRO-
CHECKER suggests that there may be alleles present in three of the eleven loci in the northern
population (Palll, Pal37, Pal39) and one locus in the southern population (Palll) as indicated by

the excess of homozygosity of the allele size classes.

Some loci in some populations did show evidence of deviation from linkage equilibrium;
however, significant deviations from linkage equilibrium were not consistent throughout
populations or across loci (Appendix A5). Linked markers can create bias in the results, but
Bayesian assignment methods are usually robust to low levels of linkage disequilibrium (Falush
et al. 2003). Many of the loci deviated from linkage equilibrium in the Aleutian Islands
population, but this may be a result of missing data or the Wahlund effect (Sinnock 1975;
Appendix Ab). Significant deviations from Hardy-Weinberg equilibrium were not evident for
most loci in most populations (Appendix A4). However, four instances occurred where one locus
showed significant deviations from Hardy-Weinberg equilibrium in one population, and two loci
showed significant deviations in three populations (Appendix A4). In most cases, observed
heterozygosity was lower than expected heterozygosity except for one locus in the Aleutian
Islands and two loci in Guadalupe Island where observed heterozygosity was higher than
expected under Hardy-Weinberg equilibrium (Appendix A4). The significant deviations from
Hardy-Weinberg equilibrium were not consistent across populations or across loci, thus all loci
were included in subsequent analyses. The more conservative tests implemented in

BOTTLENECK detected heterozygosity excess in the southern population (psign=0.03,
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Pwilcoxin=0.01) but failed to detect heterozygosity excess in the northern population (psigh=0.51,

pWiIcoxin:0-24)-

Population genetic structure of microsatellites

Genetic distance estimated from microsatellites was not correlated with geographic
distance globally (Mantel’s test, R=0.25, p=0.09, Figure 2) but the Fst values were very low
throughout the range. Significant pairwise Fst values occurred between sampling sites in the
northern versus southern parts of the range (Table 7). Significant pairwise Fst estimates within
P. a. aleuticus were not evident except that individuals breeding at Channel Islands were
significantly genetically differentiated from some sampling sites farther north (Table 7). Cassin’s
auklets from Guadalupe Island were significantly differentiated from those from all other
sampling sites except San Jeronimo Island (Table 7). Population genetic variation was best
characterized when Channel Islands was grouped with P. a. australe as more of the genetic
variation was described between groups (Fc1=0.018, p=0.0049) compared to within groups

(Fsc=0.0041, p=0.051, Table 6).

Using the program STRUCTURE, the K value that best described the genotypic data was
K=2. For the “admixture” analysis, the highest AK value as estimated by Evanno’s method was
27.10 at K=2 compared to AK values of 3.75 and 18.56 for K=3 and K=4, respectively. Although
Evanno’s method cannot evaluate a AK value for K=1, the likelihood of K=2 (-9207.72) was
higher than the likelihood of K=1 (-9200.61). The “admixture” analysis displayed weak structure
and all individuals assigning to the same cluster did not group together when compared to
sampling location (Figure 4a). Similarly, for the no-admixture analysis with “locprior”, the

highest AK value was 54.08 at K=2 compared to AK values of 1.64 and 4.53 for K=3 and K=4,
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respectively. The likelihood of K=1 (-9200.70) was lower than the likelihood of K=2 (-9034.86)
as well. However, the “no-admixture” analysis with “locprior” displayed strong population
genetic structure with individuals from the Channel Islands having a high probability of
assigning to the same cluster as P. a. australe individuals (Figure 4c). In addition, K=1 had the
highest likelihood when the two genetic clusters were analysed separately in STRUCTURE

suggesting no sub-structuring within the two genetic clusters.

Estimation of gene flow

To reach convergence (ESS values over 200), the maximum estimates of the priors from
the control region analysis in IMa were as follows: 8a=10, 01(northerny=50, B2(southerny=50, t=10,
M1 (southern into northern)=0.5 @NA Ma(northern into southern)=0.5. The estimated number of migrants from the
southern genetic group into the northern genetic group going forward in time was not zero at
0.27 (0.01-2.23) migrants per generation, whereas 0.47 (0.001-2.26) migrants per generation
were estimated from the northern genetic group into the southern genetic group (Table 8, Figure
5). Using the 3.3% per million years divergence rate estimate for control region (20%/my —
2%/my in parentheses), the time of divergence was estimated at 130,483 (21,530 - 215,297)
years ago (see Table 8 for HPD9O intervals, Figure 5). The effective female size for the ancestral
population was estimated at 11,226 (1,850 - 18,497) individuals. The female effective size for
the northern population was not different from the southern population at 76,541 (12,611 -
126,114) individuals versus 37,987 (6,259 - 62,591) individuals, respectively. The microsatellite
analysis in BAYESASS resulted in non-migration rates that were not sufficient to provide robust
migration rates. BAYESASS identified the potential migrants (indicated by a mismatch

mitochondrial haplotype) as second generation migrants.
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Table 4. Estimates of haplotype diversity (h £ standard deviation), nucleotide diversity (m +
standard deviation) and results of tests for deviations from selective neutrality (Fu’s Fs,Tajima’s
D, Ewens-Watterson’s, and Chakraborty’s tests) for each sampling site. Sampling site

abbreviations are the same as listed in Table 1.

Sampling site h T Fs D E-w* Chakraborty”
Northern 090+ 0006+ -25.70 1.15 0.10/0.04  49/232
population 002 0003 p<0.001  p=011  p=1.00  p<0.001
AL 097+ 0008z  -11.37 -0.46 0.06/0.06  22/21.74
0.02 0.004  p<0.001  p=0.38 p=0.71 p=0.15
SA&FR 086+ 0004+  -0.93 0.17 0.20/0.21 717.02
0.07 0.003  p=0.27 p=0.61 p=0.59 p=0.23
RE 082+ 0006+  -1.54 0.42 0.23/0.16 9/6.50
0.10 0004  p=019  p=0.70 p=0.99 p=0.08
TR 078+ 0005+  -1.68 -0.61 0.24/016  11/7.35
0.07 0003  p=0.22  p=0.31 p=0.95 p=0.04
WA 080+ 0005+  -1.16 -0.71 0.22/0.20 6/5.63
0.11 0003  p=019  p=0.27 p=1.00 p=0.31
SF 094+ 0006+  -7.85 -0.74 0.10/008  18/15.9
0.03 0.004  p=0.001  p=0.25 p=0.92 p=0.11
Southern 097+ 0007+ -25.66 -0.19 0.04/0.04  44/41.39
population 0.01 0004  p<0.001  p=0.50 p=0.78 p=0.08
CH 096+ 0006+  -5.46 -0.24 0.08/0.10  14/15.68
0.02 0003  p=0.01  p=0.45 p=0.08 p=0.13
sJ 096 £ 0007+  -2.94 -0.57 0.12/0.13 9/9.26
0.05 0004  p=006  p=0.30 p=0.75 p=0.30
GU 096+ 0008+  -7.20 -0.15 0.08/007  19/18.7
0.02 0.004 p=0.01 p=0.51 p=0.71 p=0.16
SB 093+ 0006+  -4.55 -0.16 0.10/0.11  15/14.92
0.03 0004  p=0.02  p=047 p=0.55 p=0.16

*First number indicates the observed F value and the second number indicates the expected F value
First number indicates the number of observed haplotypes and the second number indicates the number of expected
haplotypes under neutral evolution
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Figure 2. Genetic distance (Slatkin’s linearized ¢st/Fst) versus geographic distance (km)
between sampling sites of Cassin’s auklet for a) control region and b) microsatellites.
“Northern” and “southern” refer to the two genetic populations of Cassin’s auklet as
diagnosed using STRUCTURE.
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Table 5. Pairwise ¢st estimates from the mitochondrial control region. One asterisk (*) represents a significant p-value with an o value

of 0.05 whereas two asterisks (**) represents significance after a Benjamini-Yekutieli correction (p<0.011). Sampling site

abbreviations are the same as given in Table 1.

P. a. aleuticus

P. a. australe

\ [

P. a. aleuticus P. a. australe
A \
[ |
AL SA&FR RE TR WA SF CH SJ GU
AL
SA&FR 0.07*
RE -0.03 0.04
TR 0.05 -0.02 0.01
WA 0.07 0.01 0.07 -0.01
SF 0.04* 0.01 0.03 -0.01 -0.00
CH 0.40** 0.47** 0.46** 0.46** 0.42** 0.39**
SJ 0.42** 0.44** 0.46** 0.46** 0.42** 0.41** -0.03
GU 0.42** 0.45** 0.47** 0.46** 0.43** 0.41** -0.04 0.00
SB 0.34** 0.40** 0.42** 0.40** 0.40** 0.31** 0.05 0.07* 0.05




Table 6. Results of the hierarchical analyses of molecular variance (AMOVA) for the control
region and microsatellites. Sampling sites were grouped by subspecies, by the results of pairwise
dst and Fst estimates (CH grouping with P. a. australe), or with AL in a separate group.

Significance estimated based on a=0.05. Sampling site abbreviations are the same as listed in

Table 1.
control region microsatellites
\
[ | |
Grouping OsT dcT dsc Fst Fer Fsc
By subspecies 0.42 0.35 0.11 0.02 0.02 0.01

(AL, SA&FR, RE, TR, WA, p<0.001 p=0.01 p<0.001 p<0.001 p=0.03 p<0.001
SFand CH vs. SJ, GU and SB)

CH grouping with P. a. australe 0.43 0.41 0.02 0.02 0.02 0.00
(AL, SA&FR, RE, TR, WA p<0.001 p=0.01 p=0.04 p<0.001 p<0.001 p=0.05
and SF vs. CH, SJ, GU and SB)

AL genetically differentiated? 0.05 0.05 0.00 -0.00 -0.00 0.00
(AL* vs. SA&FR, RE, TR, p=0.08 p=0.17 p=0.29 p=0.69 p=1.00 p=0.58
WA and SF)

*in the third scenario, AL is the only sampling location in the group, thus ¢sc/ Fsc values are
unreliable.
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Figure 3. The mitochondrial control region haplotype network estimated in TCS. Sizes of circles
represent the number of individuals that have that haplotype. Colours represent where the haplotype
was sampled (Refer to Table 1 for sample site abbreviations). Diamonds represent an intermediate
haplotype that was not sampled. Asterisks indicate the haplotypes that were sampled in the northern
part of the range but group with haplotypes sampled in the southern part of the range or vice versa.
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Table 7. Pairwise Fst estimates from microsatellites. One asterisk (*) represents a significant p-value with an a value of 0.05 whereas
two asterisks (**) represents significance after a Benjamini-Yekutieli correction (p<0.011). Sampling site abbreviations are the same

as given in Table 1.

P. a. aleuticus P. a. australe
\ \
[ | |
AL SA&FR RE TR WA SF CH SJ GU SB
AL
SA&FR -0.00
RE -0.00 -0.00
TR -0.01 0.01 0.00
WA 0.02 -0.01 -0.01 0.00
SF -0.01 0.00 -0.00 -0.00 0.00
CH 0.03** 0.03** (.01 0.02**  0.00 0.03**
SJ 0.02 0.02* -0.00 0.02* -0.01 0.03* 0.00
GU 0.01* 0.03**  0.01* 0.02**  0.02* 0.03** 0.02** 0.01
SB 0.03**  0.04** 0.02*  0.02** 0.01 0.03* 0.01* -0.00 0.01*

37



A B C

Aleutian Is.’s Aleutian Is.’s Aleutian Is.’s

SE Alaska SE Alaska SE Alaska

Reef Is. Reef |s. Reef Is.

Triangle Is. Triangle Is. Triangle Is.
Washington Washington Washington

SE Farallon Is. SE Farallon ls. SE Farallon Is.
Channel Is."s Channel Is.'s Channel Is.’s
San Jeronimo Is. San Jeronime Is. San Jeronimo ls.
Guadalupe Is. Guadalupe Is. Guadalupe Is.
San Benito Is. San Benito Is. San Benito Is.

Figure 4. Bar plots from STRUCTURE showing individual “admixture” coefficients (A) and
probabilities of assignment of individuals to two genetic clusters (B and C) for K=2 for A)
“admixture” analysis, B) “no admixture” analysis, and C) “no admixture” analysis with
“locprior”.
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Table 8. Time since divergence and female effective population sizes of the northern, southern
and ancestral populations from IMa. Results are scaled by the sequence divergences of 2%, 3.3%

and 20% per million years. The HPD90Lo and HPD90Hi are given in parentheses.

2% per million years  3.3% per million years 20% per million years

Time since 215,297 130,483 21,530
divergence in years (141,360-569,405) (85,673-345,094) (14,136-56,941)
Female effective 126,114 76,541 12,611
population size — (82,435-231,399) (50,031-140,440) (8,244-23,140)

northern population

Female effective 62,591 37,987 6,259
population size — (36,736-100,311) (22,296-60,881) (3,674-10,031)
southern population

Female effective 18,497 11,226 1,850
population size — (3,005-49,845) (1,824-30,252) (301-4,985)
ancestral population
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Chapter 4: Discussion

Both the control region and microsatellite analyses indicate that Cassin’s auklets have
significant population genetic structure, characterized mainly by two genetic clusters. These
genetic groups roughly map to the original two subspecies ranges, except that individuals
breeding at Channel Islands originally were grouped with P. a. aleuticus but are more similar to
P. a. australe in their control region sequences and microsatellite allele frequencies. Population
genetic differentiation was not evident within either the northern or southern genetic population,
suggesting that the isolation by distance effect is likely due to the strong differentiation between
the northern and southern genetic groups. Despite the strong population genetic differentiation
between the two genetic clusters, evidence shows that gene flow has occurred both northward
and southward directions since the time of divergence. Evidence and possible mechanisms for

this divergence are detailed below.

Population genetic structure throughout the range

Results of the control region analyses provided strong support for the existence of two
genetic populations (Aleutian Islands to Southeast Farallon Island and Channel Islands to San
Benito Island). Pairwise ¢stestimates were highest and significantly different from zero (0.31-
0.47) between sampling sites in the northern and southern genetic populations. More of the
genetic variation was characterized among groups rather than within groups when Channel
Islands was grouped with P. a. australe in a hierarchical AMOVA. In addition, haplotypes from
the two genetic populations tended to group together in the haplotype network. However, the two

groups were not reciprocally monophyletic and the few haplotypes that were sampled in one
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subspecies’ range but grouped with the other subspecies may be a result of either retained

ancestral variation or secondary contact.

The microsatellite analyses also supported two genetic populations within the Cassin’s
auklet breeding range, but the division between the populations was not as clear. Pairwise Fst
estimates were low throughout the range but were significantly different from zero for pairwise
estimates between the northern and southern genetic populations including Channel Islands.
Significant genetic variation was not found between sampling sites within groups when Channel
Islands was grouped with sampling sites farther south, and sampling sites farther north grouped
together in the AMOVA analysis. Moreover, the STRUCTURE analysis supported two genetic
clusters but individuals from the same sampling site were not always assigned to the same
cluster. The “admixture” model used for the unbiased Bayesian assignment method in
STRUCTURE is likely the most appropriate model for wild populations as it allows mixed
ancestry of individuals and does not require distinct populations (Pritchard et al. 2000). The
analysis with “admixture” resulted in K=2 having the highest likelihood of representing the
genotypic data but did not define any distinct geographic clusters for Cassin’s auklet.
STRUCTURE has difficulty assigning individuals to the correct cluster if population genetic
structure is weak or if genetic variation is continuous (i.e. isolation by distance; Waples and
Gaggiotti 2006, Hubisz et al. 2009). The analysis with “no-admixture” can usually detect weaker
structure as it assigns a probability to each individual of assigning to one cluster or another
(Pritchard et al. 2000). The “no-admixture” analysis found two genetic clusters as having the
highest likelihood but individuals from the same sampling site did not always have a high
probability of assignment to the same cluster. When a “locprior” was used in the analysis,

individuals assigned with high probability to the same cluster as other indivduals from the same
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sampling site. Some researchers consider that results using “locprior” are unreliable because
sampling effects could bias the results (J. Morris-Pocock pers. comm.) but other researchers
suggest the model with “locprior” can provide useful information when weak structure is present
(Hubisz et al. 2009). The sampling information that was used in “locprior” for this analysis was
the sampling site (1-10), not the subspecies, so any spatial grouping bias would involve sampling
sites not subspecies. Furthermore, other analyses in this study also supported the existence of two

genetic clusters.

Results from IMa imply that on-going gene flow has occurred between the two genetic
populations since the time of divergence suggesting that the pattern of variation seen in the
haplotype network is a result of some contemporary gene flow. A tendency was evident for more
migrants to enter the southern population (Channel Islands to San Benito Island) from the
northern population (Aleutian Islands to Southeast Farallon Island) rather than the reverse. Thus,
divergence of the two genetic populations appears to have occurred with asymmetrical gene

flow, but confidence intervals overlap in the IMa estimates.

The IMa results suggest that despite gene flow, the two genetic populations diverged
between 21,530 - 215,297 years ago. The large range is a result of the range of mutation rates
used to calculate the time estimates. These estimates are consistent with previous estimates of
divergence within the Alcidae. Friesen et al. (1996) estimated that the family Alcidae diverged

from other charadriiform birds around 11.8-7.4 mya using cytochrome b and allozyme loci.
Population genetic structure at a local scale

Several results suggest that neither the northern or southern genetic populations are in

migration/drift or mutation/drift equilibrium: 1) results from Fu’s Fs test suggested that an excess
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number of rare haplotypes exist in both populations, which may be a consequence of a deviation
from neutral evolution or a recent population expansion, 2) a non-zero growth parameter had a
higher likelihood in both populations in FLUCTUATE, 3) the weak correlation between genetic
and geographic distance suggested that gene flow homogenized local sampling sites but genetic
drift had more of an influence on distant sites (Hutchinson and Templeton 1999), and 4)

heterozygosity excess was detected by BOTTLENECK in the southern population.

Although evidence suggests that the two genetic populations of Cassin’s auklet are
strongly differentiated, evidence does not support further genetic division of the two populations.
Population genetic differentiation was not detected within either of the two genetic populations
of Cassin’s auklets: 1) pairwise ¢st and Fstestimates were very low and most did not
significantly differ from zero, 2) haplotypes sampled within the same sampling site did not group
together in the haplotype network, and 3) STRUCTURE did not detect further sub-structuring

within the two genetic clusters.

The control region and microsatellite analyses did not provide evidence for Cassin’s
auklet individuals breeding at the Aleutian Islands being genetically differentiated from
individuals breeding farther south. Pairwise ¢st estimates between the Aleutian Islands and other
sampling sites in the northern part of the range were generally low and not statistically
significant suggesting that the gap in the breeding distribution in the Gulf of Alaska did not result
in population genetic structure. In addition, significant genetic differentiation was not found by
the AMOVA when the Aleutian Islands were grouped separately from sampling sites from
Southeast Alaska/Frederick Island to Southeast Farallon Island. These results are unusual
compared to other species that breed in the Aleutian Islands and Gulf of Alaska. For example,

marbled murrelets (Brachyramphus marmoratus) exhibited population genetic differentiation
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between the Aleutian Islands and other areas (Congdon et al. 2000). More specifically, marbled
murrelets were genetically differentiated between the western Aleutian Islands, central Aleutian
Islands and mainland Alaska (Friesen et al. 2005). Pigeon guillemots (Cepphus columba) also
exhibited high population genetic structure throughout their range on the Pacific coast of North
America, with population genetic variation based on mitochondrial and nuclear DNA
apportioned into three groups: Alaska, British Columbia and California/Oregon (Friesen and

Piatt 2003).

Within the southern genetic population, individuals breeding at Guadalupe Island were
weakly differentiated at microsatellites from individuals elsewhere. Pairwise Fst estimates were
low but significantly different from zero between Guadalupe Island and other sampling sites
except for San Jeronimo Island. These results differ from those for Guadalupe Island Xantus’s
murrelet (S. h. scrippsi) which is genetically distinct from individuals elsewhere (S. h.

hypoleucus).

Mechanisms of divergence

Ongoing gene flow between the two genetic groups of Cassin’s auklet may be related to
Cassin’s auklets’ non-breeding distribution. In a review of phylogeographic studies of seabirds,
Friesen et al. (2007) found an important correlate of population genetic structure was the non-
breeding distribution: e.g., seabird species that have more than one non-breeding area tend to
exhibit phylogeographic structure. However, if Cassin’s auklets disperse to a common area
during the non-breeding season, interactions could facilitate population admixture. For example,
Burg and Croxall (2001) did not find population genetic structure in the grey-headed albatross

(Thalassarche chrysostoma), an oceanic species that does not have population specific non-
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breeding sites. Auklets have an extended molt period allowing for long-distance dispersal from
colonies after breeding in search of food resources (Adams et al. 2004). Renner et al. (2008)
reported a decrease in the number of planktivorous seabirds on the Aleutian Islands during
winter months compared to summer months. Copepods and some euphausiid species go into
diapause during the winter which results in less food available during the non-breeding season
(Renner et al. 2008). In addition, storms in the Gulf of Alaska during the winter months cause
downwellings along the Aleutian arch (Day 2006 and references therein). Although migration
routes of Cassin’s auklets breeding at the northern colonies have not been tracked, inferences
indicate that northern Cassin’s auklets travel south during the non-breeding season (Briggs et al.
1987, Ainley et al. 2011). Population numbers of Cassin’s auklets have been documented to rise
in California after the breeding season and the additions likely originated from colonies farther
north where copepods are depleted (Briggs et al. 1987). In contrast, Cassin’s auklet individuals
breeding in central California do not disperse far during the non-breeding season (Ainley and
Boekelheide 1990). Radio-marked Cassin’s auklets breeding at the Channel Islands dispersed
northward approximately 600 km to a region north of the Farallon Islands and Point Conception
after the breeding season likely due to the predictable upwellings in this area (Adams et al.
2004). As a result, population admixture could occur between the northern colonies and the
southern colonies in the over-wintering area in California (e.g. Friesen et al. 2007). Cassin’s
auklets in southern California and Baja California are resident throughout the year (Adams et al.
2004) and breed more asynchronously from November through to March which could cause

these individuals to become isolated from individuals further north.

Population genetic structure in Cassin’s auklets also may be a function of home range and

foraging range. Populations foraging in different areas could result in restricted gene flow among
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populations (Friesen et al. 2007). For example, black-browed albatrosses (Thalassarche
melanophris and T. impavida) exhibit population genetic structure which may be due to the
distinct foraging areas (Burg and Croxall 2001). During the breeding season, Cassin’s auklets
throughout the range do not forage far from their breeding colony (Adams et al. 2004, Boyd et
al. 2008). For example, the marine distribution of breeding Cassin’s auklets at Triangle Island
during the 1999-2001 breeding seasons was approximately 650-1400 km? (Boyd et al. 2008).
Similarly, on average, Cassin’s auklets breeding on Triangle Island were found foraging 50-80
km from the breeding colony, in either a southwest or northwest direction (Boyd et al. 2008).
Moreover, Adams et al. (2004) used radio-telemetry to conclude that Cassin’s auklets breeding
at the northern Channel Islands foraged under 30 km on average from the colony, usually in a
northward direction to the Santa Barbara Channel. The restricted foraging ranges may lead to
more pronounced population genetic structure within the species (Friesen et al. 2007). For
example, Xantus’s murrelet forages at a shorter geographic distance than the distance between
Guadalupe Island and other sampling sites, suggesting the geographic distance may have resulted

in isolation of the Guadalupe Island population (Birt et al. 2012).

Although Cassin’s auklets exhibit natal philopatry, this strategy could become non-
adaptive if food resources decrease near the natal colony (Pyle 2001). In El Nifio years when the
upwellings were reduced, many Cassin’s auklets at Southeast Farallon Island appeared to skip
breeding for the year, decreasing population numbers at the colony (Pyle et al. 2001). Individuals
may disperse to breed at neighbouring colonies if food availability is limited (Pyle et al. 2001).
In addition, many studies show that dispersal in birds is female-biased (Hall et al. 2009). Female
Cassin’s auklets have a larger home range in comparison to males as females have a higher

energetic cost at the beginning of the breeding season and may need to forage at a farther
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distance (Adams et al. 2004). Therefore, estimates of female-mediated gene flow may

overestimate the overall population migration rate.

Conservation implications for Cassin’s auklets and Baja California

Evidence from the control region and microsatellite analyses suggest that the two genetic
groups of Cassin’s auklets should not be considered separate ESUs. Mitochondrial haplotypes
were not reciprocally monophyletic in the haplotype network and thus not consistent with the
most common requirement for delineating ESUs (Moritz 1994). In addition, gene flow has
occurred since the time of divergence, indicating the two genetic populations are not
reproductively isolated. However, based on previous ecological evidence and the mitochondrial
and nuclear analyses in this study, the two genetic populations are likely separate management
units. A common rule used to define management units is that a migration rate less than 0.1
means the two populations are demographically independent (Waples and Gaggiotti 2006). The
genetic differentiation of the two populations with some asymmetrical on-going gene flow
(northern into the southern population) suggests that secondary contact may have facilitated gene

flow between two separate management units.

Traditionally, individuals breeding in the Channel Islands were part of the northern
subspecies P. a. aleuticus. However, based on the control region and microsatellite analyses,
individuals breeding at the Channel Islands are more likely to belong to the southern subspecies
P. a. australe. Haig and Winker (2010) summarized the issue of conservation practices based on
avian subspecies status and concluded that management decisions can be made on the subspecies
level if the distinction is based on multiple characters. Therefore, the subspecies designations

should be revised to match the northern and southern genetic groups diagnosed in this study.
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The population genetic differentiation of Cassin’s auklet individuals breeding in southern
California and Baja California adds to the knowledge that Baja California is a biodiversity
hotspot. However, in Cassin’s auklets, a semi-permeable barrier to gene flow seems to occur
farther north, thus southern California may need to be included in the biodiversity hotspot
designation. The differentiation of individuals in Baja California and southern California occurs
across many taxa (e.g. see Riemann and Ezcurra 2005, Allen 2008, Garcillan et al. 2008),

suggesting a potential consistent barrier occurs in this area.

Future directions

To fully understand how and why the two genetic populations of Cassin’s auklets are
diverging, sampling or tracking Cassin’s auklets in central California during the non-breeding
season could indicate population assignments of individuals in the over-wintering region. The
existence of population-specific non-breeding areas could support the hypothesis that non-
breeding distribution strongly influences population genetic structure in seabirds (Friesen et al.
2007). Investigating the population assignments of non-breeding individuals (north versus south)
may help in determining where the barriers to gene flow exist, important for understanding why

individuals in Baja California are genetically differentiated.

Using neutral markers to provide insight into the interplay between genetic drift and gene
flow during the divergence of populations can be useful because population genetic structure is
the variation on which selection can act on (Funk et al. 2012). However, sometimes conserving
contemporary adaptive differences as well as remnants of historical variation is critical (Crandall
et al. 2000). Studies using microsatellites have the power to delineate ESUs or MUs but cannot

characterize adaptive variation (Funk et al. 2012). A genomics approach could characterize both
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neutral and adaptive variation and is becoming more popular in population genetic studies with

the advances in next-generation sequencing techniques (Funk et al. 2012).

One limitation to traditional population genetics studies is that the evolutionary history of
the species is often inferred based on contemporary population genetic variation and structure.
Analyzing markers with high mutation rates and high rates of homoplasy could mislead the
inferences about the often complex evolutionary histories of species. Approximate Bayesian
Computation (ABC) can simulate genetic data in complex scenarios and compare summary
statistics to the observed data (Beaumont et al. 2002, Cornuet et al. 2008). One advantage to
ABC is that it can incorporate more complex demographic models (e.g. constant gene flow since
the time of divergence versus gene flow only during a certain period of time), providing a

potentially clearer explanation of how and why populations diverge.
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Appendix

Appendix Al. A sequence (S) of the most common haplotype (individual: CAsb32) of the
mitochondrial control region in Cassin's auklet. Location of domains (CRI = domain I, CRII =
domain Il, and CRIII = domain I11) and conserved blocks (L) are mapped based on the
mitochondrial control sequence of razorbills (Alca torda; Moum and Bakke 2001) and primer
positions (P) are mapped onto the sequence. An asterisk (*) represents fragments that were

sequenced in all individuals. Variable sites indicated in bold font.
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Appendix A2. Variable sites in the mitochondrial control region. See Appendix Al for location of variable sites and Appendix A3 for
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shared haplotypes between sampling sites. The vertical line in the top row separates domain | from domain I11.
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Appendix A3. Mitochondrial control region haplotypes shared between sampling sites. Sampling
site abbreviations are the same as listed in Table 1.
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Appendix A4. The observed (Ho) and expected (Hg) heterozygosities, gene diversity and allelic
richness for loci used in this study. A significant p-value (a=0.05) indicates significant
departures from Hardy-Weinberg equilibrium. Sampling site abbreviations are the same as listed
in Table 1.

AL
Locus Ho He  p-value Gene Allelic ~ Number of
diversity richness alleles
Pal21 0.60 0.72 0.35 0.72 4.07 7
Pal38 0.78 0.83 0.08 0.83 5.09 7
Pal37 0.79 0.83 0.45 0.83 5.18 8
Pal42 0.71 0.71 0.06 0.71 3.96 6
Pal39 0.68 0.86 0.07 0.86 5.51 9
Apy02 0.89 0.86 0.96 0.86 571 10
Apy10 0.71 0.72 0.81 0.72 4.65 9
Palll 0.62 0.75 0.21 0.75 4.49 8
Pall7 0.63 0.61 1.00 0.61 2.92 4
Pal25 0.82 0.88 0.17 0.88 6.15 10
Pal26 0.90 0.82 0.01** 0.81 4.79 11
Average 0.78 4.77 7.73
SA&FR
Locus Ho He p-value Gene Allelic ~ Number of
diversity richness alleles
Pal21 0.72 0.78 0.34 0.79 4.86 9
Pal38 0.79 0.83 0.52 0.83 5.04 6
Pal37 0.72 0.85  0.02* 0.85 5.57 9
Pal42 0.81 0.67 0.27 0.67 3.19 4
Pal39 0.68 0.82 0.16 0.82 4.99 8
Apy02 0.70 0.81 0.11 0.81 4.96 8
Apyl0 0.63 0.71 0.11 0.71 3.96 6
Pal1l 0.73 0.80 0.43 0.80 4.80 7
Pall7 0.64 0.68 0.84 0.69 3.35 4
Pal25 0.93 0.87 0.92 0.87 6.10 12
Pal26 0.87 0.77 0.65 0.77 4.37 6
Average 0.78 4.65 7.18
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RE

Locus Ho He p-value Gene Allelic ~ Number of
diversity richness alleles
Pal21 0.75 0.72 0.88 0.71 4.47 8
Pal38 0.92 0.87 0.73 0.87 5.79 8
Pal37 0.80 0.82 0.50 0.83 5.16 7
Pal42 0.63 0.71 0.36 0.72 3.53 4
Pal39 0.69 0.76 0.31 0.77 4.49 7
Apy02 0.87 0.82 0.92 0.81 4.82 7
Apyl10 0.69 0.83 0.11 0.83 521 8
Palll 0.69 0.81  0.03* 0.79 4.82 8
Pal17 0.44 0.64 0.15 0.62 2.95 4
Pal25 0.81 0.87 0.21 0.88 6.00 9
Pal26 0.80 0.74 1.00 0.72 3.93 5
Average 0.78 4.65 6.82
TR
Locus Ho He p-value Gene Allelic ~ Number of
diversity richness alleles
Pal21 0.68 0.73 0.57 0.73 4.21 8
Pal38 0.86 0.85 0.88 0.85 5.42 7
Pal37 0.71 0.74 0.22 0.74 4.68 8
Pal42 0.64 0.62 0.89 0.62 3.23 4
Pal39 0.85 0.89 0.44 0.89 6.29 12
Apy02 0.79 0.80 0.65 0.80 4.89 8
Apy10 0.78 0.81 0.47 0.81 5.59 12
Palll 0.52 0.75 0.06 0.75 4.08 6
Pall7 0.68 0.60 0.32 0.60 3.33 4
Pal25 0.89 0.91 0.10 0.91 6.73 12
Pal26 0.85 0.80 0.12 0.80 4.69 6
Average 0.77 4.83 7.91
WA
Locus Ho He p-value Gene Allelic ~ Number of
diversity richness alleles
Pal21 0.86 0.88 0.86 0.88 6.00 7
Pal38 0.83 0.85 0.92 0.85 5.49 6
Pal37 0.83 0.83 0.56 0.83 4.80 S5
Pal42 0.60 0.69 0.62 0.70 3.00 3
Pal39 0.83 0.80 1.00 0.80 4.79 S
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Apy02 0.86 0.90 0.72 0.91 6.66 8
Apy10 0.71 0.85 0.55 0.86 5.78 7
Palll 0.71 0.84 0.65 0.85 5.29 6
Pall7 0.57 0.65 0.63 0.66 3.64 4
Pal25 0.71 0.86 0.11 0.87 5.79 7
Pal26 0.71 0.79 0.76 0.80 3.97 4
Average 0.82 5.02 5.64
SF
Locus Ho He  p-value Gene Allelic ~ Number of
diversity richness alleles
Pal21 0.72 0.78 0.47 0.78 4.95 9
Pal38 0.58 0.81  0.01** 0.81 4.82 6
Pal37 0.61 0.83 0.02* 0.84 5.26 8
Pal42 0.50 0.64 0.11 0.64 3.09 4
Pal39 0.65 0.88 0.01 0.88 6.05 11
Apy02 0.88 0.87 0.75 0.87 5.77 11
Apy10 0.80 0.79 0.88 0.79 5.16 10
Palll 0.67 0.71 0.36 0.71 3.86 7
Pall7 0.66 0.72 0.84 0.73 3.76 S
Pal25 0.87 0.88 0.77 0.88 6.30 12
Pal26 0.80 0.79 0.55 0.79 4.46 6
Average 0.79 4.86 8.09
CH
Locus Ho He p-value Gene Allelic ~ Number of
diversity richness alleles
Pal21 0.60 0.72 0.66 0.73 3.90 S
Pal38 0.95 0.85 0.56 0.85 5.58 8
Pal37 0.57 0.73 0.05 0.74 4.64 8
Pal42 0.86 0.74 0.49 0.74 4.08 6
Pal39 0.76 0.86 0.16 0.86 5.79 9
Apy02 0.84 0.89 0.07 0.89 6.39 11
Apy10 0.77 0.81 0.38 0.81 5.27 10
Palll 0.68 0.78 0.18 0.78 4.65 8
Pall7 0.63 0.76 0.36 0.76 413 5
Pal25 0.90 0.91 0.78 0.91 6.85 13
Pal26 0.86 0.77 0.84 0.77 452 7
Average 0.80 5.07 8.18
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SJ

Locus Ho He  p-value Gene Allelic ~ Number of
diversity richness alleles
Pal21 0.64 0.78 0.03* 0.79 4.54 6
Pal38 0.89 0.79 1.00 0.79 4.54 S
Pal37 0.82 0.81 0.82 0.81 5.08 7
Pal42 0.64 0.74 0.07 0.75 3.68 4
Pal39 0.90 0.89 0.93 0.89 6.49 9
Apy02 0.91 0.94 0.73 0.94 7.52 12
Apyl0 0.91 0.89 0.47 0.89 6.10 8
Palll 0.45 0.84 0.00** 0.86 5.01 6
Pal17 0.82 0.71 1.00 0.71 3.76 S
Pal25 1.00 0.87 0.85 0.87 6.18 9
Pal26 0.91 0.81 0.99 0.81 4.87 6
Average 0.83 5.25 7.00
GU
Locus Ho He p-value Gene Allelic ~ Number of
diversity richness alleles
Pal21 0.73 0.69 0.37 0.69 3.50 6
Pal38 0.81 0.82 0.31 0.83 5.38 9
Pal37 0.90 0.88  0.04* 0.88 6.07 10
Pal42 0.73 0.65 0.10 0.65 3.66 6
Pal39 0.75 0.79 0.34 0.79 4.86 8
Apy02 0.96 0.93 1.00 0.93 7.29 15
Apy10 0.87 0.80  0.04* 0.80 4.85 9
Palll 0.56 0.75 0.12 0.76 4.24 8
Pall7 0.63 0.76 0.15 0.76 4.01 S
Pal25 0.93 0.90 0.80 0.90 6.70 25
Pal26 0.80 0.82 0.20 0.82 4.89 7
Average 0.80 5.04 8.91
SB
Locus Ho He p-value Gene Allelic  Number of
diversity richness alleles
Pal21 0.80 0.74 0.18 0.74 4.19 6
Pal38 0.72 0.83 0.07 0.83 5.40 9
Pal37 0.70 0.77 0.20 0.77 4.83 8
Pal42 0.57 0.69 0.09 0.70 3.84 7
Pal39 0.90 0.84 0.95 0.84 5.83 12
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Apy02
Apy10
Palll
Pall7
Pal25
Pal26
Average

0.82
0.80
0.52
0.69
0.90
0.83

0.89
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0.90
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0.74
0.00**
0.33
0.43
0.05
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Appendix A5. Exact p-values for deviations from linkage equilibrium for loci used in this study. One asterisk (*) represents a
significant p-value with an o value of 0.05 whereas two asterisks (**) represents significance after a Benjamini-Yekutieli correction
(p<0.011). Colony abbreviations are the same as listed in Table 1.

AL
Pal21 Pal38 Pal37 Pal42 Pal39 Apy02 Apy10 Palll Pall7 Pal25 Pal26
Pal38 0.00**
Pal37 0.41 0.03*
Pal42 0.02* 0.03* 0.04*
Pal39 0.18 0.08 0.00** 0.90
Apy02 0.01* 0.05 0.03* 0.00**
Apy10 0.08 0.02* 0.02* 0.03* 0.11 0.00**
Palll 0.08 0.3 0.09 0.16 0.00** 0.02* 0.13
Pall7 0.07 0.05 0.25 0.01* 0.07 0.00** 0.00** 0.04*
Pal25 0.03* 0.04* 0.01* 0.01* 0.05 0.14 0.11 0.42 0.01**
Pal26 0.22 0.02* 0.05 0.04* 0.7 0.00** 0.33 0.12 0.00** 0.70
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SA&FR

Pal21 Pal38 Pal37 Pal42 Pal39 Apy02 Apy10 Palll Pall7 Pal25 Pal26
Pal38 0.04*
Pal37 0.04* 0.11
Pal42 0.26 0.52 0.67
Pal39 0.89 0.02* 0.48 0.31
Apy02 0.20 0.17 0.31 0.88 0.91
Apyl0 0.36 0.13 0.76 0.29 0.076 0.17
Pall1l 0.35 0.66 0.04* 0.43 0.37 0.32 0.90
Pall7 0.75 0.50 0.44 0.48 0.03* 0.19 0.02* 0.10
Pal25 0.18 0.38 0.94 0.34 0.42 0.02* 0.28 0.02* 0.00**
Pal26 0.48 0.37 0.94 0.90 0.14 0.90 0.17 0.35 0.00** 0.13
RE
Pal21 Pal38 Pal37 Pal42 Pal39 Apy02 Apyl10 Palll Pall7 Pal25 Pal26
Pal38 0.05
Pal37 0.43 0.90
Pal42 0.82 0.06 0.75
Pal39 0.13 0.40 0.89 0.44
Apy02 0.39 0.06 0.235 0.96 0.35
Apy10 0.00** 0.18 0.33 0.93 0.76 0.27
Palll 0.20 0.03* 0.89 0.64 0.04* 0.39 0.89
Pall7 0.44 0.36 0.34 0.44 0.80 0.67 0.46 0.34
Pal25 0.51 0.051 0.28 0.42 0.29 0.23 0.62 0.01** 0.58
Pal26 0.14 0.43 0.00** 0.73 0.78 0.62 0.62 0.63 0.047 0.79
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TR

Pal21 Pal38 Pal37 Pal42 Pal39 Apy02 Apyl0 Palll Pall7 Pal25 Pal26
Pal38 0.65
Pal37 0.72 0.07
Pal42 0.83 0.32 0.09
Pal39 0.03* 0.23 0.16 0.31
Apy02 0.23 0.55 0.52 0.23 0.84
Apy10 0.94 0.16 0.66 0.40 0.86 0.64
Palll 0.35 0.37 0.21 0.60 0.61 0.22 0.64
Pall7 0.48 0.47 0.11 0.24 0.95 0.87 0.65 0.50
Pal25 0.56 0.83 0.26 0.79 0.36 0.51 0.30 0.90 0.25
Pal26 0.34 0.53 0.22 0.89 0.41 0.81 0.88 0.72 0.73 0.20
WA
Pal21 Pal38 Pal37 Pal42 Pal39 Apy02 Apy10 Palll Pall7 Pal25 Pal26
Pal38 0.92
Pal37 0.25 0.24
Pal42 0.62 0.26 0.50
Pal39 0.18 0.41 0.36 0.21
Apy02 0.99 0.67 0.02* 0.46 0.04*
Apyl0 0.64 0.85 0.63 0.67 0.29 0.02*
Palll 0.16 0.14 0.24 0.33 0.24 0.61 0.16
Pall7 0.96 0.83 0.55 0.05 0.26 0.04* 0.053 0.34
Pal25 0.18 0.17 0.38 0.09 0.47 0.81 0.79 0.40 0.60
Pal26 0.20 0.23 0.10 0.77 0.28 0.85 0.32 0.61 0.38 0.03*
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SF

Pal21 Pal38 Pal37 Pal42 Pal39  Apy02  Apyl0  Palll Pall7 Pal25 Pal26
Pal38 0.67
Pal37 0.55 0.53
Pal42 0.66 0.45 0.00%*
Pal39 0.16 0.01**  0.20 0.73
Apy02  0.64 0.16 0.89 0.49 0.25
Apyl0 050 0.64 0.06 0.03* 0.02* 0.83
Pal1l 0.80 0.83 0.58 0.73 0.68 0.79 0.68
Pal17 0.20 0.02* 0.24 0.87 0.41 0.43 0.58 0.99
Pal25 0.36 0.81 0.83 0.11 0.96 0.71 0.43 0.86 0.35
Pal26 0.07 0.89 0.25 0.16 0.69 0.44 0.69 0.09 0.43 0.83
CH
Pal21 Pal38 Pal37 Pal42 Pal39  Apy02  Apyl0  Palll Pall7 Pal25 Pal26
Pal38 0.01*
Pal37 0.10 0.52
Pal42 0.11 0.50 0.57
Pal39 0.45 0.25 0.00%* 0.81
Apy02  0.28 0.48 0.21 0.92 0.34
Apyl0  0.14 0.23 0.19 0.93 0.43 0.98
Pal1l 0.60 0.49 0.51 0.20 0.70 0.79 0.96
Pal17 0.20 0.36 0.16 0.86 0.23 0.21 0.18 0.52
Pal25 0.95 0.71 0.56 0.76 0.44 0.54 0.37 0.14 0.13
Pal26 0.84 0.96 0.64 0.91 0.13 0.19 0.79 0.45 0.97 0.57
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SJ

Pal21 Pal38 Pal37 Pal42 Pal39  Apy02  Apyl0  Palll Pall7 Pal25 Pal26
Pal38 0.54
Pal37 0.28 0.30
Pal42 0.30 0.89 0.91
Pal39 0.15 0.93 0.54 0.29
Apy02  0.23 0.51 0.99 0.28 0.62
Apyl0  0.02* 0.81 0.93 0.18 0.22 0.60
Pal1l 0.69 0.64 0.88 0.04* 0.73 0.51 0.09
Pal17 0.09 0.62 0.51 0.37 0.60 0.13 0.40 0.22
Pal25 0.46 0.39 0.79 0.29 0.62 0.83 0.17 0.00%*  0.83
Pal26 0.36 0.29 0.31 0.42 0.80 0.79 0.04* 0.55 0.41 0.31
GU
Pal21 Pal38 Pal37 Pal42 Pal39 Apy02  Apyl0  Palll Pall? Pal25 Pal26
Pal38 0.36
Pal37 0.01%* 0.36
Pal42 0.32 0.35 0.76
Pal39 0.19 0.049 0.42 0.15
Apy02 050 0.21 0.16 0.09 0.55
Apyl0 061 0.10 0.08 0.08 0.48 0.35
Pal1l 0.21 0.85 0.10 0.53 0.01 0.44 0.37
Pal17 0.53 0.61 0.28 0.01* 0.06 0.48 0.22 0.91
Pal25 0.65 0.12 0.03* 0.77 0.01** 0.01* 0.01* 0.41 0.42
Pal26 0.53 0.59 0.14 0.38 0.14 0.40 0.74 0.94 0.34 0.55
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SB

Pal21 Pal38 Pal37 Pal42 Pal39 Apy02 Apyl0 Palll Pall7 Pal25 Pal26
Pal38 0.59
Pal37 0.98 0.31
Pal42 0.93 0.63 0.83
Pal39 0.93 0.90 0.67 0.32
Apy02 1.00 0.67 0.11 0.27 0.87
Apy10 0.06 0.36 0.93 0.46 0.97 0.83
Palll 0.46 0.24 0.40 0.40 0.91 0.14 0.41
Pall7 0.63 0.89 0.63 0.65 0.43 0.14 0.48 0.44
Pal25 0.06 0.00** 0.37 0.20 0.14 0.01* 0.71 0.66 0.77
Pal26 0.25 0.42 0.42 0.57 0.26 0.43 0.87 0.99 0.06 0.16
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