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Abstract

Understanding gene flow, diversity, and dispersal patterns is important for
predicting effects of natural events and anthropogenic activities on dolphin populations
With the very recent exceptions of false killer whalRsegudorca crassidepsspinner
dolphins Gtenella longirostris and common bottlenose dolphiffai(siops truncatus
Hawaiian odontocete species are managed as single stocks within the U.arHawa
Exclusive Economic Zone. These exceptions are a result of recent stutles/tha
indicated that some species have populations that show fidelity to individual islands or
groups of islands, resulting in genetic differentiation, often with management
implications. The first part of my study (following the introductory chagtenised on
population structure of pantropical spotted dolphBtefella attenua)anear the
Hawaiian Islands. Because of the level of human interaction, pantropical spoftieith dol
populations need to be defined accurately to be managed in a way that will avoid local
population losses, especially given that the commercial and recreataiiieries
near the islands “fish on dolphins” to catch tuna. | analyzed genetic sample®fAmM
and microsatellite loci from four island regions: Hawai‘i, the 4-islanda,a‘ahu, and
Kaua'i/Ni‘ihau. My results support genetic differentiation among theoregof Hawai‘i,
the 4-islands area, and O‘ahu and suggest that pantropical spotted dolphins near
Kaua'i/Ni‘ihau are likely transient and in very low numbers. There was no strong
evidence to support sex-biased dispersal or group fidelity. Possibly, diffecenisat
mediated by behavior adapted to differing habitat types. From a mar#geme

perspective, spinner and bottlenose dolphin populations near the Hawaiian Islands have



been split into separate stocks for management based on levels of genetiatidifiene
similar to those found for pantropical spotted dolphins. These precedents suggest that
comparable action should be taken to split pantropical spotted dolphin stocks near the
Hawaiian Islands.

Most population studies rely heavily upon fixation indices kkgto determine
whether populations are genetically differentiated. WHhgrvalues are low but
significantly different from zero, it can be difficult to interpret the biadagsignificance
of these values. As part of my study, | suggest that one way to evaluatervghathe
Fst values indicate significant differentiation is to compaggevalues with other
populations considered to be separate based on factors such as extreme distance or
morphological differences. | examined pantropical spotted dolphins from thealcoast
offshore Eastern Tropical Pacific (ETP), Hawaiian Islands, and Chimaldo examine
the utility of comparind-st values across separate populations. Among Hawaiian Island
regions,Fst values are significantly different from zero but small. The comparison of
theseFst values with more distant populations in the ETP and China/Taiwan indicated
that differences among Hawaiian Island regions were similar imiaeg to those found
between the offshore and coastal ETP sub-species, but smaller than between the
Hawaiian Island regions and the other regions examined. This suggests a level of
reproductive isolation among the Hawaiian Islands regions that is comparaide @b t
offshore and coastal ETP populations, and supports the value of fixation index
comparisons in evaluating differentiation among putative populations. My rasgdfest

that assigning specific numerical baselizg values may not always be biologically



meaningful but that determining whether related populations with geographic or othe
separation show a preponderance of similar, lower, or higher fixation index vafues c
help evaluate whether genetic differences among sympatric or parapatips warrants
designating them as separate populations for management.

Lastly, | explore whether the fast evolving mtDNA control region mambee
suited to phylogenetic comparisons amongStenellathan slower evolving gene
regions and whether the small number of haplotypes generally used in phylogenetic
analyses is adequate for defining relationships among dolphins. Usually, slewgvol
regions, such as gene regions, are used in phylogenetic analyses becésarspec
genera have been isolated long enough for variation to have accumulated egsuch r
but not so long that many reversals.(@ mutational change in sequence that later
changes back to the original sequence) have occurred. The mtDNA control region is
typically used for population genetic comparisons rather than phylogeneticrcsonpa
because it is considered to be a fast evolving region. Historically, dolphin phylbgs
been examined using gene regions, which have resulted in ambiguous and unexpected
relationships. However, the lack of variation in the mtDNA control region for
pantropical spotted dolphin populations and the fact that recent studies have found that
the mtDNA control region in cetaceans evolves at about one quarter the rate of other
mammals, raises the question as to whether this region would be better suited to
phylogenetic studies for tl&tenellaland potentially other dolphin species). In
comparing 346 haplotypes from five specieStd#nellaworld-wide, | found that the

mMtDNA control region is probably not a good region to use for phylogenetic analyses,



and that even faster evolving regions might perform better. The differentes in t

mtDNA control region were not sufficient to distinguish clear relationshipsng the

Stenella | also found that when subsets of haplotypes chosen at random were compared,
the results differed among comparisons, suggesting that there is value in usartganor

the usual one or two haplotypes when making phylogenetic comparisons. Given the
recent increases in sequence availabigétg (GenBank) and computing power,

researchers should strongly consider using many haplotypes from a variety ofippopula

in their phylogenetic comparisons.
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CHAPTER 1: Introduction to Population Genetics & Spotted Dolphins

My study focused on population structure of pantropical spotted dolphins
(Stenella attenuajanear the Hawaiian Islands, ranging from the island of Hawai'‘i to the
island of Ni‘ihau, using mitochondrial DNA (mtDNA) and microsatellites (eac
DNA). | also explored genetic relationships among pantropical spotted dolphins in the
Eastern Tropical Pacific (ETP), near the Hawaiian Islandsglag: waters near the
Hawaiian Islands Exclusive Economic Zone (EEZ), and near China/Tamw@mtpare
fixation index values in an effort to establish whether this method could be used $ asses
whether low levels of genetic differentiation are likely to be biologrcatinificant.
Further, | used published DNA sequences and sequences from my study to irevestigat
phylogenetic relationships among tBenellaas a genus and assess the use of the
mtDNA control region as a phylogenetic, rather than population genetic, marker for

Stenella

Pantropical Spotted Dolphins in the Eastern Tropical Pacific and Chia/Taiwan
Pantropical spotted dolphins, as the name suggests, have a tropical, sub-tropical,

and warm-temperate distribution, which lies betweer’N4thd ~46S latitudes (Perrin

2001). Extensive studies have been done on the morphological differences among

pantropical spotted dolphin populations (Dougttaal. 1984, Perriret al. 1985, Schnell

et al. 1986, Perriret al. 1987, 1994, Walton 1997, Ya al.2008). Interestingly,

Schnellet al. (1986) and Yaet al. (2008) found that oceanographic conditions

correlated with some morphological characteristics of pantropical spatiguirts in the



offshore Eastern Tropical Pacific and near China and Taiwan respectivelyxafgple,
Schnellet al. (1986) found that cranial morphology, such as width of the temporal fossa,
and environmental measures, such as sea surface temperature and thickness génhe oxy
minimal layer, both tended to be strongly clinal, suggesting ocean conditientedff
physical characteristics. However, they found a strong division between nortdern a
southern offshore populations. Based on morphological differences (Eteaii985),
and more recently on genetic evidence (Escorza-Treatiah 2005, Rosales 2005),
pantropical spotted dolphins in the ETP are considered to be two sub-species: offshore
(S. a. attenuadeand coastalg. a. graffmarni The offshore sub-species have been
further subdivided into northern and southern populations based on differences in
morphology, differences in seasonality of calving, and a potential gap iitbwliin
(Barlow 1984, Perriret al. 1985, Schnelét al. 1986). Dizoret al.(1994b) defined them
as a northeastern and a southern-western stock. There is geographicplaerig the
morphotypes that could allow interbreeding to occur (Petrad. 1985). Generally, the
coastal sub-species is described as occurring within 200nmi of the coastghlthe
offshore sub-species has been recorded within 16nmi of the coast @@alrito85).
The northeastern and southern-western offshore stocks are generally dividind nea
equator (Perriret al. 1985).

Escorza-Trevifi@t al.(2005) investigated genetic differentiation of pantropical
spotted dolphins of the coastal and offshore sub-species in the ETP near Mexico and
Central America. They also investigated population structure within theateabt

species. Both mitochondrial and microsatellite analyses showed théitgene



differentiation exists between coastal and offshore dolphins despite overlap in thei
ranges. In addition, mitochondrial results indicated genetic partitioniog@ the
coastal dolphins in six geographic locations based on genetic distkgcasd s7)
among haplotypes. However, microsatellite loci revealed low levels ofigene
partitioning among these coastal areas. These results suggestaapdififgyersal rates
between sexes, with females showing higher philopatry and therefore local
differentiation. Subsequent analyses with additional samples from caasisrasulted
in nine distinct populations (Rosales 2005), although Rosales (pers. comm.) redsiced thi
to seven upon further analyses.

Pantropical spotted dolphins near eastern Taiwan, in the Taiwan Strait, and in the
South China Sea showed significant differentiation in mtDNA between the South China
Sea and the other two locations base&#granalysis, but the difference was not

significant based uponst analysis (Yacet al.2004).

Pantropical Spotted Dolphins and Atlantic Spotted Dolphins in the Bantic

In the Atlantic, two species of spotted dolphins are recognized, pantropical
spotted dolphin and Atlantic spotted dolph#h frontalig. There is no published
information regarding the population genetics of pantropical spotted dolphins inShe U
waters of the Western North Atlantic (Wariagal.2011). However, some samples from
pantropical spotted dolphins in the western Atlantic have been collected, and mtDNA
sequences are available on GenBank (Bero 2001, Kingstn2009). Pantropical

spotted dolphins in the U.S. Atlantic are divided into two stocks for management:



Northern Gulf of Mexico and Western North Atlantic. The separation of these stocks i
provisional, and there is no genetic or morphological evidence available that
differentiates these stocks (Wariagal.2011).

The Atlantic spotted dolphin is also separated into a Western North Atlantic stock
and a Northern Gulf of Mexico stock in U.S. waters. This stock delimitation is sugpporte
by genetic studies showing significant differences in mitochondrial and niiea
between the two areas (Bero 2001, Adams & Rosel 2006). Adams and Rosel (2006) also
reported that mtDNA population differentiation (based upgnand st) was twice as
large for females than males, whereas microsatellite population difégr@mt{based
uponFstandRst) was comparable between the two sexes. This supported female
philopatry as a driving force in genetic differentiation among these pamsati
Martinez-Vergaraet al. (2004) reported significant differences in Atlantic spotted
dolphin mitochondrial DNA from three geographic locations: North Western AtJanti
Gulf of Mexico, and West Africa. The authors concluded that there has been mwent g
mixing and/or moderate to high levels of historical gene flow and suggested that
microsatellite markers may be informative in future studies. Currerghydy is
underway to assess population genetic structuring of Atlantic spotted dolphirtisenear

Bahamas based on fecal samples (Getexh. 2007).

Pantropical Spotted Dolphins near the Hawaiian Islands
Pantropical spotted dolphins are an important part of the Hawaiian ecosystem and

economy, interacting with fisheries, acting as predators, prey, and congyetitdrare



becoming increasingly important for ecotourism (Carrettal.2011). Because of

human interaction associated with fishing and ecotourism, pantropical spotted dolphin
stocks need to be defined accurately to be managed in a way that will avoid local
population losses, especially given that the commercial and recreataniziieries

near the islands “fish on dolphins” to catch tuna (Figure 1), causing, at leasboaltas
dolphins to sustain injuries that are evident in photos (Baird 2009 unpub. data). Rizzuto
(2007) reported a fisher describing the “first time” he caught a spottediolpla lure

and brought it up to the boat before cutting off the line with the lure still stuck in the
dolphin’s mouth. Two decades before Rizzuto, Shallenberger (1981) also reported that
trollers fished through groups of pantropical spotted dolphins to catch tuna. Pantropical
spotted dolphins near the Hawaiian Islands are managed as a separate stockefrom ET
pantropical spotted dolphins that are impacted by the tuna purse seine fishesttd€ar

al. 2011). ETP populations have not shown recovery from declines brought on by the
fisheries interactions of the 1960s and early 1970s, despite conservation efforts
(Gerrodette & Forcada 2005, Cranetral. 2008).

Dizonet al.(1994b) reported that the Hawaiian stock of pantropical spotted
dolphins is discriminated from the other Pacific stocks based on its proximity to the
Hawaiian Islands rather than on any genetic, behavioral, or major morphological
differences. The stock boundary is the U.S. Exclusive Economic Zone surrounding the
Hawaiian Islands (Carrettt al.2011). Pantropical spotted dolphins near the Hawaiian
Islands tend to have less spotting than and differing cranial morphology from norther

offshore pantropical spotted dolphins, but similar coloration and cranial morphology to



southern offshore pantropical spotted dolphins (Digbal. 1994b). Reevest al.(2004)
stated that numerous additional sub-species of Pacific pantropical spotted dalahins
be added in the future as further studies reveal more information on levels of
differentiation. Population size estimates for the Hawaiian Islands reigidaoded in
our study area range from approximately 2,928 (CV=0.45) (Madtl@y.2000) to 4,283
(Barlow 2006), although the area included by Barétal. (2006) (212,892 ki) was
larger than that of Moblegt al. (2000) (71,954 kf), which may explain the difference
in estimates. For the Barlow (2006) estimate an approximate CV of 0.55 waatedti
by assuming that the variance in each stratum is proportional to the number afisighti
(Barlow, pers. comm.). Within the entire Hawaiian EEZ, population size isagstino
be approximately 8,978 (CV=0.48) (Barlow 2006). CV is the coefficient of variation and
measures the ratio of standard deviation to the mean.

Baird et al. (2001) suggested that movements among the islands may be limited
based on differences in scar pattern among islands; however, it is unknown wWiezther t
are genetically separate stocks of pantropical spotted dolphins near ldred® i$or my
study, four regions were defined, based on distance among islands and depths of the
channels between them per Bagtchl. (2008b): the island of Hawai'i; the “4-islands
area” including Maui, Lana'‘i, Kaho‘olawe, and Moloka'i; the island of O‘ahu; and the
islands of Kaua'‘i and Ni‘ihau (Figure 2). In an earlier study, Baitiral. (2001) reported
that pantropical spotted dolphins near the 4-islands area were germratlyat least 3-
5km from shore between the islands in waters 70-300m deep. They concluded that in

comparison with other dolphin species, pantropical spotted dolphins near the 4-islands



area have distinct habitat use patterns. Pantropical spotted dolphins showed@ytende
move into deeper water as the day progressed and preferred deeper portierssumfyt
area than spinner and common bottlenose dolphins (Baakd2001). Deeper and

longer dives occurred at night, suggesting possible feeding at nighd @ail. 2001).

If pantropical spotted dolphins near the Hawaiian Islands consist of multiple
populations or sub-populations, two possible driving forces for this are female philopatry
as has been seen in pantropical spotted dolphins in the ETP (Escorza-&tailifio
2005), and niche specializations. Hoelzel (1998) reviewed cetacean genelies ahd
discussed potential reasons for sympatric populations to geneticallgelivide
proposed niche specialization as the main force behind sympatric speciatisrkindhi
of specialization can lead to behavioral changes that affect sexwdicseldJItimately,
mating location preferences that differ among members of a sympaitiespan lead to
genetically distinct races that may eventually evolve into separatesgBush 1994,

Hoelzel 1998). As we begin to learn where there are genetic subdivisions in populations,
we can build on that foundation to look for causes, such as behavioral isolation created by
differential prey preferences, hunting pressures, mating behastiorand then begin to
explore genetic correlates for behaviors. Hoelzel (1998) proposed that lezouiddpe

important in maintenance of such specializations.

Genetic Studies of Other Odontocete Species
Studies of other dolphin species have shown genetic differentiation of

geographically contiguous or overlapping populations. The hypothesis that paaitropic



spotted dolphins near the Hawaiian Islands would exhibit site fidelity that waued dr
genetic differentiation among regions was based on the results of such sirdasy
Stenella a recent study of Hawaiian spinner dolphins found significant genetic
differentiation among populations near most of the Hawaiian Islands regindee{@#set

al. 2010). Garrisomt al.(1999) reported that spinner dolphin genetic differentiation was
correlated with habitat preference. Spinner dolphins near French Polynesals isave
been found to have small populations, relatively isolated by distance (Oe¢aus

2007). Females showed more site fidelity than males (Oretmals2007). Garcia-
Martinezet al.(1999) reported two genetically distinct populations of striped dolpBins (
coeruleoalbain the Mediterranean and Atlantic. They stated that dolphins preferring
shallow water or island habitats become isolated. Gaspaki(2007) found genetic
differentiation between striped dolphin populations in the Adriatic and Tyrrhenian Seas
and between inshore and offshore populations within the Tyrrhenian Sea.

Among other genera, two previously unrecognized species of sympatmeazom
bottlenose dolphins found in Chinese waters were found to be genetically distinct and are
now considered separate species, Indo-Pacific bottlenose dolpbmsgps aduncys
and common bottlenose dolphins (Waet@l. 1999, Yanget al.2005). Hoelzeét al.
(1998b) found that offshore and nearshore Atlantic common bottlenose dolphin
populations were genetically distinct despite geographical overlaps8edl. (2005)
found that common bottlenose dolphins in the Gulf of Mexico showed population
subdivisions indicative of philopatry of both sexes; Pargbs. (2002) determined that

common bottlenose dolphins near the United Kingdom had local genetic populations,



some of which were more similar to distant neighboring populations than to nearer
neighboring populations; and Dowling and Brown (1993) found that common bottlenose
dolphins along the western Atlantic coast showed regional differentiation. Saidie
resident common bottlenose dolphin population on the west coast of Florida have
demonstrated a high degree of female philopatry, coupled with a significant level of
male-based gene flow in this local population (Duffield & Wells 1991, 2002). Common
bottlenose dolphins near New Zealand showed considerable genetic ddteyanti
indicating little gene exchange among Northland, Marlborough Sounds, and Fiordland
(Tezanos-Pintet al.2009). Common bottlenose dolphins in the Black Sea have been
shown to be genetically distinct from those in the Mediterranean (Viaudrdaet al.
2008). Parsonet al.(2006) found that there was genetic differentiation between
common bottlenose dolphins found near East Abaco, South Abaco, and White Sand
Ridge in the Bahamas Islands. Further, Margieal.(2011) found genetic

differentiation among common bottlenose dolphin populations near regions of the
Hawaiian Islands. Genetic analyses by Moller and Beheregaray (20@4)ed that
Indo-Pacific bottlenose dolphins near Australia showed female philopatry amdessc
male philopatry than previously suspected. Genetic analyses of Indo-Pac¢iéodsx
dolphins in Australia have also shown differentiation based on habitat type (ktdker
2007, Wiszniewsket al.2010). Some genetic differentiation has also been found among
putative coastal and migratory populations of Indo-Pacific bottlenose dolphirtg aaug
the KwaZulu-Natal shark fishery near South Africa (Nagblal.2008). Bottlenose

dolphins sampled near Victoria Australia were found to be divergent from both



recognized species of bottlenose dolphins, suggesting the possibility of a thie$ speci
(Charltonet al.2006). What were considered sympatric morphotypes of common
dolphins Delphinug in the Northeast Pacific have been shown to be genetically
separated species (Roselal. 1994) and have been split into short-beaked common
dolphins D. delphig and long-beaked common dolphils capensis(Heyning &

Perrin 1994). Short-beaked common dolphins have been reported to have genetically
distinct populations within the California/Oregon/Washington stock (Cheteait 2003).
Natoli et al. (2006, 2008) have reported genetic differentiation among short-beaked
common dolphin sub-species in the Mediterranean and Black Sea areas. Short-beaked
common dolphins have also been found to have unexpected levels of genetic
differentiation across a distance of ~1500km near Australia, with marked diff¢ien
between Southern Australia and Southeastern Tasmania (Bilgghah2008). The
authors suggest differences in temperature, habitat, and fish abundance may comtribute t
this genetic isolation (Bilgmanet al.2008). Short-beaked common dolphins also form
at least two genetically distinct populations in the western and eastentidA@&ean
(Mirimin et al.2009). Genetic analyses of Hector’s dolphitsghalorhynchus hectori
from three areas of New Zealand indicated female philopatry and lowes tégdne

flow than expected (Pichlet al. 1998). Bakeet al.(2002) reported four regional
populations of Hector’s dolphins in New Zealand, including a distinct sub-spé&cies,
maui, near the North Island. Differentiation has been reported among Commerson’s
dolphins Cephalorhynchus commersarin five regions of Tierra del Fuego (Pimpedr

al. 2010). Coastal and offshore Pacific white-sided dolpliagénorhynchus

10



obliquidens near Japan exhibited severely restricted gene flow between these two
parapatric groups (Hayarat al.2004). However, Casseasal.(2005) found that dusky
dolphins Lagenorhynchus obscurusear Argentina and Peru showed male specific gene
flow between the populations. Fish-eating and mammal-eating killeew/icinus

orca) have been shown to have restricted gene flow between populations despite
considerable geographic overlap (Hoelzel 1991, Hoelzel & Dover 1991, HetkHel
1998a). More recently, analysis of the entire mitochondrial genome suggésétsrtiha
Pacific mammal-eating killer whales should be considered a seppeates(Morinet

al. 2010). False killer whales near the Hawaiian Islands are geneticéihctisom
offshore populations (Chiveet al.2007, 2010). Freéret al. (2008) found that

humpback dolphinsSousa chinensisiear China and Australia are more genetically
diverged than humpback dolphirss. plumbepnear China and South Africa, calling their
current taxonomy into question. Unique haplotypes of humpback dolphins have also
been found near India (Jayasan&tal.2008).

On the other hand, Cassezisal. (2003) reported a matrilineal genealogy of
dusky dolphins that showed no obvious geographical partitioning between the Eastern
and Western Atlantic, indicating that the separation of the populations was \&mysec
some animals occasionally cross the ocean. Also, Herkih (2003) found that dusky
dolphins along the New Zealand coast did not show genetic subdivisions among regions,
and Jansen van Vuuren al.(2002) did not find significant genetic differences between
populations of Heaviside’s dolphi€éphalorhynchus heavisidlirom South Africa and

Nambia, although they did find some variation within the two geographic regions. Also,

11



no evidence of significant mtDNA differentiation was found between northern right
whale dolphinsl{issodelphis boreal)sn the offshore Pacific and along the U.S. west
coast (Dizoret al. 1994a). Further, Atlantic white-sided dolphihsigenorhynchus

acutug near Ireland were found to be a large, single population along the coast (Mirimin
et al.2011). In addition, when Quéroet al.(2007) compared common bottlenose
dolphins among two archipelagos (Azores and Madeira) and the Atlantic Bagididhe

not find significant differentiation within or among these three locations, congltilat
pelagic bottlenose dolphins in the eastern temperate North Atlantic belong tceaneoc
population. Quérouiét al. (2010) reported similar results for short-beaked common

dolphins and Atlantic spotted dolphins in the same regions.

Hypotheses

| hypothesize that island-associated populations of pantropical spotted dolphins
will exhibit female philopatry and/or niche specializations resultinggimetic
differentiation among island regions. This hypothesis is based on previous studies tha
suggest female site fidelity among some dolphins, for example, spinnerrcotaar
French Polynesia (Oremes al. 2007), and on other studies that have shown that dolphin
habitat use patterns can correlate to genetic differentiaigriMoller et al. 2006,
Bilgmannet al.2008). | expect to find evidence of significant differentiation among
microsatellites and mtDNA sequences from different island regiohe iHawaiian
Islands, as has been found for spinner dolphins (Ande¢wk2010) and common

bottlenose dolphins (Martiegt al.2011) near these islands. If female philopatry is
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occurring, mtDNA population differentiation will be higher for females than
corresponding males while microsatellite population differentiation wililmélar when
analyzed separately by sex, as was found for pantropical spotted dolphins in the ETP
(Escorza-Trevii@t al.2005). | expect intra-group relatedness to be higher than inter-
group relatedness if sex-biased dispersal is occurring because ilyigdikales would

stay with natal groups. For many mammal species, females stay in ¢amipys
throughout their lives (Greenwood 1980). Female group fidelity occurs in astenast

dolphin populations (Mdlleet al.2006).

Significance

Understanding dispersal and gene flow among populations is important for
predicting effects of human activities.§.fishing, introduction of exotics, pollution) and
natural eventsg(.g.hurricanes) on populations (Kokko & Lépez-Sepulcre 2006).
Intrinsic species properties can have profound effects on the ability of popsilt
disperse to new habitats and maintain patterns of dispersal and gene fardlesesgof
geographic features of the environment (Kokko & Lopez-Sepulcre 2006). My stusly aim
to elucidate patterns of gene flow and dispersal for an island-assodtdpdnin species,
thereby providing data for design of models to predict these parametersrirsiatie-
associated dolphin populations and to predict how populations may react to
anthropogenic activitye(g.predict if disturbed dolphins near one island would disperse
to a different island). Models of this nature are particularly important foecatson

and management of elusive, endangered, and/or otherwise strategic populationshfor whi
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data cannot be or has not been collected. These data can also be more broadly applied
through comparisons with other vertebrate species, such as island-assoasane
turtles and fish, to explore more general barriers to gene flow in islasgstems.

Known differences or similarities in dispersal and gene flow patterns among
island-associated species can be used in conjunction with differences aadtsmih
habitat and prey preferences and other niche specializations. These will hedmus be
determine what environmental and life history factors will allow us to prpditérns of
dispersal and gene flow in other island-associated dolphin species. ForeXdidlfar
et al. (2007) found that habitat type affected gene flow among Indo-Pacific bottlenose
dolphins near Port Stephens, Australia. Similar habitat differences etsewhihis case
open coast versus enclosed embayment, could be used as a predictor of lack of gene flow.

Intra-group structure is also important. Association patterns may varyalong
continuum from random associations in groups to closely related individuals in groups
Management is affected by these relationships because if groups obobkisely related
individuals, entire family groups may be adversely affected by disturlzdrnice same
time. This raises questions, for example, of how long a vessel should be allowed to stay
with one group or how many animals can be approached in one group.

Informed management is particularly important for this species giveththa
commercial and recreational troll fisheries near the islands “fish on dolgbieatch
tuna. In this practice, fishers drive their boats through groups of dolphins puikesg li
behind them (Figure 1). Off the island of Hawai‘i from November, 2006 to May, 2011

~29% of groups of pantropical spotted dolphins encountered had fishing vessels fishing
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through or in the middle of groups (# vessels range 1-8, mean = 2.4), in an attempt to
catch tuna that may be associated with the dolphins (R.W. Baird unpub. data). NOAA
Fisheries has proposed to elevate the Hawai‘i charter vessel and traltirand reel
fisheries from Category lll to Category Il based on these fishirtigaes, the large
number of vessels (the List of Fisheries notes the Hawaiian troll figheugles 2,210
participant vessels/persons), and anecdotal reports of hookings of this species
(Department of Commerce 2011). Categories are defined as follows: Ifteque
incidental mortality or serious injury of marine mammals; |l occasionalental

mortality or serious injury of marine mammals; 11l remote likelihood oknown

incidental mortality or serious injury of marine mammals (Department oinGooe

2011). Itis possible that if pantropical spotted dolphins are split into multiple staaks ne
the Hawaiian Islands, the troll fishery will exceed 1% of Potential BiokbdRemoval

for the island of Hawai'‘i, which would legally require the reclassifwabf the fishery to

a Category Il from a Category lll. Further, the Hawaiian-basegline fishery does

cause some mortality of pantropical spotted dolphins, with one death reported between
1994 and 2005 in this fishery, or 0.04 pantropical spotted dolphins killed per 1000 sets
(Forney & Kobayashi 2007).

Also, there have been no studies comparing genetic data from the Hawaiian stock
of pantropical spotted dolphins to the ETP stocks that are heavily impactedtbgéahe
purse seine fishery, or between these stocks and other Pacific populationshabhess
been little attempt to determine the biological significance of levaleétic

differentiation among sympatric or parapatric odontocete populations. One day to
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this is to establish baseline values using populations that are not symppareatric

and, therefore, not likely to have significant gene flow. My study examiregukstion

using pantropical spotted dolphins from the North Pacific. On a finer scale uidys st

also clarifies genetic relationships and inter-island movement patterme#thto be

known in order to properly designate management stocks of pantropical spotted dolphins.
Because most Hawaiian populations of dolphins are currently managed as single stocks
(Carrettaet al.2011), a lack of gene flow among islands would necessitate the
restructuring of stock boundaries in order to appropriately manage and consgeve the
species. The information from my study will be used by the NOAA Fisharie

readdress stock structure of pantropical spotted dolphins. The results wilhzdlioagers

to incorporate genetic relationships into their management schemes.

Hoelzel (1992) stated that to ensure long term survival of whale and dolphin
populations, it is necessary to preserve genetic diversity by identdyichgrotecting
populations with restricted gene flow, assessing variation in local populations, and
gaining understanding of reproductive and dispersal behavior. He points out that neither
geographic boundaries nor morphological differences and/or similaritiegsabwerelate
with genetic distance between populations. Therefore, the genetic relatiasfships
pantropical spotted dolphins near the Hawaiian Islands and other areas needs to be
explored, particularly because there are currently no genetic dataHe Hawaiian

Islands on which to base management of this species.
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Project Background

Population genetics models have been widely applied to a variety of taxa to
describe gene flow and diversity within populations, as well as to define stoclssf@unit
management) and geographical population borders. Applications of such studies range
from protists (Kusch 1998) to trees (Bosha¢ral. 1995) to turtles (Boweat al. 1992).
Because of the low cost of locomotion (Williams 1999) and the documentation of long
distance movements (>1,000km) for some species (Wells & Gannon 2005), dolphins are
typically considered capable of wide dispersal among islands and island groups.
However, recent studies have indicated that several species have populatisineviha
fidelity to individual Hawaiian island regions, resulting in potential geneti
differentiation with management implications. For example, photo-identific@8aird
et al.2009) and population genetics studies (Maréeal.2011) of common bottlenose
dolphins were used to create new stock boundaries in 2010 (Catratta011).
Likewise, new stock boundaries have been created for spinner dolphins based on genetic
differentiation among several regions of the Hawaiian Islands (Andreals2010). As
a result of genetic (Chiveet al.2007, 2010), photo-identification (Baied al.2008a),
and tagging (Bair@t al.2010) studies on false killer whales, NOAA Fisheries has
divided false killer whales into three Pacific Islands Region managenoeks st
including insular and offshore stocks (Carrettal.2011). These stocks are not
separated by the island regions that define bottlenose and spinner dolphin stocks. Further,
photo-identification studies indicate that rough-toothed dolpl8tenf bredanengis

(Baird et al. 2008b) show some site fidelity to individual Hawaiian Islands. Photo-
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identification study of melon-headed whal@gponocephala electyaear the Hawaiian
Islands has shown that these dolphins move among islands and that there is evidence of a
small, demographically independent population found mainly in comparatively shallow
waters near the northwestern side of the island of Hawai‘i (Ascbétf110, Aschettino

et al.2011). There have been re-sightings of individual Cuvier’'s beaked wHglesu6
cavirostrig and Blainville’s beaked whaleMésoplodon densirostiisiear the island of
Hawai‘i over a 21yr period of photographing these whales, suggesting longierm s
fidelity to the area (McSweeney al.2007). Overall, the studies that explore dispersal
and gene flow of odontocetes associated with island habitats yield varied ratults w
respect to patterns of site fidelity. Additional studies of such species arelneede
resolve questions of site fidelity and the effects this site fidelity Ima&g on the

distribution of genetic diversity and population structure and ecology.

Spinner and common bottlenose dolphins are primarily found in shallow water
near the Hawaiian Islands (Norgsal.1994), suggesting they may not use deep water
channels to the extent that other odontocetes do. Understanding dispersal anddoarriers
gene flow for island-associated marine species will allow us to begiesign studies to
address the proximate (mechanistic) and ultimate (evolutionary) causesoofuetive
isolation and the effects that isolation has on genetic diversity of islaodiatssl marine
populations. My study is designed to inform pantropical spotted dolphin management by
revealing population sub-structure of this species among the Hawaiian Islands

Intra-group structure is important as well. It is common in mammals falésm

to stay in family groups (Greenwood 1980). Group fidelity by females has been
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documented in some dolphin populations, for example, Indo-Pacific bottlenose dolphins
near Australia (Mdlleet al.2006) and common bottlenose dolphins near Sarasota,
Florida (Duffield & Wells 1991). This female fidelity to the group may occhetiver
dolphins are dispersing among islands within an archipelago or not. My study represents
a preliminary look at intra-group relationships among pantropical spotted dolphins near
the Hawaiian Islands help to address the question of female fidelity.

Further, genetic data from previous studies of other populatidatenéllaacross
oceans were examined to explore the phylogenetic relationships &tenadlaspecies
and sub-species and assess whether mtDNA control region sequences aferuseful

phylogenetic analysis amo&ienella

Population Genetics Background

The following general description of population genetics theory can be found in
most textbooks. Halliburton (2004) was used as a general reference. DNAcsegue
particularly of the mtDNA control region, has been used to assess variation and
relatedness within and among populations since the 1980’s. Sequencing DNA allows the
researcher to assess how many distinct haplotypes (unique sequences of OfdAncr
within populations and in what proportions they are found. MtDNA is inherited only
from the mother and does not undergo recombination, making it a good indicator of
female gene flow and female philopatry. Sequences chosen for geradysianeed to
have sufficient variation to allow comparison, but not so much that there is significant

homoplasyi(e. similarities for reasons other than common ancestry, such as a changing
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to a new sequence then back to the original sequence—this cannot be detected and
appears as if no change occurred) (Hélisl. 1996). When focusing on population
genetics, a fast evolving region is preferable because there will bdifferences in

slower evolving regions among individuals upon which to base comparisons. This is in
contrast to higher level phylogenetic studies in which slower evolving seegsiare
generally preferred because the likelihood of homoplasy in fast evolving segignce
higher among genera and higher taxonomic levels. Also, if all sequencthe asgne or
there are not at least two different nucleotides with each variant ogratrieast twice,
there are no phylogentically informative characters with which to cpeestgble trees.

In animals, mtDNA has some of the highest rates of nucleotide substitutiooy zalyi

in the non-coding control region (Dowlireg al. 1996). The most common variation is
due to base substitutions. The use of mtDNA in association with geographic imdormat
creates a means for determining genetic structure of populations @tglisl996).

Using DNA that is uni-parentally inherited.§.mtDNA) also allows comparison with bi-
parentally inherited sequencesd. microsatellites) to detect differences between the two
sexes (Dowlinget al. 1996).

Non-protein-coding regions of the nuclear DNA, such as microsatelliteslsare
fast evolving sequences used for population genetics study (Dostlaigl996).
Microsatellites are sequences made up of two to five repeating nucleotle unit
Microsatellite loci tend to be highly variable, and are generally comslde be neutrally
evolving. Microsatellites are inherited from both parents, so unlike mtDNA,

microsatellite loci can be used to examine male-mediated gene flow.
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Population Genetics Statistics

Common calculations used in population genetics to detect sub-populations or
separate populations are fixation indices sudhsasRst, and st. Fstcan be calculated
for individual loci and averaged across all loEkt is a calculation that determines the
proportion of total heterozygosity that is due to allele frequency differenaasgesnb-
populations. The calculation is (Total Heterozygosity Expected in Populationr-dflea
Expected Heterozygosities Over All Sub-populations) / (Total Heterozydégutected
in Population) (Wright 1951)Rst was developed for use specifically with microsatellite
data (Slatkin 1995)Rst removes the assumption of low mutation rates and the
assumption that size of new mutant alleles does not depend on size of the allele that
mutated (Slatkin 1995). It uses a step-wise mutation model in which mutations are
accrued in steps (such as increasing microsatellite size by o¢agpéement at a
time). However, it should be noted that microsatellite mutations are not ndgessari
limited to step-wise and can occur in large jumps (Duffield, pers. comng:)s anFst
analog that uses Analysis of Molecular Variance (equivalent to ANOER)d(ffier et
al. 1992). Fst andRst calculations use departure of allele frequencies from panmictic
expectations (Excoffieet al. 1992), while st evaluates the correlation of random
haplotype sequences within populations relative to random pairs drawn from the whole
species (Excoffieet al. 1992). For st, a hierarchical Analyses of Molecular Variance
is constructed directly from the matrix of squared-distances betweenralbpai

haplotypes (Excoffieet al.1992). These statistics can be calculated using a variety of
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computer programs and compared for levels of similarity in results to look for how
changes in assumptions affect the results.

Fst based calculations require the researcher to define potential sub-populations
ahead of time. This makes it possible to miss cryptic sub-structure not based on obvious
barriers or long distances. Another approach to evaluating population struttuoses
Bayesian statistics that test different models of population structuréetondee if the
data fit the models, rather than building a model based on the data, as is Bon&dn
and grcalculations. TESS 2.3 (Chenal.2007, Durancet al.2009) is an example of a
program that uses Bayesian model-based clustering methods.

Mantel tests can be used to assess significance of correlation bgeeggaphic
and genetic distances (Mantel 1967, Smaisd. 1986). Wright (1943) first described
isolation by distance. If a population has short range dispersal, individualsr@e m
likely to breed with others that live close, causing nearby neighbors to be more
genetically similar than distant neighbors (Wright 1943). This situatinatighdicative
of separate populations, but can appear to be so if sampling is discontinuous across a
population isolated by distance (Wright 1943).

Genetic relatedness among individuals within and among populations can be
estimated using programs like COANCESTRY 1.0 (Wang 2011). This program can als
be used to compare relatedness within and among a variety of types of groupstelésig

by the user.
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Phylogenetics Statistics

Often, PAUP*4.0b10 (Swofford 2003) is used for phylogenetic analyses, but
large sample size and some close similarities in haplotypes in mytqaedaded the
use of this program because PAUP* did not have the computational power necessary.
For large datasets or very similar haplotypes, other programs, such as GARLI
(www.bio.utexas.edu/faculty/antisense/garli/Garli.htoan be used. Originally, such
analyses were based on a model of evolution in which random evolutionary changes
occur at a stochastically constant rate (Felsenstein 1988). Currentregstagrams
allow the user to alter the model of evolution and weigh characters differfenelsired.
Best models of evolution based on the data can be determined using programs such as
ModelTest 3.7 (Posada & Crandall 1998, Posada & Buckley 2004, Posada 2006). This
program chooses among 56 models, and implements three different model selection
frameworks: hierarchical likelihood ratio tests (hLRTs), Akaike inforomatriterion
(AIC), and Bayesian information criterion (BIC) to choose the best of the 56 models
(Posada & Crandall 1998, Posada & Buckley 2004, Posada 2006). | used bootstrapping
in GARLI, in which the data are re-sampled with replacement multiple jtwigsh
allows for calculation of the probability of a tree given the level of variationan t

estimator (Felsenstein 1988).
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CHAPTER 2: Evidence of Multiple Populations of Pantropical Spotted Dolpims

(Stenella attenuatawithin Hawaiian Waters

Introduction

Population genetics has been widely applied to a variety of taxa to desamibe g
flow and diversity among populations and to define stocks and geographical population
boundaries. Recently, population genetics studies have begun to be used to examine
island-associated dolphin populations near the Hawaiian Islargi&\(drewset al.
2010, Martieret al.2011). Because of the relatively low cost of locomotion (Williams
1999) and the documentation of long distance movements (>1,000km) for some species
(Wells & Gannon 2005), dolphins are typically considered capable of wide dispersal
among islands and island groups. Therefore, it is often assumed that populations of
dolphins near archipelagos are panmictic among the regions of archipelagosieklowe
studies of island-associated populations, such as spinner dolgtengl(a longirostris
near the Hawaiian Islands (Andrewefsal.2010) and French Polynesia (Orenetigil.
2007), common bottlenose dolphidsusiops truncatus(Baird et al.2009, Martieret
al. 2011) near the Hawaiian Islands and the Bahamas (Patsah2006), and melon-
headed whale$?eponocephala electyaear the island of Hawai‘i (Aschettirat al.
2011) have shown that dolphins may exhibit fidelity to individual island regions within
archipelagos. As a result of genetic (Chiveral.2007, Chiverst al.2010) and photo-
identification studies (Bairdt al.2008a), NOAA Fisheries has divided false killer

whales Psuedorca crassidepsito three Pacific Islands Region management stocks,
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including insular and offshore stocks within the Hawaiian Islands Exclusive Economi
Zone (EEZ) (Carrettat al.2011). NOAA Fisheries has also recently split the Hawaiian
stocks of common bottlenose dolphins and spinner dolphins into multiple stocks based on
recent genetic and photo-identification studies (Bairdl.2009, Andrewst al.2010,
Carrettaet al.2011, Martieret al.2011).

In contrast, when Quérougt al.(2007) compared common bottlenose dolphins
among two archipelagos (Azores and Madeira) and the Atlantic Basirgdithagt find
significant differentiation within or among these three locations, concluding tlagige
common bottlenose dolphins in the North Atlantic belong to one oceanic population.
Likewise, Quérouikt al (2010) found that short-beaked common dolphidedghinus
delphig and Atlantic spotted dolphinS{enella frontalilikely belong to single
populations that include the Azores and Madeira archipelagos. Overall, the shadlie
have explored dispersal and gene flow of dolphins associated with island habitats have
had varied results, likely reflecting varied ecological circumstwaceund different
islands. Additional studies of island-associated dolphins are needed to resoli@guest
of site fidelity for specific species and to investigate the effesffithelity may have on
genetic diversity and population ecology.

My study focused on population structure of pantropical spotted dolphins
(Stenella attenua)anear the Hawaiian Islands from the island of Hawai‘i to Ni‘ihau.
There has been little study of this species near the Hawaiian Istagd34(rd et al.

2001). More extensive study has been done on their Eastern Tropical Pacific

counterparts that are impacted by the tuna purse seine fighgr$dott & Chivers 2009)
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and on pantropical spotted dolphins near China and Taiwan (@ta@003, Yacet al.
2004, 2008). Population size estimates for the Hawaiian Islands included in our study
area range from approximately 2,928 (CV=0.45) (Moladegl. 2000) to 4,283 (Barlow
2006), although the area included by Barketval. (2006) (212,892 k) was larger than
that of Mobleyet al. (2000) (71,954 ki), which may explain the difference in

estimates. For the Barlow (2006) estimate an approximate CV of 0.55 weatedtby
assuming that the variance in each stratum is proportional to the number of sightings
(Barlow, pers. comm.). Within the entire Hawaiian EEZ, population size maistl to

be approximately 8,978 (CV=0.48) (Barlow 2006).

The goal of assessing population structure and defining populations is to manage
populations in such a way that they continue to be functioning elements of their
ecosystems. Genetics is one avenue to learning about demographic isolation of
populations, but | agree with Palsbetlal. (2007) that simply finding evidence against
panmixia is not necessarily sufficient to indicate that populations are geladeigh to
justify re-defining stocks for management. Palsbidél. (2007) suggest pre-defining a
threshold value for genetic divergence, although this can be difficult to do. In ¢éhefcas
pantropical spotted dolphins, | used several approaches to decide if populations should be
defined as separate. First, | compared my genetic differentiatiors\talti®ose of other
dolphin populations near the Hawaiian Islands and examined management actions taken.
Second, | considered the potential for population impacts caused by fisheries if
potentially separate populations continue to be combined as one stock near the Hawaiian

Islands. Further, because population differentiation measures require ipeztdef
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populations, | also used individual assignment testing to evaluate whether ¢éhere ar
genetic differences among island regions. It should be noted that “population” and
“stock” are not necessarily the same. For the purposes of this paper, “populatens”
biologically differentiated by a lack of gene flow, although some gene flopjmomeur at

low levels. “Stocks” are groups of marine mammals of the same speciesller sama

in a common spatial arrangement that interbreed when mature (Marine Mammal
Protection Act, 1972 as amended 2007). The NOAA Guidelines for the Assessment of
Marine Mammal Stocks (Wade & Angliss 1997) has interpreted this definitiocltale

both demographically and genetically distinct groups. Genetics is only ored line
evidence by which a “stock” is defined.

Because of the threats posed by human interaction, pantropical spotted dolphin
populations need to be defined accurately to be managed in a way that will avoid local
population depletion. Informed management is particularly important for thisspeci
given that the commercial and recreational troll fisheries near the isksiden
dolphins” to catch tuna. In this practice, fishers drive their boats through groups of
dolphins pulling lines behind them (Figure 1). Off the island of Hawai‘i from November
2006 to May, 2011 ~29% of groups of this species encountered had fishing vessels
fishing through or in the middle of groups (# vessels range 1-8, mean = 2.4), in an
attempt to catch tuna that may be associated with the dolphins (R.W. Baird, unpub data).
Injury and mortality to pantropical spotted dolphins from this fishing technique has not
been quantified, but fishers asked about the practice admit that occasionally, hooking of

pantropical spotted dolphins occurs (R.W. Baird unpub data). Rizzuto (2007) reported a
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fisher describing the “first time” he caught a spotted dolphin on a lure and brought it up
to the boat before cutting off the line with the lure still stuck in the dolphin’s mouth.
Several individual pantropical spotted dolphins that have marks associated huit fis
(e.g a straight cut across the dorsal fin sometimes bending the fin) or vessaltiates
(e.g.multiple straight cuts from a propeller across the side) have been photographed in
the region (R.W. Baird unpub. data). NOAA Fisheries has proposed to elevate the
Hawai‘i charter vessel and trolling, rod and reel fisheries from Catdtido Category I
based on these fishing techniques, the large number of vessels (the List oé&sbEs

the Hawaiian troll fishery includes 2,210 participant vessels/persons)naododal

reports of hookings of this species (Department of Commerce 2011). It is pakaitf
pantropical spotted dolphins are split into multiple stocks near the Hawaaaddskthe

troll fishery will exceed 1% of Potential Biological Removal for thansl of Hawai'i,

which would legally require the reclassification of the fishery to a ©aydtjfrom a
Category lll (Department of Commerce 2011). Further, the Hawasaaeblongline

fishery does cause some mortality of pantropical spotted dolphins, with one death
reported between 1994 and 2005 in this fishery, or 0.04 pantropical spotted dolphins
killed per 1000 sets (Forney & Kobayashi 2007).

Near the Hawaiian Islands, pantropical spotted dolphins are managed as a single
stock (Carrettaet al.2011); however, Bairdt al.(2001), suggested that movements
among the islands may be limited based on differences in scar pattern amods isl
Here, | address the question of gene flow in pantropical spotted dolphins near the

Hawaiian Islands using analysis of mitochondrial DNA (mtDNA) sequeaices
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microsatellite profiles. Further, | examine intra-group relatednessvay o evaluate if

group fidelity may drive genetic differentiation.

Methods
Study site and sample collection

Survey effort attempted to cover a wide survey area (Exdiedl 2008a, 2008b).
While all groups (individuals found swimming together) of pantropical spotted dolphins
were approached for species identification and group size estimation, noteall we
sampled for genetic analyses (Figure 2; Table 1). For a thorough desanipsurvey
techniques see Baigt al.(2008a, 2008b).

Four regions were defined, based on distance among islands and depths of the
channels between them per Bagtchl. (2008b): the island of Hawai'i; the “4-islands
area” including Maui, Lana'‘i, Kaho‘olawe, and Moloka'i; the island of O‘ahu; and the
islands of Kaua'‘i and Ni‘ihau (Figure 2). Samples were collected up to 40m from shor
and depths were shallower near the 4-islands area (Table 1). Depth was deteymined b
taking GPS locations for each sample/sighting and overlaying the poinbleat a
bathymetric raster using ArcGIS 9.1 (ESRI, Redlands, CA). Distance from\shsr
determined using GPS locations and distance measures in ArcGIS.

Genetic samples were collected as skin biopsies from live animals enedunter
during surveys. Biopsy samples were taken using either a pole speBaroiegt RX-

150 crossbow (Lambertsen 1987). Biopsy tips were 25mm in length and 8mm in
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diameter with a collar to limit penetration to approximately 18mm. Samples wer
preserved in a DMSO/saturated salt solution (Milligan 1998).

From 2002-2003, a total of 101 pantropical spotted dolphin samples were
collected from the four defined regions as part of a long-term study of dolphins and
beaked whales. Samples with all microsatellite alleles, sex, and mtDhdtyyze the
same were considered to be suspected duplicates. One sample was removed from the
study as a result of suspected duplication based on these criteria, makingl the tot
samples 100 (Table 1). There were 76 additional samples collected neamthefisla
Hawai‘i from 2005-2008 (Table 1). For this study, these 76 additional samples were use
in analysis to investigate whether individuals within the same group were more
genetically similar than individuals from different groups to examine whetioeip
fidelity may affect gene flow. These samples were used to incraapéessize of
number of groups with multiple samples from the same group. These samplelswere a

used for estimation of effective population size near the island of Hawai'i.

Sexing, mtDNA, & Microsatellites

DNA was isolated from tissue samples using the DNeasy extraction kit
(QIAGEN, Valencia, CA) (Appendix A). The following microsatellite locire@ised:
EV14, EV37, EV94, (Valsecchi & Amos 1996), SL8-49, SL9-69, SD8 (Galver 2002,
Escorza-Trevifiet al.2005), MK5, MK6, MK8 (Krltzeret al.2001), KWM2A, and
KWM12A (Hoelzelet al.1998a). The PCR cycling profile for EV14, EV37, EV94, SL8-

49, SL9-69, SD8, MK5, MK6, and MK8 was 5min af@5then 10 cycles of 1min at
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93°C, 1min at 52C, and 50sec at 72; then 45sec at 90; then 25 cycles of 1min at

90°C, 1min at 73C; then 5min at 7Z. The PCR cycling profile for KWM2A and
KWM12A was 5min at 9%C; then 10 cycles of 1min at 43, 1min at 48C, and 50sec at
72°C; then 45sec at 90; then 25 cycles of 1min at 85and 1min at 7°&. Allele sizes
were determined on an ABI 3100 genetic analyzer using the standard GS500 ROX and
scored with GENESCAN 2.11 (Applied Biosystems, Foster City, CA). EV37 and EV14
were multiplexed for amplification and run jointly on the ABI 3100. All other loci were
amplified and run separately from each other. Amplification and analysis of
mitochondrial control region sequences were done according to procedures used by
Escorza-Trevifi@t al. (2005), modified to amplify the proline transfer RNA gene and
hypervariable region | of the control region with primers H00034 (Reisal 1994) and
L15824 (Rosekt al.1999) to obtain ~650bp. For PCR amplification, 1uL of 10uM
L15824, 1uL of 10uM H00034, and 22uL of water were combined with PuRETaq
Ready-To-Go PCR beads (GE Healthcare UK Limited, Piscataway, NGY.CAL00

Peltier thermal cycler (MJ Research, Ramsey, MN) was used forellaes. The

cycling profile for control region amplifications was 5min af®@5then 10 cycles of

1min at 93C, 1min at 52C, 50sec at 7Z; 45sec at 9C; then 25 cycles of 1min at D

and 1min at 7%; followed by a final extension period of 5min af@2 Amplified DNA
was purified using the QIAquick PCR purification kit (QIAGEN, Valencia, CA)
(Appendix B) and sequenced on an AB 3730 capillary sequencer (Applied Biosystems,
Foster City, CA). Chromatograms were visualized using LASERGENE 6 @R

2004).
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Sex of the individuals sampled was determined by amplification of the zinc finger
gene specific for the X and Y chromosomes of cetaceans using primers ZFXYand
ZFY following the procedures of Bérubé and Palsbgll (1996). DNA was visualized on
an agarose E-gel (Invitrogen, Carlsbad, CA). Females had one distinct bandswherea

males exhibited three bands. Primer sequences are shown in Appendix C.

Statistical Analyses
All basic statistics, such as Kruskal-Wallis, Anderson-Darling, and ANOV
analyses, were performed using MINITAB 13 (MINITAB, Inc., State Collegg, P
Kruskal-Wallis tests were used for depth, distance from shore, and group size
comparisons among regions because data were not normally distributed based on
Anderson-Darling tests and sample sizes were low in all regions exaeii‘HH-
values were adjusted for ties. Nemenyi tests and Tukey tests for midhigle analyses
on ANOVA results were performed using criti€values andj-values from Zar (1999).
ARLEQUIN 3.0.1.2 (Schneideat al.2000) was used to check microsatellite loci
for pairwise linkage disequilibrium for each population with 50,000 Markov steps and a
50,000 step burnin and for deviations from Hardy-Weinberg equilibrium for each locus
for each population with 1,000,000 Markov steps and a 100,000 step burnin. LOSITAN
(Antaoet al.2008) was used to evaluate neutrality of microsatellite loci. Neutral Mean
Fstand Force MeaRst were chosen and run for 50,000 simulations with a stepwise
mutation model. MICRO-CHECKER (Van Oosterhetital. 2004) was used to test for

null alleles and allelic dropout using 10,000 permutations at 95% confidence for each
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island region. BOTTLENECK 1.2.02 (Pist al.1999), based on methods described in
Cornuet & Luikart (1996) and Luikart & Cornuet (1998), was used to determine if there
were deviations from mutation-drift equilibrium indicating possible population
bottlenecks. The TPM model with 95% single-step mutations and 5% multiple-step
mutations with a variance of 12 among multiple steps was used. These pararmaeters ar
recommended for microsatellites (Petal. 1999). BOTTLENECK was run for 1,000
replications, and both the sign test and Wilcoxon’s test were usedet Riry1999)
report that for fewer than 20 loci, the Wilcoxon'’s test is the most appropriate and
powerful but that results of this test can be more difficult to interpret thaigtinéest.

TESS 2.3 (Cheet al.2007, Durancet al.2009) was used to analyze
microsatellite data to estimate the number of populations near the Haiskirsas and
calculate assignment probability of each individual to each population clustéudéea
and longitude in the WGS1984 geographic coordinate system were used. TESS was run
using the admixture model and the linear trend model. | used a run length of 500,000
sweeps with a burn-in of 100,000 sweeps. Log likelihood and regression coefficient
graphs did not indicate a problem with convergence. The TESS manual recommends a
burn-in of only 10,000 and run length of 50,000 sweeps. TESS was run with both the
CAR and BYM models. Results did not differ significantly, so only the results for the
BYM model are reported here. K values were set from 2 to 6 and the algorithm was run
100 times for each K. For each K, the ten runs with the lowest DIC values \péferke
further analysis. The mean DIC for each K was calculated using thengeforieach and

plotted against K. Assignment probabilities for each of the ten runs for each K were
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exported from TESS into CLUMPP (Jakobsson & Rosenberg 2007), which calculated
mean assignment probabilities for each individual to each cluster for eacheK val
CLUMPP, the Greedy Option was used with all possible input orders repeated 1000
times. Mean assignment to cluster for each region was calculated bgiagdhe mean
individual assignment probabilities for each region. FSTAT 2.9.3.2 (Goudet et al. 2002)
was used to investigate the possibility of sex-biased dispersal. Permutatrensevto
10,000, and two-tailed tests were used to compgrealues;Fis, mAlc and Alc values

are also reported.

ARLEQUIN was used to calculate pairwise populat@nandRstfor
microsatellite dataFst andRst of microsatellites reported from ARLEQUIN are
equivalent to st of Weir and Cockerham (1984) based on a pairwise distance matrix
using number of different alleles fBgr and sum of squared differences Raf. Rst
differs fromFgsrin that it uses a step-wise mutation model rather than an infinite alleles
model, which may be more appropriate for the evolution of microsatellites.

To test for isolation by distance using microsatellites, IBD 1.52 (Bohonak 2002)
was used to run Mantel tests to determine whether there were correlatisesrbet
population level geographic and genetic distances. Number of randomizatioret was s
50,000. The genetic distances used in this analysiskygBndRst values. Geographic
distances among islands were calculated by taking the mean of the latitutbangitude
for one sample from each encounter for each region and usipggtistfunction in
Excel (Microsoft, Redmond, WA) to calculate the distances among regamslie

means. Mean distance from Hawaii=(11) to the 4-islands area<9) was 144.2km,
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from Hawai‘i to O‘ahu (=8) 308.8km, from Hawai‘i to Kaua'‘i/Ni‘thaunE1l) 393.9km,
from the 4-islands area to O‘ahu 176.5km, from the 4-islands area to KaiuzauN
267.9km, and from O*ahu to Kaua'‘i/Ni‘ihau 92.9km. To test for isolation by distance at
an individual level, GENALEX 6.4.1 (Peakall & Smouse 2006) was used following the
procedures of Peakadt al. (2003) to create a correlogram to compare combined genetic
correlation for microsatellite loci as function of distance. First, GENAMES used to
create a distance matrix in kilometers using latitude and longitude coosdioagach
sample. GENALEX was also used to create a genetic distance mathxednacross
microsatellite loci. Because the question is whether there is one population that is
isolated by distance, the autocorrelation analysis (see Peakhl2003, Peakall &
Smouse 2006 for details) was run for all samples as one population. Distance classes
were set with an effort to have similar pairwise sample size in each dlassresulted in
nine distance classes. The analysis was run using the spatial function irL6ENA
with 9,999 permutations for assessing 95% CI around the null hypothesis of random
distribution and with 10,000 bootstraps for determining the 95%CL around the calculated
correlation (r). The autocorrelation coefficient produced in this analysis is bbgdé
and 1 and is closely related to Moran’s | (Peakgil. 2003).

KININFOR 1.0 (Wang 2006) was used to assess the informativeness of the
microsatellite loci for five relatedness estimators—namely thotgrath (1988),
Queller & Goodnight (1989), Let al. (1993), Ritland (1996), Lynch & Ritland (1999),
Wang (2002), and Milligan (2003). Genotype error rate was set to 0.03 for all loci based

on allele size call error rates reported by Chiegral. (2010). Primary and null
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hypotheses were full siblings and parent—offspring and the significan¢evievset at
5%.

COANCESTRY 1.0 was used to calculate relatedness among pairs of
individuals. Genotype error rate was set to 0.03 for all loci (as in KININFO&Y not
check the “account for inbreeding” box, as there were no indications that inbresding
an issue with these populations (see BOTTLENECK results). Number oinedere
individuals was set to 100 (as suggested by the program author), and bootstraps were se
to 10,000. Pairwise relatedness was compared among populations for the 100 samples
used in this study. Comparisons among populations were made using four different
estimators (TrioML, Wang, LynchLi, and QuellerGt) to assess wheth@uticeme was
consistent with different estimators. The Wang, LynchLi, and Quellest(d&ors were
chosen based on KININFOR results, and TrioML was included as a likelihood estimat
Bootstraps were set to 100,000 for each comparison. Pairwise relatednesowas al
compared among pairs of individuals found in the same groups (encounters) and in
different groups near each region for an extended dataset of 166 samples (Ka&uai/Ni‘
excluded) to determine if group fidelity might affect genetic relatedne$giregions.
Comparisons were made using the TrioML and LynchLi estimators with 100,000
boostraps. This allowed for comparison between a moment estimator and a likelihood
estimator. Likelihood estimators are generally better than moméntésts when there
are a large number of polymorphic markers (Wang 2011). There were no samples
available from different groups near Kaua'‘i/Ni‘ihau, so no inter- and invagy

comparison could be made for this region. An overall comparison of intra- and inter-
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group relatedness across the pooled dataset of all four regidi&3) was also made
with TrioML and LynchLi estimators.

In order to estimate effective population size, ONeSAMP 1.2 (Beaush@aiht
2002, Tallmoret al.2004, 2008) and LDNe 1.31 (Waples & Do 2010) were used. These
programs allow estimation of effective population size with micros&elata collected
during one sampling period rather than over multiple generations. LDNe useglinka
disequilibrium (Waples & Do 2010) and OneSamp uses a Bayesian approach (Tetlimon
al. 2008) to estimate effective population size. In OneSamp, minimum effective
population size was set to 100 and maximum effective population size was set to 10,000.
In LDNe, prit of 0.05 and random mating were selected. Only the extended dataset from
the island of Hawai‘iff=113) was used for this analysis. The other island regions did not
have sufficient sample size.

Mean number of distinct alleles per locus and mean number of private alleles per
locus, accounting for sample size, was calculated using AZDE 1.0 (SapiakR008)
to determine if number of private alleles was sufficient to estimateatiag rates. AZDE
was also used to determine mean number of private alleles per locus for pairsive puta
populations to examine whether any pair of populations shared enough allelestlonly w
each other to indicate more recent migration or founder events. Kaua'i/Ni‘ilanota
included in the pairwise analysis because the program can only calculateupé¢anise
smallest population sample size, which would limit the comparisons to sampté size
eight. To estimate migration ratesniNthe private alleles method of Barton & Slatkin

(1986) was applied using GENEPOP 4.0.1.0 (Raymond & Rousset 1995, Rousset 2008).
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MtDNA sequence neutrality was tested in ARLEQUIN using Tajima’'s D a
50,000 simulated samples. To test for isolation by distance using mtDNA, IBD &dis us
to run Mantel tests as described above for microsatellites butfusimgd st as
genetic distances. ARLEQUIN was used to calclgieand st for the mtDNA
sequence data. The number of permutations in a randomization test was set to 50,000,
and gsrwas calculated using a basic pairwise comparison model without weighting
mutation type because haplotype differences consisted only of transitiong CTeEGnt
et al. 2000) was used to create a haplotype network to examine the relationships among
mtDNA haplotypes. A 95% connection limit was chosen in TCS, and gaps were set to a
5™ state, though as there were no gaps in the aligned sequences, this did not affect the
network.

Standardizations of microsatellite and mtDIR4y values were calculated using
ARLEQUIN based on Meirmans & Van Tienderen (2004), Hedrick (2005), and
Meirmans (2006). These standardizations account for high within-populationorariati
differences in effective population size, and markers with different mutaties r
(Meirmans 2006). To standardiger, microsatellite data were re-coded such that all
populations contained unique alleles without changing the within-population variation
(maximizing among-population variation). Similarly, all mtDNA sequenoe® re-
coded such that all populations contained unique haplotypes without changing the within-
population variation of haplotypes. These new values gener&igr aa (Meirmans
2006). F st = Fst/Fst max(Hedrick 2005, Meirmans 2006). It is inappropriate to do

significance testing on standardized measures because the calculatmmaktmum
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value uses a hypothetical dataset (Meirmans 200¢)}vadues are not reported for
standardized valueRRst maxvalues were ~1, so no standardizations were necessaty.
takes mutational distances into account and so is independent of mutation rate; its
performance is related to the accuracy of the mutation model (Kronholn2é18), so
standardizations are not necessary. Standaréfigedalues have been reported for
spinner dolphins (Andrews 2009, Andreetsal.2010) and common bottlenose dolphins
(Martienet al.2011) near the Hawaiian Islands, so these values are useful for
comparisons among Hawaiian species. Further, standaflizedlues better represent
the actual magnitude of differentiation. Bonferroni corrections were naedgplthe
significance level of F-statistics. Bonferroni corrections tend to ieertree likelihood of
type Il errors. In the case of determining population structure for conseryatiposes,

there is greater concern about type Il error than type | error.

Results
General results
Survey effort from 2002 to 2008 near the Hawaiian Islands regions considered in
this study suggests that pantropical spotted dolphins are rarely found nearN{@uati/
and commonly found near the island of Hawai‘i (Figure.2; Table 1). Kruskal-\Vi&sls
were used to compare median depths, distances from shore, and group sizes (Table 1) of
pantropical spotted dolphins near Hawai'‘i, the 4-islands area, O‘ahu, and KéumuN
for all encounters and for encounters during which a biopsy occurred. For encounters

with biopsies, Kaua'i/Ni‘ihau could not be statistically compared to otlggome because
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only one encounter occurred. This analysis was done to investigate bias in samgling
potential differences in distribution among regions. Kruskal-Wallis tedicated

significant differences in median depth for all encountdrs60.47, p<0.001) and for
encounters resulting in biopsid$4516.39,p<0.001). Nemenyi tests for unequal sample
sizes indicated that there were significant differenpe6.05) for all encounters in

median depth between Hawai‘i (1781m, Mean Rank (R) =120.4) and the 4-islands area
(177m, R=18.4) between Hawai‘i and O‘ahu (977m, R=62.6), between the 4-islands area
and Kaua‘i/Ni‘ihau (3477m, R=160.2), and between O‘ahu and Kaua'i/Ni‘ihau

reflecting, at least in part, differences in depth of survey effort in theas.aNemenyi

tests also indicated that there were significant differenee&@5) for biopsy encounters

in depth between Hawai‘i (1666m, R=20.5) and the 4-islands area (192m, R=5.7) and
between the 4-islands area and O‘ahu (955m, R=17.3). Kruskal-Wallis tests also
indicated significant differences for median distance from shix&1.07,p=0.004) and
median group sizeH=8.61,p=0.013) for encounters during which biopsies occurred, but
no significant differences in distance from shadte$.19,p=0.158) and group size
(H=6.39,p=0.094) for all encounters. Nemenyi tests indicated that there werecaghifi
differences for biopsy encounters in median distance from spo0e06) between

Hawai‘i (12.3m, R=20.8) and O*ahu (8.2m, R=13.2) and significant differe pe@s0’)

in median group size between Hawai‘i (72.5, R=19.6) and the 4-islands area (35.0,

R=87.0) and between the 4-islands area and O‘ahu (65.0, R=15.2).
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Microsatellites were successfully amplified for all samplegpkone sample
each from Hawai‘in§-1=37), the 4-islands area-1=26), and O‘ahunt1=26). Sex
determination and mtDNA sequencing were successful for all samples.

For mtDNA analyses, 571 base pairs of control region sequence from each
individual were compared. For samples from 2002-2003, ten haplotypes were found
(GenBank accession numbers GQ852567-GQ852573, GQ852575, GQ852577,
GQ852578). Seven haplotypes were unique (found in only one individual), and 77% of
all samples were haplotype 3, which was found in all four regions. Four different
haplotypes, two of which were unique, were found in eight dolphins sampled from one
group of 35 individuals near Kaua‘i/Ni‘ihau. Overall, five out of the seven dolphins with
unique haplotypes were female. All differences among mtDNA sequences were
transition mutations. For the complete island of Hawai‘i dataset from 2002-2008
(n=113), ten haplotypes were found, three of which were not found in the other three
regions (GenBank accession numbers GQ852574, GQ852576, GQ852579). Of these
samples, 80% were haplotype 3. Four out of the five dolphins near Hawai‘i with unique
haplotypes were female. Only samples collected from 2002-2003 were used in
comparisons among the four island regions. The microsatellite profiles fror22082
were used in group (encounter) intra- and inter-relatedness comparisons and for

estimating effective population size.
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Relationships among the Regions

There was no indication of linkage disequilibrium or deviations from Hardy-
Weinberg Equilibrium j§-values<0.05) for the microsatellite loci. MICRO-CHECKER
indicated no significant excess of homozygotes for the combined probabilityrtasy
of the island regions, suggesting the loci did not have null alleles or allelic dropout
Allelic diversity and heterozygosity by locus are shown in Table 2. LOSITi#dlyses
indicated that all microsatellite loci were neutrally evolving with 95% clamite. Both
the sign test and Wilcoxon’s test in BOTTLENECK indicated that no populations were
likely to have experienced a recent bottlengekdlues for heterozygosity excess were
all >0.05). However, BOTTLENECK indicated a heterozygosity deficiencfahu
(sign tesp=0.007, Wilcoxon’s tegp=0.001 for one-tailed test and 0.002 for two-tailed
test).

The analysis in IBD indicated that microsatelftg- andRst, as measures of
genetic relatedness, did not significantly correlate with geographandes (Z=43.352,
r=-0.206,p=0.750 forFsT, Z=37.203, r=-0.445=0.790 forRs7). In individual
comparisons, the correlogram of distance classes compared with the alatioorr
coefficient (r) as defined by Peakatlal. (2003) indicated that there was some positive
spatial autocorrelation for individuals up to approximately 130km, although there was no
significant correlation from approximately 35km to 90km (Figure 3). Fos paare than
130km apart, correlation is not significant up to approximately 195km, at which point the
correlation becomes significantly negative and then returns to insigntificéhe final

distance bin (Figure 3).
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A plot of K valuesversusDIC values from TESS indicated DIC leveled off at
three populations (Figure 4). Bar plots of the probability of assignment to eatsn clus
for K=3 showed clustering of assignments for Hawai‘i, the 4-islands aré@)‘ahu as
three clusters, with Kaua'‘i/Ni‘ihau clustering equally with Hawarid O‘ahu (Figure 5).
Mean probability of assignment to clusters one, two, or three differed within regions
(Figure 5; Table 3). Based on Tukey tests, all cluster assignment probsifditihree
clusters were significantly different except Kaua'‘i/Ni‘ihau téus one and two (Table 3).

KININFOR indicated that the LynchLi (Lynch 1988, &t al. 1993), QuellerGt
(Queller & Goodnight 1989), Wang (Wang 2002), and LynchRd (Lynch & Ritland 1999)
estimators all had similar values for multilocus reciprocal of the mean squevetions
of relatedness estimates (RMSD; 48.966, 49.281, 49.541, and 48.319 respectively),
suggesting that the loci used in this study have similar levels of informesisdor each
of these estimators. Multilocus RMSD for the Ritland estimator was 1@vE{).

Mean relatedness among regions (based on 100,000 boostraps in
COANCESTRY) was calculated using the TrioML triad likelihood estim@tescribed
in Wang 2007) and using the LynchLi, QuellerGt, and Wang moment estimators, as the
loci were equally informative for these moment measures (see KINR\HeSults). The
difference in observed mean pairwise relatedness between regions waes oltise
95% bootstrap confidence interval for mean pairwise relatedness for O‘ahu edrtypar
Hawai‘i and the 4-islands area for all four estimators and for O‘ahpaed to

Kaua'i/Ni‘ihau for the Wang and LynchLi estimators (Table 4). Thdidates that
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individuals sampled near O*ahu were more closely related to each other than those
sampled at other island regions.

Most microsatellitd=st andRst, values were significantly different from zero
(Table 5). OveralFst, 0.033 (95%CL 0.024-0.042) was significantly different from zero
(p=0.001), as was overdist, 0.035 (95%CL 0.005-0.07p=0.001) (Table 5).
Kaua'i/Ni‘ihau was included in these analyses as a separate region badesiwonudual
situation in which few dolphins were seen despite high effort, the high diversity in
MtDNA, and the ambiguity of assignment to a specific cluster in TESS; although, i
should be noted that sample size was very small for this reg#@). (An AMOVA
based on microsatellites showed that 97% of the variation was within populations, with
3% among populations. Allelic diversity was similar for all regions (TabléMjh such
high within-population variation, standardizEgr values can be better indicators of
actual genetic differentiation because maximum valugsefs less than one. In this
case, standardizdekr values were larger in magnitude than non-standardized values
(Table 5). FSTAT results indicated no significant difference betweraale and male
Fstvalues (females=39,Fs1=0.021; male®=50, Fs1=0.039;p=0.151). F;s andvAlc
values were slightly higher for females, whitélcvalues were lower (females
Fs=0.083, H=0.765mAIC=-0.941, Alc=11.142; male&s=0.040, H=0.778,
mMAIC=0.734, Alc=10.570).

Two estimates of effective population size near the island of Hawai‘i were
generated using an extended microsatellite data set of 113 individuals ftoeygtba:

156 individuals (95% CI 132-261, Bayesian OneSamp method), and 373 individuals
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(95%CI 209-1248, LD method of LDNe), with the CI's of the two methods overlapping
from 209 to 261 individuals. Sample sizes were too small for other regions totestima
effective population size.

Mean number of distinct alleles per locus and mean number of private alleles per
locus for Hawai‘i (0.858 SE+0.71, 1.61 SE+0.31 respectively), the 4-islands area (8.31
SE+0.64, 1.40 SE+0.27), and O‘ahu (7.90 SE+0.62, 1.12 SE+0.18) for sample size 26
were within the values successfully tested by Barton & Slatkin (BartSta&in 1986)
for their private alleles method of estimating migration rat@)(({fFigure 6). Mean
number of distinct alleles per locus and mean number of private alleles per locus for
Kaua'i/Ni‘ihau for sample size of eight were 5.17 SE+0.37 and 1.31 SE+0.24
respectively. Standard errors of mean numbers of private alleles for ke sarepof 26
overlapped for pairs of regions, indicating no differences (Hawai‘i-fdslarea 1.29
SE+0.21, Hawai‘i-O*ahu 1.15 SE+0.23, 4-islands area-O‘ahu 1.10 SE+0.20). As another
indicator of gene flow, using the Barton & Slatkin (Barton & Slatkin 1986) method, N
was calculated to estimate pairwise migration rates for all fandslegions (Table 7).

Tajima’s D results were neutral for the mtDNA control region (D=-1.191,
p=0.212). The analysis in IBD indicated that mtDR& and s, as measures of
genetic relatedness, did not significantly correlate with geographandes (Z=91.584,
r=-0.507,p=0.915 forFst, Z=52.641, r=-0.671p=0.959 for s7).

For mtDNA, moststand srvalues were not significantly different from zero
except for O'ahu and the 4-islands area (Table 5). Ovuesal(l0.055) was significantly

different from zero§=0.023), as was overallst (0.039,p=0.044) (Table 5).
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Confidence intervals were not calculated because those intervals aratedlaver loci
and the control region is only one locus. An AMOVA based on mtDNA showed that
94% of the variation was within populations, with 6% among populations.
Standardizations d¥st for mtDNA resulted in values larger in magnitude than
unstandardize8st (Table 5). Haplotypic diversity, nucleotide diversity, and mean
pairwise differences among mtDNA haplotypes were highest for Kiuidiau and

lowest for O‘ahu (Table 6), but in general, mtDNA haplotypic diversity amoadoiur
regions studied was low (0.450 SD+0.255), with 77 out of 100 samples representing a
single haplotype. Two additional haplotypes were seen in nine and seven samples
respectively, and seven individuals had unique haplotypes. Unique haplotypes were
found in all four island regions. A haplotype network indicated that minor haplotypes

have branched off the major haplotype several times (Figure 7).

Intra-group Structure

Mean pairwise relatedness comparisons for microsatellites for samlpdesftom
the same group in comparison with samples taken from different groups indicated no
significant differences in relatedness for any region or for samplesgaotoss regions

(Table 8).

Tables & Figures
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Figure 1. Photo of a small vessel fishing for tomar a group of pantropical spotted dolphins béf island of Hawai‘i May 11, 2011. Photo provided
by Cascadia Research Collective.
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Figure 2. Locations of samples, sightings with@mples, and search
effort for pantropical spotted dolphins near themidawaiian Islands
2002-2008.
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Table 1. Top: Total number of samples at eachdstagion, the number of groups from which samplessvobtained, number
of males and females, group size range, depth ramgedistance from shore range. Table 1. Bottobse®vation effort near
the Hawaiian Islands 2002-2008 for all observatigm just sampling events).

Total # of Distance from
Location Samples Groups Males Females Group Size Range Depth Ramge Shore Range (m)
2002-2003
Hawali'i 38 11 15 23 40-120 633-2681 7.2-34.3
4-islands area 27 8 16 11 25-75 60-817 5.9-14.7
O'ahu 27 8 19 8 4-100 839-2278 4.9-14.5
Kaua'i/Ni‘ihau 8 1 1 7 35-35 3477 33.9-33.9
Additional samples used for comparisons of reladésdnn groups
2005-2008
Hawali'i 76 40 24 53 3-194 85-4662 2.5-64.3

encounters/  Median Median Median Distance

Region Days Hours Km # encounters 100 km Group Size Depth from Shore
Hawal'i 270 1974 31012 180 0.58 60 1781 8.5
4-islands 97 657 8224 22 0.27 40 177 10.5
O‘ahu 22 168 2649 9 0.34 60 977 7.6
Kaua'i/Ni‘thau 55 394 6225 5 0.08 30 3477 28.3

Total 444 3218 48074 216 0.45
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Table 2. Number of alleles, allelic diversity, aaxpected & observed heterozygosity at each
microsatellite locus for pantropical spotted dotpsamples collected near the Hawaiian
Islands 2002-2003. Total samples were 97 for é&zals (194 alleles). LOSITAN was used
to calculaté=st and probability that simulatdesr was less than sampier. Neutral Mean
Fsrand Force MeahRst were chosen and run for 50,000 simulations wiskegwise

mutation model. All loci were indicated to be naily evolving with 95% confidence.

Allelic p (SimulatedFst
Locus #of Alleles Diversity H Ho Fst < sampld-gy)
MK8 9 0.046 0.779 0.699 0.055 0.936
MK5 6 0.031 0.670 0.668 0.024 0571
KWM12a 10 0.052 0.833 0.796 0.030 0.742
KWM2a 18 0.093 0.916 0.850 0.013 0.625
MK6 17 0.088 0.867 0.867 0.010 0.242
EV14 20 0.103 0.929 0.903 0.033 0.967
EV37 17 0.088 0.848 0.850 0.049 0.945
SD8 19 0.098 0.912 0.810 0.039 0.988
SL849 14 0.072 0.853 0.814 0.022 0.564
SL969 14 0.072 0.841 0.761 0.054 0.967

EV94 20 0.103 0.916 0.889 0.024  0.883
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Table 3. Assignment probability to each of thraestdrs from TESS analysis. One hundred iteraticare performed at K=3 and the ten with
the lowest DIC values were used. Means, standaotseiand significant differences among means base®NOVA analyses are shown here.
Bold values are the largest assignment probalsilfte each region. Tukey tests were performed esdluata using criticgtvalues from Zar

(1999). These tests indicated that there werefsigni differences for all pairs of clusters fochaegion except Kaua'i/Ni‘ihau Cluster 1 and

Cluster 2.

Region Cluster 1 Cluster 2 Cluster 3 F-value p-value
Hawai'i (n=37) 0.27 (SE+0.02)  0.63 (SE+0.04) 0.10 (SE+0.02) 98.17 <0.001
4-islands Arear(=26) 0.24 (SE+0.04) 0.06 (SE+0.02) 0.70 (SE+0.05) 77.00 <0.001
O‘ahu =26) 0.72 (SE+0.01) 0.11 (SE+0.01) 0.17 (SE+0.01) 2725.77 <0.001

Kaua'i/Ni‘ihau (n=8)

0.43 (SE+0.06) 0.50 (SE£0.07)  0.07 (SE+0.02) 16.97  <0.001




Table 4. Mean pairwise relatedness comparisonsdagtwiegions. Mean pairwise relatedness for each
region was found using COANCESTRY with 100,000 ktraps. Results for four estimators are
shown below. For Hawai'i, the 4-islands area, @adnd Kaua'i/Ni‘ihaun pairs were 666, 325, 325,
and 28 respectively. Significant differences oaghen the observed mean difference is outsideeof th
bootstrap 95%CL indicated by the 2.5% and 97.5%tjesa. These differences are indicated in bold.
Relatedness was higher using the likelihood estintain the moment estimators. These results
indicate that pairwise relatedness among indivielwals higher near O‘ahu than near the other regions

Obs
Mean 25%  97.5%

Regions Compared (1-2) Mean 1 Mean 2 Diff Quant Quant

TrioML
Hawai'i-4-islands area 0.036 (SD+0.057) 0.036 (SD&%8) 0.000 -0.008 0.008
Hawai'i-O‘ahu 0.036 (SD+0.057)  0.081 (SD+0.096) @a5 -0.100 0.010
Hawai'‘i-Kaua'i/Ni‘ihau 0.036 (SD+0.057)  0.055 (SD&y0) -0.019 -0.024 0.019
4-islands area-O‘ahu 0.036 (SD+0.058) 0.052 (SD+®4)  -0.045 -0.013 0.013
4-islands area-Kaua'i/Ni‘thau  0.036 (SD+0.058) ®&(E5D+0.070) -0.019 -0.025 0.020
O‘ahu-Kaua'i/Ni‘ihau 0.081 (SD+0.096)  0.055 (SD+pQ) -0.026 -0.034 0.039

Lynch Li
Hawai'i-4-islands area -0.028 (SD+0.134) -0.04148027) 0.013 -0.018 0.017
Hawai‘i-O‘ahu -0.028 (SD+0.134) 0.052 (SD+0.144) .80 -0.019 0.019
Hawai'‘i-Kaua'i/Ni‘ihau -0.028 (SD+0.134) -0.008 (3D.136) -0.020 -0.051 0.051
4-islands area-O‘ahu -0.041 (SD+0.127) 0.052 (SD*®4) -0.093 -0.022 0.022
4-islands area-Kaua'i/Ni‘ihau  -0.041 (SD%0.127) 0@B (SD+0.136) -0.033 -0.049 0.050
O'ahu-Kaua'i/Ni‘ihau 0.052 (SD+0.144)  -0.008 (SD+@36) -0.060 -0.055 0.057

QuellerGt
Hawai'i-4-islands area -0.008 (SD+0.125) -0.0134{8023) 0.006 -0.017 0.016
Hawai‘i-O‘ahu -0.008 (SD+0.125) 0.071 (SD+0.141) .08 -0.018 0.018
Hawai'‘i-Kaua'i/Ni‘ihau -0.008 (SD+0.125) 0.030 (SDHA28) -0.037 -0.048 0.047
4-islands area-O‘ahu -0.013 (SD+0.123) 0.071 (SD#01) -0.084 -0.021 0.021
4-islands area-Kaua'i/Ni‘ihau  -0.013 (SD#0.123) 3DQSD+0.128) -0.043 -0.048 0.047
O'ahu-Kaua'i/Ni‘ihau 0.071 (SD+0.141) 0.030 (SD+P8) -0.041 -0.053 0.056

Wang
Hawai‘i-4-islands area -0.036 (SD+0.057) -0.030£8M019) -0.007 -0.016 0.016
Hawai'i-O‘ahu -0.036 (SD+0.057) 0.056 (SD+0.138) .e®2 -0.018 0.018
Hawai'‘i-Kaua'i/Ni‘ihau -0.036 (SD+0.057) -0.008 (3D.127) -0.028 -0.048 0.047
4-islands area-O‘ahu -0.030 (SD+0.119) 0.056 (SD*88) -0.085 -0.021 0.021
4-islands area-Kaua'i/Ni‘thau  -0.030 (SD+0.119) 04@B (SD+0.127) -0.022 -0.046 0.046
O‘ahu-Kaua'i/Ni‘ihau 0.056 (SD+0.138)  -0.008 (SD+@27) -0.064 -0.053 0.054
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Table 5. TopFsr andRsy for microsatellite data calculated in ARLEQUINO,B00 permutations were used for calculatioRs; is above the
diagonal, andrst is below the diagonal. 95% CL for values are sihawbrackets. CL’s were calculated in ARLEQUINNngs20,000 bootstraps.
Numbers in bold are significantly different fronragandp-values are in parentheses. Table 5. MidBlg:and st for mtDNA sequences. st was
calculated using a basic pairwise comparison matitabut weighting mutation type because haplotyjffeinces only consisted only of transitions.
50,000 permutations were used for calculationgy is above the diagonal, akdy is below the diagonal. Confidence intervals cowtl be

calculated because those intervals are calculatedioci and the control region is only one loct¥umbers in bold are significantly different from
zero, andp-values are shown in parentheses. Table 5. Boftagp(standardizedrsy) is shownF st =Fst/ Fstmax  These values were calculated in
ARLEQUIN using 50,000 permutations. MtDNAgr is above the diagonal, and .microsatelitg; is below the diagonal. It is not statistically
appropriate to calculagevalues for standardized values

Fst andRST

Hawai'i 4-islands area O‘ahu Kaua'i/Ni‘ihau
Hawai‘i (n=37) 0.044 [0.019-0.079] (0.004) 0.055 [-0.007-0.132pQ1) -0.014 [-0.036-0.003] (0.769)
4-islands areanE26)  0.028 [0.013-0.045] (<0.001) 0.018 [-0.002-0.042] (0.061)0.047 [-0.005-0.091] (0.048)
O‘ahu (=26) 0.038 [0.023-0.053] (<0.001) 0.037 [0.020-0.054).001) 0.039 [-0.032-0.087] (0.065)

Kaua'i/Ni‘ihau (n=8)  0.016 [-0.002-0.026] (0.057) 0.045 [0.023-0.064] (<0.001) 0.029 [0.009-0.048D03)

Fsr overall =0.033 [0.024-0.042] (<0.001s; overall =0.036 [0.005-0.074] (0.001)

Fsrand sr

Hawai'i 4-islands area O‘ahu Kaua'i/Ni‘ihau
Hawai'‘i (n=38) 0.017 (0.212) 0.005 (0.336) 0.028 (0.155)
4-islands areanE27) 0.011 (0.229) 0.105 (0.032) 0.005 (0.387)
O‘ahu (=27) 0.016 (0.180) 0.112 (0.010) 0.191 (0.012)
Kaua'i/Ni‘ihau (n=8) 0.087 (0.064) 0.018 (0.315) 0.282 (0.013)

Fsr=0.055 (0.023) sr overall = 0.039 (0.044)

Fosr

Fsr Hawai‘i 4-islands area O‘ahu Kaua'‘i/Ni‘ihau
Hawai'i 0.019 0.021 0.171
4-islands area 0.165 0.169 0.046

O‘ahu 0.205 0.195 0.415
Kaua'i/Ni‘ihau 0.098 0.262 0.156

F st overall for microsatellites = 0.186;s overall for mtDNA = 0.089



Table 6. Top: Allelic diversity for microsatelliteBom samples collected 2002-2003 was calculasatguARLEQUIN. Table 6.
Bottom: Haplotypic diversity, nucleotide diversignd mean pairwise differences among mtDNA hapkgyfipom samples collected
2002-2003 were calculated using ARLEQUIN.

Region Allelic Diversity  n alleles
Hawai'i (n=37) 0.835 (SD+0.430) 74
4-islands areanE26) 0.826 (SD+0.429) 52
O‘ahu =26) 0.794 (SD+0.413) 52

Kaua'i/Niihau (n=8) 0.841 (SD+0.457) 16

Mean Haplotypic  Mean Nucleotide = Mean Pairwise
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Region Diversity Diversity Differences # Haplotypes
Hawai‘i (n=38) 0.376 (SD+0.098)  0.004 (SD+0.002)  2.125 (SR1Q) 6
4-islands areanE27) 0.527 (SD+0.097)  0.006 (SD+0.004)  3.402 (SD248) 4

O‘ahu =27) 0.145 (SD+0.090)  0.001 (SD+0.001) 0.519 (SB%0) 3
Kaua'i/Ni‘ihau (n=8) 0.750 (SD+0.139)  0.008 (SD+0.005)  4.321 (SD%Q)3 4
Overall 0.450 (SD+0.255)  0.005 (SD+0.003)  2.5924$[@29) 10

Table 7. Migration rate (M) between pairs of regions in Hawaiian
Islands waters. These rates were calculated dsengrivate alleles
method of Barton & Slatkin (1986). Error cannotdstimated with

this method. This method assumes no admixturgpapdlations in

equilibrium, so values likely do not reflect exatgration rates but
do suggest that migration is relatively low.

Mean Frequency of
Private Alleles across

Pairwise Regions Both Regions Kh
Hawai‘i-4-islands area 0.03 3.45
Hawai‘i-O‘ahu 0.04 2.90
Hawai‘i-Kaua'i/Ni‘ihau 0.05 2.63
4-islands area-O‘ahu 0.04 2.51
4-islands area-Kaua'i/Ni‘ihau 0.07 1.49

O‘ahu-Kaua'i/Ni‘ihau 0.07 1.69
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Table 8. Mean pairwise relatedness comparisonddiphins sampled in the same group and in diffegeotips for each region. Mean
pairwise relatedness was found using COANCESTRY w0,000 bootstraps. Results for the TrioML apdchLi estimators are
shown below. Significant differences occur whes dbvserved mean difference is outside of the bam&5%CL indicated by the
2.5% and 97.5% quantiles. There were no signifid#ferences. Relatedness was higher using kediiood estimator than the
estimator. Kaua'i/Ni‘ihau was excluded from regiboomparisons because all samples were from angpgbut those samples were
included in the All Samples comparisons.

Non-Grpn Obs Mean  2.5% 97.5%
Region Grp Mean Non-Grp Mean Gmnpairs  pairs Diff Quant Quant
TrioML
Hawal i 0.047 (SD+0.077)  0.041 (SD+0.066) 142 6186 -0.006 0.011 0.01
4-islands area  0.037 (SD+0.050)  0.036 (SD+0.059) 48 277 -0.002 -0.019 0.016
O'ahu 0.083 (SD+0.099)  0.071 (SD+0.077) 51 274 0.011 29.0 0.028
All Samples 0.051 (SD+0.073)  0.043 (SD+0.068) 269 73® -0.008 -0.009 0.008
LynchlLi
Hawal i <0.000 (SD+0.143) -0.008 (SD+0.138) 142 6186 0.008 -0.230 0.023
4-islands area  -0.042 (SD+0.114) -0.041 (SD+0.129%8 277 -0.001 -0.039 0.038
O'ahu 0.028 SD+0.127) 0.056 (SD+0.147) 51 274 -0.029 4D.0 0.044

All Samples  -0.004 (SD+0.137)  -0.007 (SD+0.139) 269 6737 0.003 -0.017  0.020




Discussion

My results suggest that pantropical spotted dolphins are not mating randomly
across the Hawaiian Islands regions considered in this study. Microsatedilyses,
including genetic cluster assignments and fixation indices, support thatsapaf
dolphins found in the Hawai‘i, O*ahu, and 4-islands area regions into different
populations, and mtDNA analyses support splitting at least O‘ahu and the 4-iskeads a
There is also some support for a separate population near Kaua'i/Ni‘ihau, but these
relationships should be explored further with larger sample sizes if possible. wizere
no support for the hypothesis of female philopatry driving differentiation. Possiba}, |
behavioral adaptations to differing environmental conditions in each region naay dri
genetic isolation, although further research is needed to examine this hypothesis

In support of the conclusions above, the microsatéliteandRst values among
Hawai'i, the 4-islands area, and O‘ahu were generally low but significdifidyent from
zero (Table 5), the exception beiRgyr of the 4-islands area compared to O‘ahu. These
FstandRst values were similar to other studies of dolphins that concluded populations
were differentiatedd.g.Escorza-Trevifi@t al. 2005, Natoliet al.2005), including
studies that found differentiation among island regions (Paetas2006, Oremust al.
2007). NOAA Fisheries has split spinner dolphins in the Hawaiian Islands inta‘KHawa
O*ahu/4-islands, and Kaua'i/Ni‘ihau stocks (Carredtal.2011) based mainly on genetic
evidence of population differentiation (Andrews 2009, Andretal.2010) and split
common bottlenose dolphins into Hawai'i, the 4-islands area, O‘ahu, Kaua'i/Ni‘ihdu, a

Hawai‘i Pelagic stocks based on both genetics (Magteal.2011) and photo-
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identification evidence (Bairdt al.2009) TheF srvalues for microsatellites for spinner
dolphin and common bottlenose dolphin stocks found in the Hawaiian Islands regions
overalapping my study range from 0.004 to 0.096 for spinner dolphins (Andteks
2010) and 0.019 to 0.050 for common bottlenose dolphins (Matiah2011). These
values are lower than those for pantropical spotted dolphins, which ranged from 0.098 to
0.262 (Table 5). The spinner and bottlenose dolphin precedents suggest that comparable
action could be taken to split pantropical spotted dolphin populations into separate
management stocks near the Hawaiian Islands. It should be noted that O‘ahu showed
evidence of heterozygosity deficiency for microsatellites. This mphaiexthe high
level of relatedness within O‘ahu. Luikart & Cornuet (1998) report that heteroiygosi
deficiency may indicate a recent population increase or a recent influwe@liees from
immigrants. However, they also state that loci may seldom be at mutafiion-dri
equilibrium because of natural fluctuations in population size or natural selection.
TESS DIC and bar plot analyses suggested that three populations were present.
TESS performs well at low genetic differentiation levels, with miggassent rates
lower than 3.5% foFst's greater than or equal to 0.03 and down to 2%-§grequal to
0.04 (Cheret al.2007). There was no evidence of population level isolation by distance
playing a role in this differentiation. For individuals, there was slightigessbrrelation
between genetic and geographic distance for pairs up to approximately 130km apart
(Figure 3), indicating that some isolation by distance may be occurrthopvugland
regions, but mean distances among island regions were all greater than 130knfpexcept

the mean distance between O‘ahu and Kaua'i/Ni‘ihau, which was 92.9km. The next
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closest pair of islands are Hawai‘i and the 4-islands area at 144.2km Bpafgite the
clustering of Kaua'‘i/Ni‘ihau with O*ahu by TES&gT for microsatellites anBist and
st for mtDNA are significantly different from zero in pairwise comparisogisveen

these two region@able 5). However, given that only eight samples from one group of
dolphins from Kaua‘i/Ni‘ihau were available (Table 1), there were not enoughaata
draw strong conclusions about the relationship between this area and other regabns.
of samples from Kaua'i/Ni‘ihau was not due to lack of sample effort (Batiad. 2003,
2006), rather pantropical spotted dolphins appear to be much less common in that region
(Figure 2; Table 1). Two of the four mtDNA haplotypes found in these eight samples
were not found in the other three regions. This shows remarkable mtDNA diveissity
small sample size from a single encounter, suggesting that pantropicad siopt@ns
near Kaua'i/Ni‘thau may be transients from farther west along the aragipel from an
offshore population. There are no samples of pantropical spotted dolphins from the
islands further west at this time, except for one collected during the NOSEA A
2010 Survey; however, spinner dolphins near Kure Atoll, Midway Atoll, and Pearl &
Hermes Reef have been found to be genetically distinct from those found near the other
Hawaiian Islands (Andrewst al.2010).

Estimates of pairwise regional migration rates based on the privats atiethod
of Barton & Slatkin (1986) ranged from 1.49 to 3.45 (Table 7). This method assumes no
admixture and that alleles have reached an equilibrium in the populations. gBearin
mind these assumptions, which are likely violated by the populations in my study, thes

migration rates are relatively low. Attempts were made to estimgtaton rates using
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programs such as LAMARC (Kuhner 2006), but there were indications that convergence
was not reached even after six weeks of running the program. This maximuhoobkleli
iterative method would calculate migration rates in both directions between populations
and would provide an error factor, but given the lack of convergence, the private allele
method was applied to supply at least a sense of whether migration rate«&hetadh
or low. These values should be used with caution given both the likelihood of admixture
among populations and the fact that the values are directly relatedRg ¢hkulation
rather than applying Bayesian or maximum likelihood inference. Examinvafri
alleles shared by pairs of island regions (excluding Kaua'‘i/Ni‘ihau) didesodtrin any
differences that would support significantly higher gene flow among somsequa
founding event at one region with spread to other regions.

There was more variability in microsatellites (up to 20 alleles per lolcas) t
mtDNA (only 10 haplotypes with 77 out of 100 individuals having haplotype 3).
MIDNA Fstand stresults supported separation of the 4-islands area from O‘ahu and
Kaua'i/Ni‘ihau from O*ahu, but not separation of Hawai‘i from the other thrgens
(Table 5). MtDNA did not show evidence of isolation by distance, suggesting that
genetic differentiation among island regions may be due to other mechanisms, such as
site fidelity, behavioral isolatioretc Fstand srvalues that were significantly different
from zero for mtDNA were low but consistent with other studies that concluded that
differentiation existedd.g.Escorza-Trevifi@t al. 2005, Natoliet al. 2005, Mendezt al.
2007). As with microsatellite§; st values were higher thdfst values, with the largest

values suggesting separation of O‘ahu from the 4-islands area and Kaua'‘i/NiGhau f
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O*ahu and Hawai‘i (Table 5). However, caution must be taken in interpretingsrésul
Kaua'i/Ni‘ihau because of the small sample size from that region. Foai{aampared

with the 4-islands area (0.019) and compared with O‘ahu (0.62%)Values tended to

be lower than those found for populations of spinner dolphins (Andrews 2009, Andrews
et al. 2010), but other pairwide st values were higher (ranging from 0.046 to 0.171)

than for spinner dolphins, which ranged from -0.011 to 0.120. The distinction of O‘ahu
from the other islands is further supported by its much lower mtDNA diversiblg B3

and higher pairwise relatedness within the region (Table 4).

It would be expected that the mtDNA control region would evolve more quickly
than nuclear markers like microsatellites, thereby having a shall@aksyscence that
allows for better detection of structure in recently diverged and diverginggtimms
(Zink & Barrowclough 2008). This is because time to coalescence is a function of
effective population size, which is four times larger for nuclear markers tHaNAn
markers (Zink & Barrowclough 2008As such, it should be noted that microsatellites
tend to show more structure among populations of pantropical spotted dolphins near the
Hawaiian Islands than mtDNA control region sequences do. However, this is not
necessarily surprising because the mtDNA of cetaceans has been foundéméwole
guarter the rate of other mammals (Ohland et al. 1995), possibly creatjpey dean
expected coalescence times for recently diverged taxa. Further, mtDN#Hea
marker with one gene tree, whereas 11 loci were used for nuclear markers urdyny st
allowing averaging over multiple markers. In addition, Kingston et al. (2@@@ntly

reported that mtDNA control region sequences have little power for resolviagedifes
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among delphinid taxa at the species level, possibly because of the recenspdiss, of
which would also affect the use of this marker at the population level. Therefore,
microsatellite results may be more reliable for evaluating populatiteretitiation for
pantropical spotted dolphins.

In cases in which sex-biased dispersal is occurring, it is expected that the
dispersing sex will have lowé&isrand mean assignment index values and higkeand
variation in assignment index values (Goudet et al. 2002), which was not the case for
pantropical spotted dolphins near the Hawaiian Islands. Patah$2006) found that
common bottlenose dolphins near the Bahamas showed site fidelity for both sexes.
Likewise, Andrewset al. (2010) found no evidence of sex-biased dispersal for spinner
dolphins near the Hawaiian Islands, so other mechanisms for dispersal, such as
behavioral adaptations to local regions, may not be uncommon in island systems.
Comparisons of relatedness within groups and among groups in each region and across
all regions suggested that group fidelity is not driving genetic diffeterti@lable 8). It
is possible that “non-group” samples could have been from the same groups on different
days, confounding the results. However, no individuals were re-sampled in multiple
encounters to support this. Itis also possible that sampled groups were reallgugpg-gr
of larger groups. Shallenberger (1981) reported this situation as a considesitti
respect to group size estimates of pantropical spotted dolphins near the Hislanids

Cubero-Pardo (2007) reported that depth affected the distribution of common
bottlenose and pantropical spotted dolphins in Gulfo Dulce near Costa Rica, and she

concluded that prey distribution patterns affected seasonal distribution of dolphins in this
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location. She also suggested that groups of pantropical spotted dolphins found in deeper
water were larger, likely because larger numbers afforded bettertmmotiEom

predators. During my study, pantropical spotted dolphins were sampled in deegrer wat
near Hawai‘i and were from larger groups near Hawai‘i than those samgdedhe 4-
islands area, while pantropical spotted dolphins sampled near O‘ahu were in dateper w
than the 4-islands area but also closer to shore than those near Hawai‘i. Tdveeshall
depth at which samples were taken near the 4-islands area reflectsatee extent of
shallow habitat in that region and limited survey effort in deeper wateygré=2; also

see Baircet al.2008b). Differences in habitat may result in differences in prey
preferences at different island regions and may inhibit dispersal and, teegefoe flow
among regions. Differences in habitat features, prey types, and prey aburatasse a
adjacent ocean areas have all been suggested as reasons for gegretitidifon in

other dolphin population®(gGarcia-Martinezt al. 1999, Mdélleret al.2007, Bilgmann

et al. 2008, Wiszniewsket al.2010), and concerns have been raised about the
consequences of climate change on small cetacean populations for which heliat af
gene flow (Fontainet al.2007, Taguchet al.2010). Garcia-Martinezt al.(1999)
suggested that dolphins preferring shallow water habitats can becomalisdlaie may

be the case for pantropical spotted dolphins near the 4-islands area; however, additiona
search effort and sample collection in deeper waters near the 4-islaadgcaid

provide more evidence to assess this. A study of Galapagos sea lions ne#aphgdsa
archipelago revealed that sea lions in different regions of the archipeéagasing

different food sources and concluded that inter-specific niche segregatyed pl&ey
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role in the evolution of genetic structure in these populations (g¢alf 2008). This

study relied on stable isotope analysis, which would likely be a good approach to
determine if pantropical spotted dolphins near different Hawaiian Island regimh$o

feed on different prey. Only one study to date has addressed habitat use of pantropica
spotted dolphins near the Hawaiian Islands (Beirdl.2001). That study focused on the
4-islands area and concluded that pantropical spotted dolphins had different habitat use
patterns in that region compared with other dolphin species (Ba&d2001).

Pantropical spotted dolphins may have different numbers of predators and competitors
near different island regions. Friedlander and DeMartini (2002) found that biomass of
apex predators, which included sharks, groupers, and barracuda, differed among the
Hawaiian Islands. Papastamataiial. (2006) reported that catch per unit effort differed
among shark species among the Hawaiian Islands for four species of stugnkiicdie
Hawaiian longline fishery, resulting in different estimates of theivel@ontribution of

each species to the overall species composition near each island region. Such studies
suggest possible differences in predation pressure among island regions. | found no
strong evidence that males and females disperse differently or thatuals/ssampled

from the same group were more closely related than individuals sampled fferardif
groups, so niche specializations may play a more important role in difegrentihan
sex-biased dispersal or group fidelity. Andrews (2010) suggests that habitandée

can raise ecological barriers to gene flow that drive differentiation mmepdolphin

populations near the Hawaiian Islands as well.

68



Properly defining populations is important because site fidelity, despite the
physical ability to disperse, can result in local population losses when populagons ar
stressed by anthropogenic encroachment. For example, Netladl$2007) described a
situation in which a genetically distinct population of common bottlenose dolphins near
the UK went extinct, likely due to hunting 100 years ago, and other nearby common
bottlenose dolphin populations have still not repopulated the site. Given the fisheries
activity, including unrestricted fisheries such as the troll fishery, winvglpantropical
spotted dolphins near the Hawaiian Islands, accurate population assessmeitisadre c
to conservation. If NOAA Fisheries designated the island of Hawai‘saparate stock,
the minimum population size ¢, would possibly result in Potential Biological
Removal (PBR) being exceeded by more than 1% for the troll fishery, reqoyrilagy
that it be changed to a Category Il fishery (Department of Commerce 20113, lzescina
proposed by NOAA Fisheries. Category Il fisheries are required to obtaanmem
mammal authorization by registering with the Marine Mammal Authaozd&rogram
and are required to allow observers on board vessels engaged in the fisheryr({@@part
of Commerce 2011). These changes to a currently unrestricted fishery thatesns |
regularly over groups of pantropical spotted dolphins could potentially avoid diversity or
population losses for these small, island-associated populations. At this tiregrthe
few data available regarding this fishery near other Hawaiian Islandsdesignating
separate stocks near the 4-islands area and O‘ahu may create more in@eansie
the levels of troll fishing effort near these regions and assess impacts mpjcaht

spotted dolphins. The List of Fisheries lists the Hawaiian troll fishenycasding 2,210
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participant vessels/persons (Department of Commerce 2011). Near the idtlawlaot
~29% of groups of pantropical spotted dolphins encountered from 2006 to 2011 had
fishing vessels fishing through or in the middle of groups (R.W. Baird unpub. data).
Pantropical spotted dolphins with injuries from lines and boats have also been
photographed near the Hawaiian Islands during these and other surveys (R.W. Baird
unpub data), raising concerns about the level of fisheries interactions, pdsti¢ular
populations are smaller and more isolated than are recognized under the current
management scheme. Effective population size (not an overall abundancéeg$tima
the island of Hawai‘i based on microsatellite data is estimated to falébe 210 and

261, suggesting a small reproductive population in this location.

In conclusion, | found evidence that pantropical spotted dolphins constitute
separate populations near Hawai‘i, the 4-islands area, and O‘ahu, with someestadenc
support possible differences from Kaua'‘i/Ni‘ihau as well, though furtheyssud
warranted. Other marine mammal stocks have been divided recently for manageme
purposes based on similar levels of genetic differentiation among regionsxakple,
harbor porpoise on the U.S. West Coast were split into additional stocks based on Chivers
et al. (2002), and NOAA Fisheries has recently split common bottlenose dolphin stocks
and split spinner dolphin stocks near the Hawaiian Islands based on genetic and photo
identification analyses (Andrews 2009, Baatdal. 2009, Andrew®t al.2010, Carrettat
al. 2011, Martieret al.2011). | suggest the same criteria be applied to pantropical
spotted dolphins near the Hawaiian Islands. It is important that genetigpilypaiate

stocks of pantropical spotted dolphins be used for management, particularly because of
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potential injury and mortality as a result of the Hawaiian troll fishery, visicurrently
unrestricted. My results suggest that differentiation is not mediated Hyased
dispersal or group fidelity, and | hypothesize that possibly behavior adaptéitmgli
habitat types that affect strategies such as foraging and predator aeccoaid be
driving differentiation. Further research on these strategies is needaditlmahese
differences. Tagging studies and stable isotope analyses using blubbessamlde
explore feeding habits and other behaviors that differ among the regions ofithgara

Islands.
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CHAPTER 3. Comparisons to explore potential baselines for biologicall
significant genetic differentiation levels: Population structue of pantropical spotted

dolphins in the North Pacific Ocean as an example

Introduction

Many studies of dolphin population genetics rely heavilfFgnand similar
indices €.9.Rst, s7) for determining where different populations ocaig(Yao et al.
2004, Escorza-Trevifet al.2005, Adams & Rosel 2006). These indices are based on
Wright's Fst (Wright 1943, 1951), which varies from zero to one, for which one
indicates separate non-interbreeding populations and zero indicates panmixia. The
probability that the calculatdgsy value is different from zero is generally used to decide
whetherFsris “significant.” However, this null hypothesis test simply indicatesFbat
is different from zero within a 95% probability; it does not determine whethée\bEof
differentiation indicated b¥st is biologically/demographically significant. This
distinction is important, particularly if management and conservation desiare based
on fixation indices. Gerrodette (2011) thoroughly discusses the issue of problems with
null hypothesis testing in ecology and states that lack of statistic#icagce does not
necessarily mean lack of biological importance. He points out that there is no
expectation that the null hypothesis would really be true, for example, that thetipropor
of genetic markers from two locations would be identical, and that null hypothesig test
in this type of instance is really just testing whether the samplessszdficient to detect

differences.
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Often, population genetics studies of dolphins conclude that populations are
separate based, at least in part, on veryHgywalues that are found to be significantly
different from zerod.g.Sellaset al.2005, Adams & Rosel 2006, Gaspairial. 2007).

This is not always the best criterion on which to base management (Taylao& D

1996, Taylor 1997, Taylaet al. 1997, Palsbgkt al.2007). Part of the problem arises

from an inability to obtain large enough sample sizes, but the other problem is that there
are no standard fixation indices for comparison. For instance, there is no lower bound
Fst value that defines demographically significant units for managemeniriethese
bounds becomes even more complicated when using highly variable loci like
microsatellites. The range B§r does not have a maximum of one in these cases because
highly polymorphic loci have high levels of heterozygosity, reducing maxifgim

(Hedrick 1999). Also, overlap in alleles occurs between isolated populatiotisoiHe

1999). Methods have been developed to address this problem using standardizations of
Fst (Hedrick 2005, Meirmans 2006), but these standardizations rely on dividing by
maxima that make it statistically inappropriate to calculate sggméie with respect to

zero (Meirmans 2006), and so interpretation of these values can be difficiier Ben
determining difference from zero, it could be helpful toleg@as a comparative measure.

Palsbgllet al. (2007) suggest that it is important to interpret estimates of genetic
differentiation in a demographic framework and to attempt to define threshold vatue
measures of differentiation, suchfas, Rst, st, etc One lower bound value &&r
would not likely be appropriate for all species or populations, but finding fixatiooesdi

among geographically separated populations that are unlikely to interbreed weuld g
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an idea of what values among apparently sympatric or parapatric populatichbedul
interbreeding is reduced or absent.

There are other ways to measure genetic differentiation than usitigrfixa
indices, and ideally, fixation indices are only one line of evidence used to determine
population structure. Hedrick (1999) suggested that assignment tests arefalpowe
approach for assessing population structure using highly variable loci. &moplex
programs like STRUCTURE (Pritchaed al.2000) can be used to find assignment
probabilities of individuals to different populations, helping to interpret the baabgi
significance of levels of differentiation indicated by fixation indiced potentially
revealing cryptic population structure.

In this study, | compared samples of pantropical spotted dolphins from the
Eastern Tropical Pacific (ETP), pelagic waters near the U.S. BxelEsonomic Zone
surrounding the Hawaiian Islands, and China/Taiwan with samples frortheear
Hawaiian Islands (Figure 8) to explore biological significaassociated with
differentiation found among the Hawaiian Islands (Chapter 2). | focusedisakgcibn
FstandRst for microsatellites anBsr and st for the mtDNA control region, as well as
standardized values B&r (written asF s7). Rstis anFsr analog that accounts for
stepwise evolution of microsatellites.st is anFst analog that uses Analysis of
Molecular Variance (AMOVA).Fst andRst calculations use departure of allele
frequencies from panmictic expectations, whilg- evaluates the correlation of random
haplotype sequences within populations relative to random pairs drawn from the whole

species (Excoffieet al. 1992). For st, a hierarchical AMOVA is constructed directly
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from the matrix of squared-distances between all pairs of haplotypes fiExebfl.
1992). Fs1, Rst, and st are all commonly reported as measures of genetic
differentiation among putative populations.

My comparative approach assumes that levels of potential interbreeding among
more widely separated geographical locations would be lower than levels of
interbreeding among the less geographically separated Hawdgiaddsegions. It also
assumes that the migration rates are low enough to offset the influence aitioopsize
differences on calculated fixation indices. If these assumptions aredtues obtained
for comparisons among the widely geographically separated populationseotgdas
baselines for expected values among pantropical spotted dolphin populationglevitt i
no interchange among them. These baselines themselves are not net¢esssiehable
to other species, but the comparisons used to determine them would be. Begause
assumes that populations have already reached an equilibrium or are fixedifar spec
alleles, populations that are still in the process of diverging may havexatiofi indices
even if the populations are not interbreeding much or at all. Therefore, baselines
determined with what are more likely to be populations closer to equilibrium are helpful
in determining whether low but significant fixation indices are indicativ@abgically
important population boundaries.

Based on morphological differences (Scheelhl. 1986) and, more recently, on
genetic evidence (Escorza-Trevi@bal. 2005, Rosales 2005), pantropical spotted
dolphins in the ETP are considered to be two sub-species: offShaedttenuajgand

coastal §. a. graffmani(Perrinet al. 1985). The offshore sub-species have been further
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subdivided into northern and southern populations based on differences in morphology,
differences in calving peaks, and a potential gap in distribution (Barlow 198t &err

al. 1985, Schnelet al.1986). Dizoret al.(1994b) defined them as a northeastern and a
southern-western stock (Figure 8). The northeastern and southern-wefsteoreof

stocks are generally divided near the equator (Petrah 1985). There is geographical
overlap among the coastal and offshore sub-species that could allow interpteedin

occur (Perriret al. 1985). The coastal sub-species is generally described as occurring
within 185 km of the coast; however, the offshore sub-species has been recorded within
30 km of the coast. The coastal sub-species has been recorded as far as 13tbken offs
(Perrinet al.1985).

Dizonet al.(1994b) reported that the Hawaiian stock of pantropical spotted
dolphins is discriminated from the other Pacific stocks based on its proximity to the
Hawaiian Islands rather than on any genetic, behavioral, or major morphological
differences. The stock boundary is the U.S. Exclusive Economic Zone surrounding the
Hawaiian Islands (Carret&t al.2011). Pantropical spotted dolphins near the Hawaiian
Islands tend to have less spotting than and differing cranial morphology from norther
offshore pantropical spotted dolphins, but have similar coloration and cranial morphology
to southern offshore pantropical spotted dolphins (Detcad. 1994b). Reevest al.

(2004) stated that numerous additional sub-species of Pacific pantropical spotted dolphins
may be added in the future as further studies reveal more information on levels of
differentiation. Yacet al. (2008) reported variation in skull morphology of pantropical

spotted dolphins near China/Taiwan and in the ETP, including smaller overall skull size
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in ETP specimens, but differences may be attributed to differing levelsdnyri
productivity in these locations. All ETP pantropical spotted dolphins in thestralo
(2008) study were of the offshore sub-species, and no comparisons were made with
pantropical spotted dolphins near the Hawaiian Islands.

Given the morphological differences and distribution gaps among ETP, Hawaiian
and China/Taiwan pantropical spotted dolphins, | think the assumption of less
interbreeding potential among these locations than within the Hawaiian |staralsli

for the current study.

Methods

Microsatellites were previously analyzed for 37, 26, 26, and 8 pantropical spotted
dolphins sampled near Hawali'i, the 4-islands area, O‘ahu, and Kaua‘ilNi‘iha
respectively from 2002-2003 (Chapter 2). Microsatellites were also addlgz50 ETP
samples and three samples from pelagic waters near the Hawainals ISkclusive
Economic Zone (Figure 8) using the procedures described in Chapter 2, with loci EV14,
EV37, EV94, (Valsecchi & Amos 1996), SL8-49, SL9-69, SD8 (Galver 2002), MKS5,
MK6, MK8 (Kriutzenet al.2001), KWM2a, and KWM12a (Hoelzel et al. 1998a). One
pelagic sample was obtained from skin from a pantropical spotted dolphin killed as
bycatch in the Hawaiian long-line fishery in May, 2008. This sample was supplied b
Kristi West, Hawai'‘i Pacific University (Honolulu, HI). Two additiorzlagic samples
collected during a NOAA PICEAS cruise in 2005 were obtained from NOAA Fkesher

Twenty-five Costa Rican and Panamartara. graffmansamples collected 1998-2000
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and 25 offshore ETB. a. attenuaténorthern offshore stock) samples collected 1998-
2001 were also obtained from NOAA Fisheries (Figure 8). These samplepaveof
Escorza-Trevifiet al’s (2005) study of genetic differentiation among pantropical
spotted dolphins in the ETP.

MtDNA for the pelagic samples was sequenced using the procedure described in
Chapter 2 with primers HO0034 (Roslal. 1994) and L15824 (Roset al. 1999).
Thirteen Hawaiian Island haplotypes were previously sequenced €CRa@nd
published on GenBank (GQ852567-GQ852579). One hundred twelve mtDNA
haplotypes for offshore and coastal ETP pantropical spotted dolphins (Escevi# €t
al. 2005) were obtained from GenBank (DQ150134-DQ150245). Offshore haplotypes
were from samples from the northeastern ETP (Escorza-Trev#&io2005), and coastal
haplotypes were from four locations defined in Escorza-Tresfia. (2005): Northern
Mexico, Central America, Costa Rica, and Ecuador (Figure 8). Thirteen hagddtpm

near Taiwan and the China Sea were provided by C. Yaodiralo2004).

Microsatellites

ARLEQUIN 3.0.1.2 (Schneidest al.2000) was used to check microsatellite loci
for pairwise linkage disequilibrium for each population with 50,000 Markov steps and a
50,000 step burnin and for deviations from Hardy-Weinberg equilibrium for each locus
for each population with 1,000,000 Markov steps and a 100,000 step burnin. LOSITAN
(Antaoet al.2008) was used to evaluate neutrality of microsatellite loci. Neutral Mean

Fstand Force MeaRst were chosen and run for 50,000 simulations with a stepwise
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mutation model. MICRO-CHECKER (Van Oosterhetital. 2004) was used to test for
null alleles and allelic dropout using 10,000 permutations at 95% confidence for each
region. ARLEQUIN was used to calculdgr andRst. Fst andRst of microsatellites
reported from ARLEQUIN are equivalent tg of Weir and Cockerham (1984) based
on a pairwise distance matrix using number of different allelesgpand sum of
squared differences fétst. Rst differs fromFstin that it uses a step-wise mutation
model rather than an infinite alleles model, which may be more appropriabe for t
evolution of microsatellites. StandardiZédr values were calculated in ARLEQUIN
using the procedure described in Chapter 2. No additional microsatellite data were
available from previous studies, so comparisons were limited to the offshore ET&, Cost
Rica/Panama for the coastal ETP sub-species, and the Hawaiian Istaods &s
defined in Chapter 2 (Hawai'i, the 4-islands area, O‘ahu, and Kaua'i/Ni‘ihag)rg=8).
Although Costa Rica and Panama samples include two adjacent regions defined in
Escorza-Trevifiet al. (2005) (Costa Rica and Ecuador; Figure 8), they were combined
because of low sample size and high distinctiveness from other samplesc Baiagles
were not included in this analysis because of small sample size (threesampl
STRUCTURE 2.2 (Pritchardt al.2000, Faluslet al.2003) was used to analyze
microsatellite data to estimate the number of populations and calculatenasst
probability of each individual to each population cluster. Burn-in period and number of
replications was set to 50,000 and ten iterations were run for differing numbers of
presumed populations, from K=1 to K=8. The admixture model of population structure

with correlation of allele frequencies among populations was used. Lengtinnein
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and number of replications were considered sufficient based on stabilization of
log(alpha), In likelihood, and InP(D). Results were analyzed using posterior
probabilities, as well as by assessing mean assignment probabilitiegitors at
different K values. TESS 2.3 (Chehal.2007, Durancet al.2009) was used for
assignment probability analyses in Chapter 2 (testing among Hawaéad fglgions).
TESS incorporates spatial autocorrelation into analyses. In the case ohdETP a
Hawaiian samples, there may be genuine gaps in distribution rather thampsing
gaps and there is geographic overlap in the ranges of ETP coastal and otfbhore s
species, so STRUCTURE, which considers admixture but not spatial autocamyelas
used for the present analyses.

It was expected that ETP coastal and offshore populations would group separately
from putative Hawaiian Islands populations in STRUCTURE and that mtDNA control
regionFsrand srtvalues and microsatellitest andRst values would be larger for
comparisons among the Hawaiian Islands and other locations than within theadawai
Islands putative populations.

Mean number of distinct alleles per locus and mean number of private alleles per
locus, accounting for sample size, was calculated using AZDE 1.0 (SepiacR008)
to determine if the number of private alleles was sufficient to estimigt@tion rates.

AZDE was also used to determine mean number of private alleles per locusdafpa
putative populations to examine whether any pair of populations shared enough alleles
only with each other to indicate more recent migration or founder events. KauzuN

was not included in the pairwise analysis because the program can only cahadate
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up to the smallest population sample size, which would limit the comparisons to sample
size of eight. To compare this with the estimate of gene flow in Chapter 2tiomgra
rates (Nm) were estimated using the private alleles method of Barton & Slatkin (X986) i

GENEPOP 4.0.1.0 (Raymond & Rousset 1995, Rousset 2008).

MtDNA

More sequences were available for mtDNA analyses than for mictaeatel
analyses due to the publication of mtDNA sequences on GenBank. Sequences were
aligned using CLUSTAL X 1.81 (Thomps@ah al.1997). TCS (Clemerst al.2000)
was used to create a haplotype network to visualize the relationships among mtDN
haplotypes. A 95% connection limit was chosen in TCS, and gaps were sétsmate5
ARLEQUIN 3.0.1.2 (Schneideat al.2000) was used to calculdter and st for the
MtDNA sequence data for 407 base pairs (the overlapping portion of all sequenees). Th
number of permutations in a randomization test was set to 50,000 samehs
calculated using a basic pairwise comparison model without weightingiomutyge.
StandardizedF st values were calculated in ARLEQUIN using the procedure described
in Chapter 2. Pelagic and South China Sea samples were not includeBdndhd st
analyses because of small sample sizes (three and four samplesvelgpedtaoet al.
(2004) found that Taiwan Strait and Eastern Taiwan samples did noEgaee st
values significantly different from zero when compared with each otherfdheréhese
samples were combined as “China/Taiwan” in my analyses. Estory#ioet al.

(2005) found that comparisons among Northern Mexico, Central America, Costa Rica,
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and Ecuador areas resultedgy and st values significantly different from zero, so

these areas were considered as separate in my analyses.

Results
Microsatellites

Comparisons were made for pantropical spotted dolphin samples from coastal and
offshore ETP, the four defined Hawaiian Islands regions, and pelagic watede dhési
Hawaiian EEZ (Figure 8). There was no indication of linkage disequilibrium or
deviations from Hardy-Weinberg Equilibriurp-¢alues<0.05) for the microsatellite loci.
MICRO-CHECKER indicated no significant excess of homozygotes for the oenhbi
probability test for any of the island regions, suggesting the loci did not have rie# alle
or allelic dropout. There was no indication of linkage disequilibrium or deviations from
Hardy-Weinberg Equilibrium for the microsatellite lopkQ.05). MICRO-CHECKER
indicated no significant excess of homozygotes for the combined probabilityrtasy
of the island regions, suggesting the loci did not have null alleles or allelic dropout
LOSITAN analyses indicated that all microsatellite loci were néyteaolving with
95% confidence.

A plot of K valuesversusposterior probabilities produced by STRUCTURE
indicated between two and five populations, with no significant differences among the
mean posterior probabilities for K=2, K=3, K=4, and K=5 (F=05&).634) (Figure 9).

Bar plots of the probability of assignment to each cluster for K=5 showed oigstér

assignment for Hawai‘i with Kaua‘i/Ni‘ihau, the 4-islands area, O‘ahd,@astal ETP
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as four strong clusters and offshore ETP as split between the coastduEfEPand a
separate cluster (Figure 10). Coastal ETP samples clustered stomeghet; mean
probability of assignment to cluster 2 was 0.931 (SE+0.001). Offshore ETP samples split
between the coastal ETP cluster and a separate cluster, with mean pgyotfbili
assignment to the coastal ETP cluster at 0.403 (SE+0.015) and to a separatd cluster a
0.450 (SE+0.019). Based on ANOVA and Tukey tests, these values were significantly
different from each other and from the probabilities of assignment to thenieghtiree
clusters (Table 9). Hawai‘i and Kaua'i/Ni‘ihau clustered together, bualaliihau
clustered more closely to offshore ETP and O‘ahu than Hawai‘i did (Table'@hu @nd

the 4-islands area both had probabilities of assignment to their own clusterseaith m
greater than 0.650 (Table 9). The three pelagic samples did not cluster together. One
sample clustered most closely with Hawai‘i, one most closely with offshiiPe &d the
third clustered equally with Hawai‘i and offshore ETP (Table 9).

FstandRst values comparing offshore ETP, coastal ETP, Hawai'i, the 4-islands
area, O‘ahu, and Kaua'‘i/Ni‘ihau were also calculated. Pelagic sampteswt included
because of small sample size (only three samples)-sfAllalues were significantly
different from zero except Kaua'i/Ni‘thau compared with Hawai‘i, and migstvalues
were as well (Table 10)=st values for the Hawaiian Islands regions were lower than
those comparing offshore ETP and coastal ETP with Hawaiian Islands rdgions
similar to offshore ETP compared with coastal ETP (Table EQ). values indicate a

similar relationship, withF st of offshore ETP compared with coastal ETP being
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numerically lower than othét st values, except those for Hawai‘i compared with the 4-
islands area and Kaua'i/Ni‘ihau (Table 10).

Rst for offshore ETP in comparison with O‘ahu (0.051) was numerically less than
that for Hawai'‘i in comparison with O*ahu (0.05%Rst for coastal ETP in comparison
with offshore ETP (0.030) was lower thRgr values for all comparisons among the
Hawaiian Islands that resultedRarvalues significantly greater than zero (Table 10).

Mean number of private alleles per locus was reasonable for making estimat
based on the private allele method by Barton & Slatkin (1986), which is robust to mean
private allele values as low as 0.2 (Figure 11). Note that the trend csfadre ETP
and coastal ETP share the most mean private alleles per locus, followed by the
combinations of Hawaiian Island regions, then offshore ETP combinations with
Hawaiian Islands regions, and finally coastal ETP and combinations of ldavslands
regions (Figure 12). The overlap of standard errors for the offshore ETRId6EBtand
the Hawaiian Island regions pairs indicates that the numbers of mean pieiate al
shared among these pairs were not significantly different (Figure 12). UWoilike
combinations of pairs of Hawaiian Island regions, the Hawaiian Island re@idn t
standard error range did not overlap ranges for other triad combinations (Figuiieh#2)
combinations of each island region with offshore ETP and coastal ETP have overlapping
standard errors (Figure 12).

Migration rates (M) were calculated using the private alleles method of Barton
& Slatkin (1986) (Table 11). Error cannot be estimated with this method so sghific

differences could not be determined.
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MtDNA

Previously, 13 mtDNA haplotypes were discovered near the Hawaiiandslan
(Chapter 2). Of the three pelagic pantropical spotted dofamples in this study, two
had Hawaiian haplotype 3, (Chapter 2) and one had a unique haplotype (haplotype 14).
These haplotypes are published as GenBank accession numbers GQ852569 and
GU136595 respectively. Comparisons with mtDNA sequences from pantropicatispotte
dolphins from the ETP (112 haplotypes) (Escorza-Treeifa. 2005) showed that four
Hawaiian haplotypes (Chapter 2) matched with ETP haplotypes; the uniquie pelag
haplotype did not match any ETP haplotypes. One haplotype of a single individual ne
O‘ahu (haplotype 11) matched with a haplotype of a single individual from coastal
Central America (ETP haplotype 33), and one haplotype of a single individual from
Kaua'i/Ni‘ihau (haplotype 6) matched with a haplotype of a single indiviitam
offshore ETP (ETP haplotype 81). Two Hawaiian haplotypes that differ at a pdiet in t
sequence beyond the end of the available ETP sequences (haplotypes 3 and 13) both
match an ETP haplotype (ETP haplotype 6). Hawaiian haplotype 13 was found in only
one individual from Hawai‘i, and haplotype 3 is the majority haplotype near the
Hawaiian Islands (138 individuals out of 176 sampled from 2002-2008; Chapter 2). ETP
haplotype 6 was found in eight coastal and nine offshore individuals (Escorza-Teevifio
al. 2005). The most common haplotype in the ETP, haplotype 39, was only shared by 18
individuals (Escorza-Trevifet al.2005) and did not occur in the other regions (Table

12).
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Pantropical spotted dolphins from China/Taiwan (¢aal.2004) also included
haplotypes matching Hawaiian haplotypes. Hawaiian haplotypes 3 and 13 (Chapter 2)
matched the shorter sequence of ¥aal. (2004) haplotype 2 of one individual from
Taiwan Strait and one individual from Eastern Taiwan. Haplotype 11 from O‘ahu
(Chapter 2), which matched ETP haplotype 33 from Central America @astoevifioet
al. 2005), also matched China/Taiwan haplotype 3 found in two individuals from Taiwan
Strait (Yaoet al.2004). The unique pelagic haplotype 14 from the current study did not
match any of the China/Taiwan haplotypes from ¥aal.(2004) (Table 12).

Fstvalues among the Hawaiian Islands regions are not significantly different
from zero except for O‘ahu compared with the 4-islands area and with Kdlisal, so
MtDNA Fst values without standardization did not lend strong support to separation of
the Hawaiian Islands regions in the original study (ChapteF2)of Kaua'i/Ni‘ihau
compared with O*ahu was similar kgt values for offshore ETP compared with the
Hawaiian Islands regions (Table 13jst was not significantly different from zero for
Northern Mexico compared with offshore ETP, and values were low for commpsiris
among offshore ETP, Central America, Northern Mexico, and Kaua'i/Ni‘ilrasx.
values are higher thdfst values, and indicate complete separation of Costa Rica from
other regions and high levels of differentiation among the rest of the offshore atal coa
populations, with the exception of Northern Mexico compared with offshore ETRe(Tabl
13). Interestingly, Kaua‘i/Ni‘ihau shows lower levels of differentiationt offshore
ETP and Northern Mexico than the rest of the Hawaiian Island regions do (Tablie 13

is clear thaF stis generally much lower within the Hawaiian Islands regions than among
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the rest of the locations, except that the value for O‘ahu compared with Kaub&alNis
comparable to Northern Mexico compared with Kaua'i/Ni‘ihau.

For st, there are also few values significantly different from zero within the
Hawaiian Islands comparisons, with O‘ahu again showing differentiation frod the
islands area and Kaua'i/Ni‘thau. However, in this case, there are alsmifcaig
differences from zero for comparisons among offshore ETP, Kaua'i/Nj‘iNarthern
Mexico, and Central America. There are also t}values that are significantly
different from zero but are numerically lower than the values for O‘ahu in csapa
with Kaua'i/Ni‘ihau and the 4-islands area, although these may not beis#diist
significant differences (Table 13).

When the haplotypes are viewed in a haplotype network, they do not cluster
together by region; haplotypes from the Hawaiian Islands, pelagic, and Thwai are
peppered throughout the 112 ETP haplotypes without any obvious clusters (network is
too large to produce as a figure). Mean haplotypic diversity and mean pairwise
differences among haplotypes tends to be higher for ETP populations than folaHawa

and China/Taiwan populations, with the exception of Kaua'‘i/Ni‘ihau (Table 14).

Tables & Figures
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ETP Coastal Populations as defined
by Escorza-Trevifiet al. 2005
1=Northern Mexico

2=Central America

3=Costa Rica

4=Ecuador

Figure 8. Locations of sampling are shown for tlastErn Tropical Pacific, China/Taiwan, the pelagitd Hawaiian Islands. Only samples used for
microsatellite analyses are shown for the ETP offstand coastal stocks, but the sampling areaghatted in 112 mtDNA haplotypes is indicated
(ETP Sampling Area). The stock boundaries forEf® northern offshore stock and coastal stockrara Perrinet al. (1985). The coastal population
boundaries are from Escorza-Trevigtoal. (2005). Two pelagic samples from near the Hawdstands were collected at the location indicatedhe
map. There were no coordinates available fortihd sample; it was collected 200 miles west oflidia
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Figure 9. Mean posterior probability from STRUCTURBRalyses. ANOVA test showed no significant défezes among the mean posterior
probabilities for K=2, K=3, K=4, and K=5. Standandor bars are shown.
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Figure 10. STRUCTURE bar plot by region of assigntprobabilities for K=5. 1=0Offshore ETP, 2=CoadfdlP, 3=Hawai‘i, 4=Kaua'i/Ni‘ihau, 5=4-
islands area 6=0'ahu, 7=Pelagic. The five clusteesdiffering shades of gray. Note that eacioreghows high cluster assignment probability to a
different cluster, except Kaua'i/Ni‘ihau matchesinawith the Hawai'‘i cluster and the pelagic saegptluster with Hawai‘i and Offshore ETP. If
likelihood of assignment to clusters were equalnassingle population, the assignment probaégdighould all be near 0.20, creating an equal
representation by each cluster in each regiondrb#r plot.
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Figure 11. Top: Mean number of distinct alleles Ipeus estimated based on sample size in ADZE.al&li'ihau and Hawaiian pelagic samples are
not included because of small sample size. FigirdBottom: Mean number of private alleles per foeatimated based on sample size using ADZE.
Mean number of private alleles per locus is reaskenfor making estimates based on private allelthoteby Barton & Slatkin (1986), which is robust
to mean private allele values as low as 0.2. Sta@hdrrors are shown with error bars.
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Figure 12. Top: Mean number of private alleleslpeus for pairs of regions. Standard errors ateshown because the overlaps make it difficult to
see what is in the figure. The ranges of valugkimwihe standard errors for sample size 25 ovendpe following pattern: standard errors overfiap
offshore ETP/coastal ETP, the three combinatiorth@Hawaiian Island regions, and offshore ETP/H&vetandard errors also overlap for offshore
ETP combinations with each of the three Hawaiidemis regions; Coastal ETP/Hawai‘i and coastal ETifl&hds area standard errors overlap with
each other and with offshore ETP/4-islands areaodiistiore/O‘ahu; and standard errors of coastal/HaRai‘i overlap with coastal ETP/O‘ahu. Note
that the trend is that offshore ETP and coastal &Td?Pe the most mean private alleles per locuswel by the combinations of Hawaiian Island
regions, then offshore ETP combinations with Haaralslands regions, and finally coastal ETP andiipnations of Hawaiian Islands regions. This
suggests the Hawaiian Islands regions were moetyliyopulated by animals originating from the offeh ETP than from the coastal ETP subspecies,
although it should be borne in mind that the cddstd has less distinct alleles than the offshoF® Emaking the odds greater that alleles will be
shared with the offshore ETP. The overlap of séathérrors for the offshore ETP/coastal ETP andHé@aiian Island regions pairs indicates that the
numbers of mean private alleles shared among fresgare not significantly different, suggestihgttHawaiian Islands regions have a similar level o
gene flow with each other as seen with coastal &TdPoffshore ETP.
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Figure 12. Bottom: Mean number of private alleles lpcus for triads of regions. Not all possibiads are shown. Standard error bars are shown.
Unlike for the combinations of pairs of Hawaiiatald regions, the Hawaiian Island region triad déad error range does not overlap ranges for other
combinations, indicating more shared private adlgler locus and a likelihood that there were npasse colonizing events at different island region
The combinations of each island region with offghBf P and coastal ETP have overlapping standandseso there are likely no significant
differences to indicate colonization of one islaadion spreading to other regions. Possibly, Hawkislands area, and O‘ahu were relatively répid
colonized by one founding event from the ETP.
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Table 9. Assignment probability to each of fivestkrs from STRUCTURE analysis. Ten iterations wendormed at K=5. Means, standard errors,
and significant differences among means based c@VW\analyses are shown here. Bold values aresattge$t assignment probabilities for each
region. There was no significant difference ingasent probabilities of Kaua'i/Ni‘ihau to clustetsand 5, and there was no significant differemce i
assignment probabilities of pelagic to clustersi@ & There was a significant difference betwessigmment probabilities of offshore ETP to clusters

1and 2.

Region Cluster 1 Cluster 2 Cluster 3 Cluster 4 teius F-value p-value
Hawai'i 0.129 (SE+0.005) 0.046 (SE+0.001) 0.10948B01) 0.583(SE+0.005) 0.133 (SE+0.001) 4240.790 <0.001
4-islands Area  0.094 (SE+0.005) 0.023 (SE+0.0019.651 (SE+0.004) 0.088 (SE+0.001)  0.145 (SE+0.001) 7558.590 <0.001
Kaua'i/Ni‘thau  0.228 (SE+0.014) 0.021(SE+0.001) 8&RQSE+0.002) 0.414 (SE+0.011) 0.254 (SE+0.006) 346.170 <0.001
O‘ahu 0.127 (SE+0.006)  0.024 (SE+0.001) 0.094 (SE3) 0.099 (SE+0.002) 0.657 (SE+0.007) 3757.810 <0.001
Pelagic 0.332 (SE+0.008)  0.028 (SE+0.001) 0.132(SB2) 0.356 (SE+0.008) 0.152 (SE+0.002) 741.180 <0.001
Offshore ETP  0.450 (SE+0.019) 0.403 (SE+0.015) 0.052 (SE+0.001) 0.053 (SE+0.001).043 (SE+0.001) 356.480 <0.001
Coastal ETP

0.021 (SE+0.000) 0.931 (SE+0.001) 0.017 (SE+0.001)

0.016 (SE£0.001)  0.014 (SE+<0.00880000.000 <0.001
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Table 10. TopFst andRst for microsatellite data. 50,000 permutations wesed for calculationsRst is above the diagonal, afdr
is below the diagonal. 95% CL for values are shawirackets. These were calculated in ARLEQUIM®@20,000 bootstraps.
Numbers in bold are significantly different fronragandp-values are in parentheses. Table 10. Bottérg; (standardizedFsy) is
shown:F st =Fst/ Fstmax These values were calculated in ARLEQUIN usi@B0 permutations. It is not statistically appiaie
to calculatep-values for standardized values.

Hawai‘i 4-islands area O‘ahu Kaua'i/Ni‘ihau  OffsimETP Coastal ETP
Hawai‘i (n=37) 0.044 0.055 -0.014 0.171 0.225
[0.019-0.079] [-0.007-0.132] [-0.036-0.003] [0.032-0.337] [0.098-0.362]
(0.004) (0.001) (0.769) (<0.001) (<0.001)
4-islands areanE26)  0.028 0.018 0.047 0.125 0.208
[0.013-0.045] [-0.002-0.042] [-0.005-0.091] [0.031-0.192] [0.097-0.329]
(<0.001) (0.061) (0.048) (<0.001) (<0.001)
O‘ahu (1=26) 0.038 0.038 0.039 0.051 0.119
[0.023-0.053] [0.020-0.056] [-0.032-0.087] [0.017-0.082] [0.049-0.232]
(<0.001) (<0.001) (0.065) (0.001) (<0.001)
Kaua'i/Ni‘ihau (n=8) 0.016 0.045 0.029 0.198 0.323
[-0.002-0.026] [0.023-0.064] [0.009-0.048] [0.055-0.317] [0.161-0.429]
(0.057) (<0.001) (0.003) (<0.001) (<0.001)
Offshore ETP1{=25) 0.055 0.055 0.068 0.068 0.030
[0.036-0.078] [0.037-0.070] [0.044-0.091] [0.034-0.102] [0.017-0.257]
(<0.001) (<0.001) (<0.001) (<0.001) (0.019)
Coastal ETPr=25) 0.118 0.115 0.137 0.141 0.036
[0.064-0.191] [0.074-0.155] [0.087-0.200] [0.078-0.235] [0.019-0.057]
(<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
Fsr overall =0.065 [0.046-0.091] (<0.001Rst overall =0.106 [0.057-0.163] (<0.001)
Hawai‘i 4-islands area  O‘ahu Kaua'i/Ni‘ihau OffsiETP
Hawai‘i (n=37)
4-islands areanc26) (5 135
O‘ahu (=26) 0.209 0.166
Kaua'i/Niihau (n=8) ¢ o99 0.212 0.158
Offshore ETP1t=25) (342 0.266 0.376 0.430
Coastal ETPr{=25) 0.456 0.370 0.482 0.502 0.137

F sroverall = 0.341
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Table 11. Migration rate (M) between pairs of regions. These rates were leddzliusing the private alleles method of BartoSlé&tkin

(1986). Error cannot be estimated with this metbodignificant differences cannot be determingkis method assumes no admixture and
populations in equilibrium, so values likely do meflect exact migration rates but do suggestrhigtation is relatively low and that
migration rate between the coastal ETP and offskdi is similar to that among the Hawaiian Islareffions in this study. Also, migration
rates tend to be slightly lower between offshoréEhd Hawaiian Island regions than among the Hawdsiland regions, and migration rates

between coastal ETP and the Hawaiian Island regiomsery low and probably reflect historical gélog or second hand flow from the
offshore ETP.

Mean Frequency of
Private Alleles across

Pairwise Regions Both Regions Kh
Hawai'‘i-4-islands area 0.03 3.45
Hawai‘i-O‘ahu 0.04 2.90
Hawai‘i-Kaua'i/Ni‘ihau 0.05 2.63
4-islands area-O‘ahu 0.04 2.51
4-islands area-Kaua'i/Ni‘ihau 0.07 1.49
O‘ahu-Kaua'i/Ni‘ihau 0.07 1.69
Coastal ETP-Offshore ETP 0.04 2.97
Offshore ETP-Hawai'i 0.04 2.17
Offshore ETP-4-islands area 0.05 1.97
Offshore ETP-O‘ahu 0.05 2.15
Offshore ETP-Kaua'i/Ni‘ihau 0.08 1.38
Coastal ETP-Hawai'i 0.06 1.15
Coastal ETP-4-islands area 0.08 0.92
Coastal ETP-O‘ahu 0.08 1.02

Coastal ETP-Kaua'i/Ni‘ihau 0.11 0.63
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Table 12. Number of overlapping mtDNA haplotypesoamregions. Total number of haplotypes is notsilm of rows; it is the total number of
haplotypes discovered in each reginindicates the number of individuals sampled t@mwbthe haplotypes.

4-islands Kaua'i/ Offshore  Northern Central  Costa China/
Hawai'i area O'ahu Ni‘fhau Pelagic ETP Mexico America Rica Ecuador Taiwan
Hawai'i (n=113)
4-islands areanE27) 3
O‘ahu =27) 2 2
Kaua'i/Ni‘ihau (n=8) 2 2 2
Pelagic (=3) 1 1 1 1
Offshore ETP1=50) 1 1 1 1 1
Northern Mexico I(=34) 1 1 1 1 0 6
Central Americar{=24) 1 1 2 1 0 4 2
Costa Ricar{=12) 0 0 0 0 0 4 1 1
Ecuador (=21) 1 1 1 1 0 5 1 3 5
China/Taiwan 1§=30) 2 1 2 1 1 1 1 1 0 1
Total overlapping
haplotypes 9 4 3 4 2 90 34 36 32 33 9



86

Table 13. TopFstand st for mtDNA sequences. stis above the diagonal, aRdr is below the diagonal. Numbers in bold are
significantly different from zero, angtvalues for numbers are shown in parentheses.was calculated using a basic pairwise comparison
model without weighting mutation type. Haplotyp&etiences consisted only of transitions and trarseas, no indels. 50,000
permutations were used for calculatiohable 13. BottomF sy (standardizedrsy) is shown on the next padest = Fst/ Fstma-

Hawai‘i 4-islands O‘ahu Kaua'i/ Offshore Northern Central Costa Ecuador  China/
area Ni‘ihau ETP Mexico America Rica Taiwan
Hawai'i 0.017 0.005 0.028 0.134 0.168 0.102 0.439 0.223 0.161
(0.212) (0.336) (0.155) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
4-islands area 0.011 0.105 0.005 0.097 0.111 0.068 0.361 0.210 0.135
(0.229) (0.032) (0.387) (<0.001) (0.001) (0.010) (<0.001) (<0.001) (0.002)
O‘ahu 0.016 0.112 0.191 0.184 0.237 0.163 0.523 0.278 0.214
(0.180) (0.010) (0.012) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
Kaua'i/Ni‘ihau 0.087 0.018 0.282 0.040 0.047 0.024 0.262 0.095 0.090
(0.064) (0.315) (0.013) (0.110) (0.111) (0.211) (0.001) (0.027) (0.063)
Offshore ETP 0.227 0.164 0.295 0.066 -0.011 0.012 0.086 0.059 0.097
(<0.001) (<0.001) (<0.001) (0.001) (0.954) (0.106) (<0.001) (0.001) (<0.001)
Northern Mexico 0.246 0.165 0.334 0.058 0.002 0.011 0.092 0.051 0.102
(<0.001) (<0.001) (<0.001) (0.014) (0.248) (0.277) (0.001) (0.008) (0.001)
Central America 0.311 0.225 0.396 0.111 0.026 0.033 0.157 0.070 0.054
(<0.001) (<0.001) (<0.001) (0.002) (<0.001) (<0.001) (<0.001) (0.002) (0.019)
Costa Rica 0.482 0.397 0.577 0.298 0.154 0.178 0.187 0.147 0.284
(<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)
Ecuador 0.321 0.232 0.409 0.111 0.017 0.029 0.038 0.162 0.141
(<0.001) (<0.001) (<0.001) (<0.001) (0.001) (<0.001) (<0.001) (<0.001) (<0.001)

China/Taiwan  0.395  0.307  0.489  0.198  0.099 0110 0124 0267  0.118
(<0.001) (<0.001) (<0.001) (0.001) (<0.001) (<0.001) (<0.001) (<0.001) (<0.001)

Fstoverall =0.187 (<0.00L) syoverall =0.125(<0.001)
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Table 13.

FST

4-islands Kaua'i/ Offshore Northern  Central Costa
Hawai‘i area O‘ahu Ni‘ihau ETP Mexico America Rica Ecuador

Hawai'i
4-islands area
O‘ahu
Kaua'i/Ni‘ihau
Offshore ETP
Northern Mexico
Central America
Costa Rica
Ecuador

China/Taiwan

0.019
0.021 0.169
0.171 0.046 0.415

0.807 0.766 0.846 0.599

0.734 0.674 0.794 0.468 0.081

0.911 0.890 0.930 0.825 0.780 0.776

1.000 1.000 1.000 1.000 0.981 0.996 60.99

0.951 0.938 0.962 0.898 0.670 0.869 0.888 .8990

0.924 0.909 0.938 0.882 0.945 0.927 962D. 1.000 0.985

F sroverall =0.770

Table 14. Haplotypic diversity, nucleotide diveysiatnd mean pairwise differences among haplotyms walculated using

ARLEQUIN.

Mean Haplotypic Mean Nucleotide Mean Pairwise # # #
Location Diversity Diversity Differences n Haplotypes Transitions Transversions
Hawai'i 0.376 SD+0.098 0.004 SD+0.002  2.125SD+0.21 38 6 21 0
Kaua'i/Ni‘ihau 0.750 SD+0.139 0.008 SD+0.005  4.3D+2.390 8 4 13 0
4-islands area 0.527 SD+0.097 0.006 SD+0.004  3W¥1.796 27 4 13 0
O‘ahu 0.145 SD+0.090 0.001 SD+0.001  0.519 SD+0.45@7 3 7 0
Offshore 0.750 SD+0.139 0.014 SD+0.007 6.251S¥3.9 90 60 45 6
Northern Mexico 0.968 SD0.017  0.014 SD+0.008 6.481 SD+3.144 34 24 33 1
Central America  0.948 SD+0.028 0.017 SD+0.006 = 53D%2.567 36 24 25 0
Costa Rica 0.673 SD+0.088 0.010 SD+0.006  4.627 SI342 32 9 19 1
Ecuador 0.966 SD+0.015 0.014 SD+0.008  6.436 SD$£3.1233 20 29 1
China/Taiwan 0.793 SD+0.067 0.008 SD+0.005 3.49%#68B33 30 10 12 0




Discussion
General Relationships

Although posterior probability analyses of microsatellites in STRUCTg&Ee
ambiguous results (Figure 9), five population clusters were evident in bar plots of
assignment probabilities (Figure 10): Hawai‘i + Kauai‘i/Ni‘ihau, fhislands area,
O‘ahu, offshore ETP, and coastal ETP. Because sample size was low, it was hard t
draw strong conclusions about Kauai‘i/Ni‘ihau. See Chapter 2 for furtherssien of
Kauai‘i/Ni‘ihau. Based on microsatellites, coastal ETP samplesecadstrongly
together (Table 9), supporting the sub-species designation for coastappattspotted
dolphins G.a. graffmani which was also supported by Escorza-Trewfial's (2005)
broader study. Offshore ETP pantropical spotted dolphins clustered significantly
together, and secondarily clustered most closely to coastal ETP pantrppited s
dolphins (Table 9), possibly implying more gene flow among offshore ETP an@lcoas
ETP pantropical spotted dolphins than offshore ETP and Hawaiian pantropicatispott
dolphins, which is not surprising given that the range of offshore and coagtal ET
pantropical spotted dolphins overlaps. However, this may also indicate that thé coasta
sub-species shares a single common ancestor with the offshore sub-spedies, but t
offshore sub-species has another lineage not shared by the coastal sub-s{ztamn
pantropical spotted dolphins are currently considered the same sub-sgeadiisfiore
ETP pantropical spotted dolphirfS. @. attenuada However, in their review of cetacean
sub-species, Perrgt al (2009) noted nominal sub-speciesSofattenuatareferred to as

sub-species A (offshore ETP) and sub-species B (Hawaiian) have begbedkdmit
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these sub-species have not been strongly supported or recognized. Becaogegantr
spotted dolphins in the distinct offshore ETP and coastal ETP sub-species may have
greater gene flow among themselves than those of the single suésspebie offshore
ETP and Hawaiian Islands regions in my study, it may be appropriate td Ransn’s
sub-species A and B designations for pantropical spotted dolphins.

There were not enough Hawaiian pelagic samples for most comparisons, but
because STRUCTURE makes population assignnaeptiori, it can reveal the
populations with which the pelagic samples cluster most strongly. One samf@eedus
with Hawai'‘i, one with offshore ETP, and the third clustered equally withidieand
offshore ETP (Table 9; Figure 8), indicating possible gene flow among panatiropi
spotted dolphins near the Hawaiian EEZ and those near the Hawaiian Islands and in the
northern offshore ETP stock. The pelagic samples did not cluster together in saxch a w
as to suggest a separate population, but sample size needs to be increased tohevaluate
relationships among pantropical spotted dolphins in this geographic area and other
regions.

Private microsatellite allele comparisons suggested that the idavislands
regions were more likely populated by animals originating from the off¢fibirethan
from the coastal ETP subspecies, although it should be borne in mind that the coastal
ETP has less distinct alleles than the offshore ETP, making the odds trattdieles
would be shared with the offshore ETP (Figure 11). This approach also suggested that
the Hawaiian Islands regions have a similar level of gene flow among dehast

coastal ETP and offshore ETP do (Figure 11). The number of mean privateshéeied

101



among the Hawai'i, 4-islands area, and O‘ahu indicated that there were nateepar
colonizing events at different island regions (Figure 11). There were no ddésréo
indicate colonization of one island region spreading to other regions. PossiblyjiHawa
4-islands area, and O*ahu were relatively rapidly colonized by one foundingfexa
the offshore ETP. With respect to the private alleles method of determinirgtiong
rate (Nm), the inability to calculate error factors and the assumption of equilibrium
should be borne in mind. That said, this method of determining migration raje (N
among regions suggested that migration is relatively low among all tioeaseg
Migration rate between the coastal ETP and offshore ETP subspeciesnil@astsithat
among the Hawaiian Islands, a comparison that supports population status for the
Hawaiian Island regions in this study. Migration rates tended to be sligvity
between offshore ETP and Hawaiian Island regions than among the Halsfaireh
regions, and migration rates between coastal ETP and the Hawaiian égjantrare
very low and probably reflect historical gene flow or second hand flow fronffdteoce
ETP. Possibly there was a relatively recent colonizing event from tteoodf ETP,
resulting in isolation from the ETP that is slowly allowing different elgué to be
reached in the Hawaiian Islands regions.

For mtDNA, the most common haplotype near the Hawaiian Islands matched a
haplotype in nearby pelagic waters, a common haplotype in the ETP, and a legscom
haplotype near Taiwan, suggesting the possibility of a recent divergenacshangg
among populations. The haplotypes found in the ETP, China/Taiwan, and near the

Hawaiian Islands do not group separately in a haplotype network. Hawaiiang pafabi

102



China/Taiwan haplotypes are spread throughout clusters of ETP haplotypes. ybs ma
due to some gene exchange or may suggest a colonization event by a singypdaplot
near the Hawaiian Islands and China/Taiwan followed by mutations that inceses
randomly converged with ETP haplotypes. It would be expected that the mtDNA control
region would evolve more quickly than nuclear markers like microsatellitesbyhere
having a shallower coalescence that allows for better detection dustrutrecently
diverged and diverging populations (Zink & Barrowclough 2008). However, the
MtDNA of cetaceans has been found to evolve at one quarter the rate of other mammal
(Ohland et al. 1995), possibly creating deeper than expected coalescencertimes f
recently diverged taxa. Kingstet al.(2009) recently reported that mtDNA control

region sequences have little power for resolving differences among ddlf#xaiat the
species level, which could also affect the use of this marker at the populatiarband s
species levels. MtDNA haplotypic diversity is clearly higher among e $&amples

than the Hawaiian samples in my study (Table 14). This may be relategeo la

population size and sample size in the ETP allowing for more rare haplotypes.

Baselines

Based on morphological differences, distances between populations, and the
general relationships described above, it is unlikely that Hawaiian pararspbotted
dolphins are currently interbreeding at high levels with ETP pantropical dplutehins.
The northern offshore ETP stock is distant from Hawaiian waters (Fsyuaad

morphological studies of pantropical spotted dolphins in the two areas indicate
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measurable differences (Dizetal. 1994b). It should be noted that Schretlal. (1986)
and Yacet al. (2008)found that oceanographic conditions correlated with some
morphological characteristics of pantropical spotted dolphins, suggestiaig oce
conditions, not just genetic differences, can affect physical chassicter However,
assuming that pantropical spotted dolphins could breed more often among the Hawaiian
Islands than between the Hawaiian Islands and offshore ETP, coastartTP,
China/Taiwan locations, baselines of fixation index values can be suggastgd us
comparisons among these regions. These baselines can help establish tia potent
biological significance of differentiation found among the Hawaiian Islands.

For microsatellites, comparisons were made among the Hawaiian |stgnaiss;
offshore ETP, and coastal ETP (Costa Rica/Panama region) (Table 10). ultse res
indicate that genetic differentiation among the Hawaiian Islands reigitess than that
between each of the Hawaiian Islands regions and coastal ETP (@sepér-species)
and each of the Hawaiian Islands regions and offshore ETP (with the excefis for
O‘ahu compared with offshore ETP), but similar to or greater than that betweleoreffs
ETP and coastal ETP. This is interesting because offshore ETP and co&stakET
considered separate sub-species. Using a baseline of values set witte &fBRand
coastal ETP sub-species results would indicate that the differentiatiorgdh®
Hawaiian Islands regions is likely to be biologically/demographicadiyiicant.
However, for the most paifst, F st, andRst values for offshore ETP in comparison
with Hawaiian Islands regions tend to be about twice as large as those among the

Hawaiian Islands regions, possibly suggesting less biological signéc@hes may be
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indicative of some gene flow between the offshore ETP population and the coastal ETP
and Hawaiian populations at small levels with very little gene flow betweestat &I P

and the Hawaiian Islands, or it may indicate that coastal and Hawaiian pomilat
originated as colonizers from the offshore ETP population. In any case, the agmplex
of these relationships makes it difficult to set a numerical baseline, but bezenlt-

species status of coastal ETP pantropical spotted dolphins, it suggedid¢haitiation
among the Hawaiian Islands regions is enough to consider Hawai'i, thandsisleea,

and O‘ahu as separate populations. Microsatellite results tend to clustaifitdad
Kaua'i/Ni‘ihau together, but given the small sample size from Kauiah&d, it is

difficult to draw conclusions about this region.

For mtDNA, sequences, more samples from more locations were avéiable
comparisons. In the casefogr values, there are clearly higher levels of differentiation
for most comparisons among coastal ETP regions, offshore ETP, and China/Tamwan tha
among the Hawaiian Islands regiosgt value is strangely low for Northern Mexico in
comparison with offshore ETP, but this appears to be an exception. On the other hand,

st values were not significantly different from zero for comparisons among aéfshor
ETP, Northern Mexico, and Central America, and 11 of tgevalues comparing
various populations of coastal ETP and China/Taiwan were lower than the values for
O*ahu compared with the 4-islands area and O‘ahu compared with Kaua‘i/Ni‘ihasi. Thi
again makes assigning a numerical baseline value difficult because tibwanaesults.
The smallest difference that was significantly different from zeas wr comparing

Ecuador and Northern Mexico (0.051)r values ranged from 0.059 to 0.086 for values
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significantly different from zero comparing the sub-species ohoffs ETP to coastal
ETP, and srwas 0.097 for offshore ETP compared with China/Taiwan (Table 13).
Based on this, st of O‘ahu in comparison with the 4-islands area (0.105) and O‘ahu in
comparison with Kaua'‘i/Ni‘ihau (0.191) are high enough to potentially indicate
biologically and demographically significant differences.

Overall, this study suggests that assigning specific numericdiismsgalues may
not be very feasible fdfst, Rst, and st, but determining whether populations with
geographic separation show a preponderance of similar, lower, or highenfixeatex
values can help with evaluating whether genetic differences amon@siorgy
allopatric putative populations warrants designating them as actuahtgepapulations.

In the case of pantropical spotted dolphins near the Hawaiian Islands, fixation index
values tend to be small (as is true for many dolphin populations) but comparisons with
ETP populations and sub-species indicate some differences similar inudagoithose

found between the offshore and coastal ETP, while at the same time indieatérglty

less differentiation than is found between the Hawaiian Islands regions antdhe ot

regions examined. The lack of differentiation among offshore ETP, NorthercdJexi

and Central America for sy raises some questions as to the meaning of the lack of
differentiation found among the Hawaiian Islands regions for this measure.

Comparisons, as performed in this study, may be sequence specific and help determine if
lack of significant differences from zero are normal for the chosen sequencdoreve

clearly separate populations, indicating the possibility of poor marker choice
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The results of this study suggest a level of reproductive isolation among the
Hawaiian Islands regions that is somewhat comparable to that of offshore atad coa
ETP populations. Based solely on mtDNA, China/Taiwan pantropical spotted dolphins
appear to be genetically differentiated from ETP populations atesilaitels as well. It
is possible that different local situations have resulted in more or lessasotati
different locations, resulting in differences in differentiation, but given thrpary of
coastal and offshore ETP pantropical spotted dolphins, the similar levels of
differentiation among the Hawaiian Islands regions are suggestive.

Fixation indices can reveal population sub-structure by determining how far the
populations are from Hardy-Weinberg equilibrium, but determining that diffatemti
exists does not reveal whether that differentiation is sufficient to mtadesignation as
separate populations. My study shows that, for pantropical spotted dolphins, the levels of
differentiation seen among the Hawaiian Islands regions is comparablestermitition
found among more distant populations that are considered separate genetic populations
Further studies of this type could determine whether these levels of diiémenare
biologically important for other dolphin species as well. For example, And28a9)
and Andrewst al. (2010) reported fixation index values for spinner dolphins from 12
regions worldwide. Many of these values were comparable to those she found among
Hawaiian Islands regions, suggesting also that the differences angoHgwaiian
Islands may be biologically/demographically important.

Palsbgllet al. (2007) stated that the identification of management units should be

based on interpretation of estimates of genetic divergence rather thanctinrrejé
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panmixia. They point out that current gene flow is of more importance than historical
gene flow. They suggest that managers shift focus away from panmixieveard &
threshold level of dispersal that is based on demographic models. In the current study
assume a lower level of current gene flow would be expected among widely
geographically separated populations than among less distant populations. When distant
populations are compared, my analyses suggest that divergence as meafxatidry
indices among the pantropical spotted dolphins can be low, even for populations that
have developed differing morphology and distribution gaps. Barriers to gene flmwgam
the Hawaiian Islands may be recent, but are causing some comparabie gene
differentiation to that of morphologically and geographically distinct populations
supporting separate management units based on more than evidence of a lack of
panmixia. However, clearly, attempting to set baseline values foroiixettices is not a
straightforward process. Some values will support significant differiemtiabhd some

will not in any multi-population study. Rather than fixing a specific cutoff vatuaay

be more useful to explore the range of values and evaluate the expected hapetiohs
each known population or sub-species to allow for determination of the likelihood that
fixation indices reveal differentiation that is sufficient to desigsafgarate populations

in the test regions.
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CHAPTER 4. Are small sample sizes and use of slow evolving DNA regions
hindering resolution of the phylogenetic relationships among delphids: Stenellaas

an example genus

Introduction

Phylogenetic studies of cetaceans have been conflicting and controversial,
example the discussion regarding the relationship of the sperm \Whgisefer
macrocephaluswith the baleen whales (Milinkovitost al. 1993, Arnason & Gullberg
1996, Messenger & McGuire 1998). Even at the genus level, there are conflicting
phylogenies that place different genera together, even though morphological or
geographical evidence is to the contrary. For instance, pantropical spotted dolphins
(Stenella attenua)agrouped more closely with common bottlenose dolphiiussjops
truncatug than with spinner dolphings{enella longirostrisin analyses of cytochrome-b
sequences performed by Yagigal. (2002).

The relationships among titenellaand other genera of delphinids have long
been contested and discussed(Perrinet al. 1987, LeDucet al. 1999). Maximum
parsimony analysis of cytochrome-b by Leti@l. (1999) placed spinner dolphins in
polytomy with pantropical spotted dolphins, Fraser’s dolpHiagénodelphis hosgi
Indo-Pacific hump-back dolphin§¢usa chinensisand a clade consisting of striped
dolphins Gtenella coeruleoalaClymene dolphinsStenella clymereAtlantic spotted
dolphins Gtenella frontaliy Indo-Pacific bottlenose dolphinsyrsiops aduncys

common bottlenose dolphins, and common dolpH@$phinusspp.). Xionget al.
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(2009) sequenced the entire mitochondrial genome of seven dolphin species and
compared these with each other and previously published mitochondrial genomes of
ceteaceans. They found that 8tenellawere polyphyletic, with striped dolphins
forming a clade with Indo-Pacific bottlenose dolphins and long-beakathoo dolphins
(D. capensis This clade then shared a most recent common ancestor with common
bottlenose dolphins (Xiongt al.2009). This larger sister group was most closely related
to Indo-Pacific hump-back dolphins (Xiomg al.2009). Finally, pantropical spotted
dolphins were most closely related to this overall group of the five taxa jusibeéelsc
(Xiong et al.2009). Further, Vilstrupt al. (2011) did a mitogenomic analysis of several
genera of the Delphinidae. They included striped dolphins and pantropical spotted
dolphins from theStenellaand found that these species did not form a sister clade
separate from other genera.

These studies focused mainly on the relationships among genera and do not
include large numbers of samples from any given species. To some extent, b@erhas
due to a lack of available samples. Further, most studies do not include more than a
couple ofStenellaspecies, with the exceptions of LeDetcal (1999) and Kingstoet al.
(2009). Recently, mtDNA sequences for a variet@tehellaspecies have become
available through GenBank. Some sequences are also available from theses ahd throug
cooperation with researchers studying this genus. In addition to thesessbhiae
sequenced 176 samples of pantropical spotted dolphins from the Hawaiian Islands,
resulting in the addition of 13 new haplotypes for this species (Chapter Bden

Accession #'s GQ852567-GQ852579). | have also sequenced three pantropical spotted
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dolphins from the pelagic waters west of the Hawaiian Islands, resulting addit®nal
haplotype (Chapter 3) (GenBank Accession # GU136595). The increase in available
haplotypes has made it possible to examine haplotypes across a large number of
populations, as well as species.

The purpose of this chapter is to assess the use of a non-coding region of mtDNA
for phylogenetic study of a delphinid gen&enelld. Another goal is to assess whether
the use of a few haplotypes from a given species is sufficient for phgliiganalyses or
if haplotypes differ sufficiently among populations to require larger sarngas ®©
resolve conflicts. These two aims are based on the hypothesis that theignnioig
delphinid phylogenies may be a result of either low sample sizes or usefofegdns
that do not evolve fast enough to reveal differences among this recently diverggd fam
Kingstonet al. (2009) recently performed a similar study using mtDNA control region
and AFLP analyses for 11 Delphinine species.

Xiong et al. (2009) stated that ambiguous and conflicting results from
phylogenetic studies of cetaceans may be related to the use of too l#tleTdaly were
suggesting that more genera be included in analyses; however, it may algomtiann
to include more haplotypes of each species in analyses because of géeetiatidition
among populations of some species. For example, in the §&nella pantropical
spotted dolphins have been found to be genetically differentiated among segienas r
of the Hawaiian Islands (Chapter 2); coastld. graffmarniand offshore %. a.
attenuatg pantropical spotted dolphins in the Eastern Tropical Pacific are dififsiesht

enough to consider them separate sub-species; and the coastal sub-spesigesetic
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subdivision among coastal locations (Escorza-Treeiral. 2005). There is some
evidence for genetic differentiation among pantropical spotted dolphins aiganrand
the South China Sea as well (Yeioal.2004).

Other examples include the Atlantic spotted dolphin, which is separated into a
Western North Atlantic stock and a Northern Gulf of Mexico stock, supported byagenet
studies showing significant differences in mitochondrial and nuclear DNAekeatthe
two locations (Adams & Rosel 2006). Spinner dolphins near the Hawaiian Islands have
also been found to have significant genetic differentiation among populations found near
different island regions (Andrevet al. 2010), and spinner dolphins near French
Polynesian islands have been found to have small populations, relatively isolated by
distance (Oremust al.2007). Garcia-Martinezt al.(1999) reported two genetically
distinct populations of striped dolphins in the Mediterranean and Atlantic, and Gatspari
al. (2007) found significant genetic differentiation between striped dolphin populations in
the Adriatic and Tyrrhenian Seas and between inshore and offshore populations within
the Tyrrhenian Sea.

Recentness of splits among Bnellamakes defining populations, and
sometimes species, difficult because some groups may be genetalallgd enough to
be considered separate but the level of differentiation among them has not rigareto a
detectable by statistical significance testing, depending on the qofality marker
choice and representativeness of the samples. To try to investigate thimpinliles
study, the more rapidly evolving mtDNA control region is used for comparisons.

Although generally gene regions are used for phylogenetic analysasskeof slower
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rates of evolution, evidence suggests 8tanellaspecies (and even multiple genera of
dolphins) may be recently diverged, making a faster evolving region poteni@ie
appropriate for comparisons. Steengail. (2009) reported that delphinids began
diversifying less than 11 MYA; McGowegt al. (2009) reported that the Delphinidae
diverged 10.08 MYA and the Delphininae sub-family diverged 3.84 MYA; and Xabng
al. (2009) reported the divergence of the Delphininae at 2.35 (1.77-3.53) MYA. Further,
the substitution rate of mtDNA in cetaceans is only 0.25%/MY (Ohédiradl. 1995),

about a quarter of the rate in mammals in general, which has been estimbtad at a
1%/MY (Brownet al.1979). Therefore, the mtDNA control region is a slower evolving
region in cetaceans than it is in other mammals, while likely still evolvstgrfghan

gene regions, possibly making it a better phylogenetic indicator than popudatietic

indicator.

Methods

Thirteen mtDNA control region haplotypes of pantropical spotted dolphins from
the Hawaiian Islands were used in this study (Chapter 2). One additional haflotgpe
pantropical spotted dolphins from the pelagic region near the Hawaiian Islandsi¥ec
Economic Zone was also used (Chapter 3). Thirteen haplotypes of pantropical spotted
dolphinsfrom near Taiwan and the China Sea were provided by C. Yaod({Yalo
2004). One sample of a pantropical spotted dolphin from the Atlantic was available
from D. Duffield (Portland State University), and was sequenced using thelpresen

Chapter 2 (GenBank Accession # GU256406). Two haplotypes of spinner ddfphins
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the Timor Sea were copied from Garcia-Rodriguz (1995). Additttealellasequences
were also obtained directly from GenBank (Ragtedl. 1995b, Galver 2002, Escorza-
Trevifioet al.2005, Adams & Rosel 2006, Harlin-Cognato & Honeycutt 2006, Oremus
al. 2007, Galowt al.2008, Jayasankat al.2008, Kingstoret al.2009). There were a
total of 119 spinner dolphin, 145 pantropical spotted do|@8rstriped dolphintwo
Clymene dolphin, and 11 Atlantic spotted dolphin haplotypes. A sequence from a harbor
porpoise Phocoena phocoehavas used as an outgroup (GenBank accession UO9694)
(Roselet al.1995a), for a total of 347 haplotypes (Table 15).

Sequences were aligned using CLUSTAL X 1.81 (Thomgs$a@h 1997).
ModelTest 3.7 (Posada & Crandall 1998, Posada 2006) was used to determine the
optimal model of evolution for maximum likelihood analysis. Using the Akaike
Information Criterion, ModelTest chose HKY+I+G as the optimal model. GARLI 0.95
(Zwickl 2006) was used to generate 1002 bootstrap replicates using the HKY model.
This was computed using the Cipres Portal 2.0 online (Melied.2010). This online
portal allows the user to run much larger datasets much faster than on @ainglger.
The Cipres Portal will only run a project for 72 hours, so 11 cloned projects were run
simultaneously to obtain the desired 1002 bootstrap replicates. A 50% majority rule
consensus tree was created in PAUP*4.0b10 (Swofford 2003). The tree was rooted with
the harbor porpoise sequence. The consensus tree was used to determine which
haplotypes of each population, sub-species, and species grouped together. These resul
were used to determine whether individual haplotypes clustered most clobebtiverrs

of the same species, sub-species, and local population to test the usefulness of the
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mtDNA control region in phylogenetic analyses. Further, RANDOMIZER 4.0
(http://www.randomizer.org/form.htm) was used to choose two haplotypes at random for
each species. These haplotypes were aligned using CLUSTAL X 1.81 (Thoet@don
1997). This process was repeated two more times for a total of three Sttseaifa
sequences. ModelTest 3.7 (Posada & Crandall 1998, Posada 2006) was used to
determine the optimal model of evolution for maximum likelihood analysis for each set
of sequences. Using the Akaike Information Criterion, ModelTest chose HK¥g-tlke
optimal model for all three sets. GARLI was used to generate 1000 bootstraatespli
using the HKY model for each of the three sets of sequences using Cipres Portal 2.0
online. A 50% majority rule consensus tree was created for each set of seqguences
PAUP*. The trees were rooted with the harbor porpoise sequence. The consessus tree
were used to determine whether two haplotypes from each species wasrgutic

generate clear and repeatable relationships among the species.

Results

A 50% majority rule consensus tree for the entire dataset is shown in Apendix
for reference. Values below 50% are included in the tree as they are reparted Ael
simplified tree is shown in Figure 13.

The 145 pantropical spotted dolphin haplotypes grouped together with 90%
bootstrap support (Figure 13; Appendix D). The consensus tree indicated that haplotypes
of pantropical spotted dolphins from the Hawaiian Islands, China/Taiwan, and the ETP

did not group in separate clades; Hawaiian and China/Taiwan haplotypes weregepper
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throughout clades of ETP pantropical spotted dolphins (note there were 112 haplotypes of
ETP pantropical spotted dolphins). Haplotypes found in coastal, offshore, or both sub-
species of ETP pantropical spotted dolphins did not group in any pattern that would
distinguish coastal from offshore animals. Pantropical spotted dolipbmghe
Atlantic/Gulf of Mexico did not group together either, with two haplotypes grouping
together and then grouping most closely with coastal and offshore ETP pantropical
spotted dolphins, and two haplotypes grouping together and then grouping most closely
with different coastal and offshore ETP pantropical spotted dolphin haplotypes. The
pantropical spotted dolphin haplotype from the Indian Ocean grouped most clokely wit
offshore ETP haplotypes. The pantropical spotted dolphin haplotype found only in
pelagic waters near Hawai‘i grouped most closely with the dominant haplotypih@ea
Hawaiian Islands regions (Appendix E).

The 119 spinner dolphimaplotypes grouped together with 46% bootstrap support
(Figure 13; Appendix D) and twelve spinner dolpt I( longirostri$ haplotypes from
the Hawaiian Islands grouped together in a single clade. This clade wiadoseky
related to a clade of three ETP spinner dolpBin.(orientali3 haplotypes and one other
spinner dolphin haplotype from the Hawaiian Islands. Six ETP spinner dolphin
haplotypes formed a clade together, but others were most closely relgtethty s
dolphin haplotypes from the South Pacific and Hawaiian Islands. South Pacific spinner
dolphin haplotypes did not group together, with several being most closely relate
Hawaiian and ETP haplotypes, although some grouped with clades containing spinner

dolphins from the Central American subspectes.(centroamericarjas well. Central
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American spinner dolphin haplotypes did not form their own clade, with the largest clade
consisting of three. Central American spinner dolphin haplotypes that werdsete

ETP haplotype. The two spinner dolphin haplotypes from East Timor Sea did not group
together. They grouped most closely with a haplotype from the ETP andéypeapl

from the South Pacific respectively (Appendix D).

The 69 striped dolphin and two Clymene dolphin haplotypes grouped together
with 12% bootstrap support (Figure 13; Appendix D). The two Clymene dolphin
haplotypes did not group together but were within the clades formed by striped dolphin
haplotypes. Mediterranean, Pacific, and Atlantic striped dolphin haplotypes did not
cluster separately by location (Appendix E).

The eight Atlantic spotted dolphin haplotypes grouped together with 20%
bootstrap support (Figure 13; Appendix D). Three of the haplotypes were not part of this
main clade. One Atlantic spotted dolphiaplotype grouped most closely with the
striped dolphin, Clymene dolphin and spinner dolphin clade with 34% bootstrap support.
The clade of eight Atlantic spotted dolphin haplotypes grouped most closelheiith t
clade formed by the Atlantic spotted dolphin haplotype just described and the striped
dolphin, Clymene dolphin, and spinner dolphin haplotypes with 12% bootstrap support.
Two other Atlantic spotted dolphin haplotypes grouped with the entire clade of other
Atlantic spotted dolphin, striped dolphin, Clymene dolphin, and spinner dolphin
haplotypes with 20% and 53% bootstrap support respectively (Figure 13; Appendix D).

Overall, species’ haplotypes mainly grouped together except that Glymen

dolphin haplotypesvere within the striped dolphin clade; one Atlantic spotted dolphin
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haplotype grouped closer to striped dolphins and Clymene dolgii@ngo other Atlantic
spotted dolphins; and two Atlantic spotted dolphin haplotypes fell outside of the main
Atlantic spotted dolphin clade (Figure 13; Appendix E). Sub-species’ haplatigbest
tend to group together within species clades, nor did haplotypes tend to cluster by
location in which they were collected or by populations described in previous studies.
Pantropical spotted dolphins and spinner dolphins grouped together with 18%
bootstrap support; these two species grouped most closely with the striped dolphin and
Clymene dolphin clade with 34% bootstrap support; and this larger four species clade
grouped with Atlantic spotted dolphins as described above (Figure 13; Appendix D).
For the three sets of two haplotypes randomly chosen for each speciegjltee res
differed among the sets (Figure 14). Pantropical spotted dolphin haplotgpesdr
most closely with each other in each set. Haplotype pairs of Atlantic spotted dolphins
spinner dolphins, and striped dolphins each grouped as most closely related to themselves
in two of the three sets. In one set, striped dolphin, Clymene dolphin, and spinner
dolphin haplotypes all formed a polytomy. The pair of Atlantic spotted dolphin
haplotypes did not group most closely with themselves in another set, and Clymene

dolphin haplotypes never formed a separate sister clade (Figure 14).

Tables & Figures
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Figure 13. Simplified phylogenetic tree obtainedwilaximum Likelihood Analysis in GARLI using 10@®otstrap replicates for 34&enella
haplotypes. The two Clymene dolph®. Clymenghaplotypes did not separate from striped dolpffhsoeruleoalba or group together within striped
dolphin haplotypes, so striped dolphins and Clymawiphins are combined in the tree. Other spagiesped together except three Atlantic spotted
dolphins §. frontalig haplotypes did not group in the clade formedHgydther eight Atlantic spotted dolphin haplotypekarbor porpoiseRhocoena
phocoenawas the outgroup.
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a. b. c.

Figure 14. Phylogenetic trees obtained with Maximniiikelihood Analysis in GARLI each using 1000 bdodp replicates comparing mtDNA control
region sequences for three sets of random pahmambtypes of eacBtenellaspecies. Harbor porpoisei{ocoena phocoehavas the outgroup.
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Table 15. Sequences used in this study. Tablénc@t on next page.

Species Location # of GenBank Accession # Authors
Haplotypes
S. attenuata ETP 112 DQ150134-DQ150245 Escorza-Tre\giial
(2005)
S. attenuata Gulf of Mexico 1 EF092944 Harlin-Cognato &
Honeycutt (2006)
S. attenuata Indian Ocean 1 EF438305 Jayasardtaal. (2008)
S. attenuata NW Atlantic DQ845442-DQ845443 Kingsten al. (2009)
S. attenuata ETP UQ09710 Roselt al (1995b)
S. attenuata Hawaiian Islands 13 GQ852567-GQ852579 Courbisnpub.
S. attenuata Pelagic near Hawsii 1 GU136595 Courbis, S. unpub.
S. attenuata Taiwan/China Sea 13 Yad al (2004)
S. attenuata Atlantic 1 GU256406 Courbis, S. unpub
S. clymene Gulf of Mexico 2 DQ845446-DQ845447 Kingstenal. (2009)
S. coeruleoalba Pacific 7 AM498701-AM498706, Mace, M., V. Bourret & B.
AM498740 Crouau-Roy unpub.
S. coeruleoalba Mediterranean 34 AM498667, AM498669-  Mace, M., V. Bourret & B.
AM498671, AM498675, Crouau-Roy unpub.
AM498677-AM498678,
AM498680-AM498688,
AM498690-AM498700,
AM498727, AM498729,
AM498735-AM498739
S. coeruleoalba Atlantic 19 AM498707-AM498725 Mace, M., V. Bouri&tB.
Crouau-Roy unpub.
S. coeruleoalba Croatian Adriatic Sea 7 EF624062-EF624063, Galovet al. (2008)
EU079117-EU079121
S. coeruleoalba NW Atlantic 2 DQ845440-DQ845441 Kingsten al (2009)
S. frontalis NW Atlantic 11 DQ060054-DQO60064 Adams & Rosel (800
S. longirostris East Timor Sea 2 Garcia-Rodriguz (1995)
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Table 15 Continued

S. longirostris
S. longirostris centroamericana

S. longirostris longirostris
S. longirostris longirostris
S. longirostris orientalis

Phocoena phocoen@utgroup)

South Pacific

Central American
Pacific

Hawaiian Islands
ETP

ETP

31
16

18

48

EF558737-EF558767
AY989792-AY989807

AY989745-AY989762
AY989763-AY989766

AY989669-AY989671,
AY989673-AY989693,
AY989695-AY989697,
AY989699-AY 989700,
AY989722-AY989728,
AY989739-AY989742,
AY989774-AY989778,
AY989789-AY989791

U09694

Oremual. (2007)
Galver (2002)

Galver (2002)
Galver (2002)
Galver (2002)

Rosedt al. (1995b)




Discussion

Using a large number of mtDNA control region haplotypeStehellaresulted in
clustering of most recognized species but not sub-species or populatians (g
Appendix D). The exceptions were Clymene dolgtaplotypes, which did not cluster
together, but instead were clustered with striped dolphin haplotypes, and Atfaotted
dolphin haplotypes did not all cluster together, with one haplotype clustering most
closely with the striped dolphin and Clymene dolphin clade and two haplotylyeg fal
out as sister to the rest of tBeenella(Figure 13; Appendix D). This indicates that the
mMtDNA control region may not be sufficient for determining phylogerretetionships
in the case of Atlantic spotted dolphins, Clymene dolphins, and striped dolphins.
Kingstonet al.(2009) recently reported similar results, with Clymene dolphins and
striped dolphins forming a cluster with Indo-Pacific bottlenose dolphins and 'Braser
dolphins, although the Atlantic spotted dolphin mtDNA control region haplotypes in their
study formed a single monophyletic cluster. The Kingstaal. (2009) study was the
only previous study of the delphinids that included a large number of haplotypes
representing each species (including Soénella.

When random pairs of haplotypes from each species were compared, the results
differed each of three times (Figure 14). This may partly be because pnatiegjuacy of
the mtDNA control region as a genetic marker forShenella but it is also indicative
that one or two haplotypes is insufficient to correctly define relationships. Ahhadlig
species except Clymene dolphins and Atlantic spotted dolphins grouped together in the

larger analysis, only pantropical spotted dolpltossistently paired together in the
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smaller analyses. Given availability of samples and computing power, runmirges |
number of haplotypes per species than the traditional one or two is likely to produce
better results in phylogenetic comparisons. Fulton and Strobeck (2010) did afstudy
seal phylogeny and found that using multiple haplotypes per species resolved nhonophy
of the genu®usaseparate froralichoerus whereas using only one grey seal
(Halichoerus grypushaplotype created a polytomy or a weak or moderate sister group
relationship depending on which grey seal haplotype and Whishhaplotypes were

used. The authors concluded that it would be beneficial to use multiple haplotypes per
species in phylogenetic studies of organisms that have undergone recent rapahsadia

in order to increase resolution of the tree. My results support these findings.

It is noteworthy that Kingstoat al. (2009), as in the current study, chose to
compare the mtDNA control region rather than the cytochrome b region, which has bee
more commonly usea(g.Messenger & McGuire 1998, LeDet al. 1999, Caballeret
al. 2008). Researchers have been unable to resolve the delphinids into monophyletic
genera based on cytochrome b sequence comparesgngl¢ssenger & McGuire 1998,
LeDucet al. 1999, Caballeret al.2008). This may be because the species are not
correctly defined, individual haplotypes were not correctly identified to epeand/or
cytochrome b sequence may not be a good character for comparing the sptwe
Delphinidae. Generally, sequences that evolve quickly, like the mtDNAotoagion,
are used for population level studies, and sequences that evolve more slowly, like gene
sequences such as cytochrome b, are used for phylogenetic studies rtidal004).

Possibly, this use of slower evolving regions is causing ambiguity in the phylogen
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dolphins because of the recentness of their radiation. However, in the casStehtiz
my analyses indicate that the more rapidly evolving mtDNA control regiafso only a
fair indicator of species level differentiation. Using the mtDNA contrgiore for
comparisons does not create monphyletic species clades wittStetiedla It is possible
that even more quickly evolving sequences of DNA are necessary to determine
relationships within th&tenellabecause they are recently radiated.

Some studies have begun to include nuclear markers and AFLP’s in phylogenetic
analyses of cetaceans (Kingsttral. 2009, McGoweret al.2009). This may result in
better trees. For example, Kingstetrals (2009) AFLP analysis places Clymene
dolphins as most closely related to spinner dolphins, as is suggested by morphological
analyses (Perriat al.1981), and it also places the haplotypes from &ehellaspecies
together within species, as would be expected. Microsatellite markeralsodye an
alternative to the mtDNA control region as fast evolving regions. Usekilneuld
depend on whether or not there are common alleles among species. If commsn allele
occur in these DNA regions, it would be possible to compare assignment prolsatoilitie
explore relationships. Use of AFLP’s and microsatellites also allows fdipheubci to
be compared. Although these fast evolving regions are probably not appropriate for
phylogenetic comparisons among other groups, they may be most appropriate for the
recently radiated dolphins.

In conclusion, the mtDNA control region, although faster evolving than gene
regions, is not differentiated sufficiently among 8tenellafor complete separation

among established species, particularly between striped dolphins and Cholgnas,
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even though Clymene dolphins have been considered a separate species based on
morphology since the early 1980’s (Pereinal. 1981). | suggest that multiple sequences
and faster evolving sequences are needed to resolve this and the larger phylogeny o
dolphins. In addition, my results indicate that one or two example haplotypes from a
species may not be sufficient to establish phylogenetic relationshigseankkarly not
enough to establish sub-species and population level relationships. | agreeng#toki

et al. (2009) that mtDNA control region and cytochrome b analyses are not powerful
enough to resolve the phylogeny of dolphins. Although my results support the value of
using a large number of representative haplotypes for species to increastoresf
analyses, it is possible that finding sequences that are variable and dieergegh to
resolve phylogenetic relationships better will reduce the need for largeensiof
representative haplotypes for species in future studies. The problemstadssitia
resolving the phylogeny of dolphins may also suggest that the dolphins are currently

over-split with respect to biological species.
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CHAPTER 5: Conclusions

In conclusion, | found evidence that pantropical spotted dolphins constitute
separate populations near Hawai'‘i, the 4-islands area, and O‘ahu, with some etddence
support possible differences from Kaua'i/Ni‘ihau, though further study isawged.
Pantropical spotted dolphins near Kaua'‘i/Ni‘ihau may constitute trans@intduals, but
further research is needed to determine why, despite high effort, few pantspaittat
dolphins were found near that region during surveys. In my study to establish baseline
Fst values, the results suggest that assigning specific numerical b&sgliradues may
not always be biologically meaningful but that determining whether related piopsla
with geographic or other separation show a preponderance of similar, lower, or highe
fixation index values can help evaluate whether genetic differences ayrapgtric or
parapatric groups warrants designating them as separate populationadgemant.
For phylogenetic analyses, | found that the mtDNA control region, although faste
evolving than gene regions, is not differentiated sufficiently amon§teéreellafor
complete and clear relationships to be found among established species. Multiple
sequences and faster evolving sequences are needed to resolve this and the larger
phylogeny of dolphins. In addition, my results indicate that one or two example
haplotypes from a species may not be sufficient to establish phylogesiationships
and are clearly not enough to establish sub-species and population level relationships.
This problem may also suggest the dolphins are over-split with respect to ¢ablogi

species.
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Appendices

Appendix A: DNA Extraction Procedures
DNeasy Extraction Kit by QIAGEN

. Place 25mg subsample in 1.5mL microcentrifuge tube
. Add 180uL Buffer ATL

. Add 20uL proteinase K

. Vortex 5-10sec

. Incubate for 24h at 86

. Vortex 15sec

. Add 200uL Buffer AL and vortex

. Incubate at AT for 10min

. Add 200uL ethanol and vortex

10. Centrifuge for 1min at 10,000RPM

11. Use pipette to remove supernatant and place in mini spin column
12. Centrifuge for 1min at 10,000RPM

13. Move filter tube into new collection tube

14. Add 500uL AW1 Buffer

15. Centrifuge 1min at 10,000RPM

16. Move filter tube into new collection tube

17. Add 500uL AW?2 Buffer

18. Centrifuge for 3min at 10,000RPM

19. Move filter tube into 1.5mL microcentrifuge tube

20. Add 100uL Buffer AE

21. Wait 1min

22. Centrifuge 1min at 10,000 RPM

23. Transfer supernatant into 0.6mL centrifuge tube

24. Put filter tube back into 1.5mL microcentrifuge tube
25. Add 100uL Buffer AE

26. Wait 1min

27. Centrifuge 1min at 10,000 RPM

28. Transfer supernatant into 0.6mL centrifuge tube

The first supernatant (step 23) is the DNA sample. The second one (step B&3ksa
in case the first sample becomes contaminated.

O©CO~NOOLE, WNBE
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Appendix B: DNA Purification Procedures
QIAquick PCR Purification Kit by QIAGEN

. Add 125uL Buffer PB1 to PCR mix from initial amplification
. Use pipette to transfer the PCR mix with buffer into a spin column
. Centrifuge 1min at 10,000RPM
. Discard flow through
. Add 750uL Buffer PE
. Centrifuge 1min at 10,000RPM
. Discard flow through
. Centrifuge 1min at 10,000RPM
. Discard flow through tube
10 Place filter tube in 1.5mL microcentrifuge tube
11. Add 50uL Buffer EB
12. Centrifuge 1min at 10,000RPM
13. Liquid at bottom of tube is purified sample

©Coo~NOULA,WNE
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Appendix C: Primer Sequences

A tail was added to two of Galver's (2002) primirseduce effects of the poly-A tail. This procezlwas used by Escorza-Treviébal.

(2005).

Primer

Forward

Reverse

Source

KWM2a
KWM12a
SD8
EV94
SL8-49

SL9-69

EV37
EV14
MKS
MK6
MK8
HO00034
L15824

5-GCTGTGAAAATTAAATGT-3'
5'-CCATACAATCCAGCAGTC-3'
5-TGGCCGTTATAAATAGAGC-3'
5-ATCGTATTGGTCCTTTTCTGC-3'
5-CATCTGTTCTTTGAATAGAGG-3'

5-TTCCAAACATACCCCTGCC-3'

5-AGCTTGATTTGGAAGTCATGA-3'
5-TAAACATCAAAGCAGACCCC-3
5'-CTCAGAGGGAAAGCCTTCC-3'
5-GTCCTCTTTCCAGGTGTAGCC-3'
5-TCCTGGAGCATCTTATAGTGGC-3'
5-CCTCACTCCTCCCTAAGACT-3'

ZFXY0606 5-ATAGGTCTGCAGACTCTTCTA-3'

ZFX0331
ZFYO0176

5-CACTGTGGACAAATGTAA-3'
5-CACTGCAGAATGATGEC-3'
5-GACAACAGTTTGGCAGT&'

5-AATAGATAGTGATGAGATTCACACC-3'

5-GTTTCTTACCCANCTGGTTCACC-3'

5-GTTTCTTACTAGATGCACTTGCACC-3'

5-TAGTAGAGCCGTGAAAAGTGC-3'

5'-CCAGAGCCAAGGTCABAG-3'
5-TGTCTAGAGGTCAAAGCTTCC-3'
5-GCCCACTAAGTATGTICAGC-3
5-CTCTTTGACATGCCICACC-3'

5-TACCAAATGTATGAAACCTCAG-3'

5-AGAATATGGCGACTTAGAACG-3'
5-TTTGTGTGAACTGAAATTACA-3'

Hoelzelet al. 1998b
Hoelzekt al. 1998b

Galver 2002

Valsecchi and Amos 1996

Galver 2002 (with GTTTCTT
tail like Escorza-Trevifio 2005)
Galver 2002 (with GTTTCTT
tail like Escorza-Trevifio 2005)

Valsecchi and Amos 1996

Valsecchi and Amos 1996
Krutzeret al. 2001
Kritzeret al. 2001
Krutzeret al. 2001

Roselet al. 1994

Rosekt al. 1999

Bérubé and Palsbgll 1996
Bérubé and Palsbgll 199
Bérubé and Palsbgll 96




Appendix D: Phylogenetic Consensus
Tree

This tree, based on the mtDNA control region of
Stenellawas produced with 1002 bootstrap
replicates in GARLI. The first two letters of the
sample indicate species: Sa=attenuataSI=S.
longirostris co=S. coeruleoalbaSc=S. clymeng
and Sf=S. frontalis The outgroup waBhocoena
phocoengPp). The two capital letters in the
middle of the name relate to the author who
published the sequence, the number is the
haplotype number in the publication, and the
remaining letters refer to sample locations.
Please see Table 13 for authors & locations.
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