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Understanding connectivity among exploited populations is critical to their
sustainablenanagement and loftgrm viability. In the marine environmemstimates of
connectivityoften rely on the use of genetic markers, as dispersal primarily occurs during
a planktonic larval phase which is difficult to track using direct methods. In this,thes
we investigated the population genetic structure of the most valuable commercially
harvested species on the west coast of the United States, the DungendSarweb (
magiste). We utilized both populatierand individualbased genetic analyses to
eshblish baseline knowledge of genetic connettiof Dungeness crab throughout
~1,200 km of the California Current System (CCS) in 2012, and tested feamtaal
variability in our estimates by sampliagainin 2014. In 2012, we observed a pattern of
isolation by distance despite there being little genetic population structure throughout our
study range. In addition, several sites had significant evidence of kin aggregation, which
was correlated with genetic differentiation as measured by pairgisen2014,
pairwise kst estimates were noticeably lower, there was no spatial autocorrelation, and
fewer sights had significant evidence of kin aggregatide .attributed these findings to
increased migrant exchange during potential larval dispersal ydach, was mediated
by variation in physical oceanographic conditions f&cific Decadal Oscillation phase,
timing of thespring transitionamount ofupwellingduring the spring and sumnjer
Dispersal trajectoryand thus gene flow, is likely influenced by variation in physical

oceanographic conditions, thereby affectyapetic population structurEstimates of



effective population sizeNg) indicated thalNe was large in both 2012 and 2014, but we

were unableo discern any change between years. Toggetiese findings suggest that
Dungeness crab in the CCS may constitute a single evolutionary population, though
geographically limited dispersal results in isolation by distanceaéevaluated

genetic conndtvity among Dungeness crab inhabiting a partially enclosed water body,
Puget Sound, in comparison to those residing in the coastal ocean. With the exception of
Hood Canal, we observed genetic homogeneity within both Puget Sound and coastal
Washington. Gestic differentiation between Puget Sound and coastal Washington was
variable among sites, therefore genetic connectivity is stronger within either area than
between them. Overall, our results suggest that Dungeness crab exemplify characteristics
of agémiegh!| owd species, despite evidence
flow. Our findings did not indicate thatteringthe managemergtratey to reflect

discrete genetic subunits or conversation needs (i.e. low genetidtglivisraecessary at

this time In addition our findings highlight the need for future researcmt@stigaé

demographic processes that influence g (i.e. dispersal trajectory).
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Chapter I General mtroduction

1.1 Population connectivity

1.1.1 Patterns of connectivity

Population connectivity describes the exchange of individuals among
geographically distant subpopulatioEstimating connectivity is a focal point of marine
ecology and conservation, as the desigeffefictivemanagement strategies relies on
precise knowledge of the spatial scales over which populations exist (Cowen et al. 2007,
Cowen and Sponaugle 2009). Faany marine species, dispersal primarily occurs during
a planktonic larvae phase which is difficult to study using direct methods (e.g. mark
recapture, telemetry tagging). As a result, genetic markers are a widely used tool for
studying connectivity, wheby the effect of gene flow on evolutionary processes within
populations, or genetic connectivity, is inferred from measurements of genetic diversity
and differentiation (Slatkin 1985; Waples and Gaggliotti 2006; Lowe and Allendorf
2010).

Contrary to tradibnal assumptions, having a planktonio/kdrstage does not
assureconnectivity, nor is pelagic larval duration (PLD) always an accurate indicator of
the geographic scale dispersal $hanks 200Pand gene flowWeersing and Toonen
2009). Instead, an ay of different spatial patterns of genetic population structure can be
present depending on the environmental and biological factors that influence gene flow.
Some studies have observed genetic homogeneity over broad geographichgtiies (
californianus Addison et al. 2008; various invertebrates, Kelly and Palumbi 2010;
Pristipomoides filamentosu&aither et al. 2011), while others halemonstratethat
populations separated by tens of kilometers can be as genetically dissimilar as those
separated by hundreds of kilometers (Larson and Julian P@9@ijirus interruptus,
lacchei et al. 201Siphonaria diemenensiseske et al. 20)6Such patchy genetic

structure can arise from a variety of processes whichairalways predictable or



mutually exclusive. For example, these incllidgted realized dispersaksulting from
local environmental featuré¢kelletia kelletii White et al. 2010Stegastes partitus
Christie et al. 2010Siphonaria diemenesikeske et al. 20)6the cohesive dispsal of
kin (Paralabrax clathratusSelkoe et al. 2006jeopomacentrus miryaBen Tzvi et al.
2012 Dascyllus trimaculatusBernardi et al. 203;2Panulirus interruptus|acchei et al.
2013;Coryphopterus personatuSelwyn et al. 201 or the reproductiveuccess of only
a disproportionately low number of individuals (i.eeepstakes reproductive success)
(Hedgecock 199% Flowers et al. 2002; Hedgecock and Pudovkin 2011).

For species whose adult life stages inhabit both the coastal ocean and partially
enclosed water bodies such as estuaries and fjords, patterns of connectivity may be
especially complex. Within partially enclosed water bodies, physical oceanographic
properties which influence gene flanaydiffer from that of the coastal ocean. For
exampe, environmental gradients (e.g. habitat type, salinity, dissolved oxygen, etc.),
complex bathymetry, and tidally/density driven circulation (Gillanders 2012) may
influence early life history traits (e.g. morphology, swimming ability) to promote
retention and therefore reduce genetic connectivity (Bradbury et al. 2008; Ciannelli et al.
2010; Rogers et al. 2014). As a result, genetic population structure is often found at
smaller spatial scales than what is observed for the same species in the coastal ocea
(Knutsen et al. 2003, 2011; Rogers et al. 2014).

1.1.2 Temporal variability

In order for estimates of genetic connectivity to be used effectively in
management and conservation, it is important to consider the stability of these estimates
over time.The inclusion of background noise into statistical analysis is nearly inevitable
when estimating genetic connectivity of high gene flow species due to biases associated
with sampling design, marker choice, or conformance to statistical assumptions (Waples
1998). Sampling over multiple time points provides an opportunity to tesrtiporal

stability of estimatesthus reducinghe chance of making inaccurate conclusions based



on error(Waples 1998)Testing for temporal stability also helps determine wéieth
statistically significant results are biologically meaningfuhutsen et al. 2011When
results at different time points vand are determined be a true biological signal (i.e.
not the result of background noise), such variation may add tontezsianding of
demographic processes that result in genetic structure. For examplanimet

variation in genetic structure may be indicative of sweepstakes reproductive success
(Johnson and Black 198¢hristie et al. 2010; Marino et al. 20edgeock and
Pudovkin 2011), or fluctuations in the direction or magnitude of dispersal (Forin and
Hoglund 2007).

1.2 Dungeness crab

1.2.1 Early life history

TheDungeness cralC@ancer magistgris a decapod crustacean that inhatbiés
estuarine andharine environmerftom the Aleutian Islands of Al&a to southern
California. The pelagic larval stagé Dungeness crab is long, lasting approximately 74
to 163 daysand consists dive zoeal stages and one megalopal stage (Poole 1996;
Moloney et al. 994). In theCalifornia Current SystenCCS), Dungeness crab zoea are
released during winter months, and transported northward and seaward by the Davidson
Current. At the time of the spring transition, the Davidson current dissipates and zoea are
typically found off the continental shelf in the southward flowing California Current.
Here, zoea molt into megalopae anjrate inshore to settle (reviewedRasmuson
2013). The timing of megalopae settlement is known to vary both within years and
among years,ral the magnitude of larval recruitment has been correlated with
oceanographic indices such as Pacific Decadal Oscillation (PDO), timing of the spring
transition and amount of upwelling during the settlement season (i.e. spring and ummer
(Shanks and Roegr 2007; Shanks et al. 2010; Shanks 2013). Dispersal of larvae in

partially enclosed waters, such as Puget Sound, is less understood. It has been
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hypothesized that a large amount of Dungeness crab larvae originating in Puget Sound
and the Strait of Georgi(i.e. the Salish Sea) may not reach the Pacific Qtieas
completng their entire larval development in Puget So@amieson and Phillips 1993).

1.2.2 Genetic connectivity

The earliest population genetic stusiyDungeness crab did not find anyigsnce
of structure across nine sites in Alaska, British Columbia, Washington, Qehn
California based o@5 allozymemarkers (Soule and Tasto 1983). Théhars attributed
the apparent lack afeneticpopulationstructure to an immense dispersal capability and
wide spread gene flow. Twoore recenstudies usedighly polymorphic microsatellite
markers andoundevidenceor genetic population structued spatial scalesmaller than
examined by Soule and Tast®8B). Beacham et al. (2008kxamined genetic variation
ateight sites in British Columbia (coast and Strait of Georgia) using eight microsatellite
loci, and found that 1) a fjorlike water body, Alison Sound, was clearly differentiated
from all other site, 2) one site on the west coast of Vancouver Island was significantly
differentiated from a site in the Strait of Georgia, and 3) there was no exidenc
isolation by distance (IBD)Wright 1943).The aithorsconcludedhat substantial larval
retentionmay be present in Alison Sound, and that there is potentigdnetic
differentiation between the coastal ocean #iedalish Sea (Beacham et al. 2008).
06 Mal | eiyreveeny exanhined genetic variation mtelve sites along the Oregon
coast and twaites in British Columbiasing ten microsatellite lociThe aithorsfound
little evidence of genetic structuoe IBD along the Oregon coast, beportedsignificant
differentiation betweethe British Columbia and Oregon sitéBogether, findings from
Beacham et al . ( 2 0r0ré&vipw indicate tlatbgbhetic popwatioa t a |
structure may be present in Dungeness besed on microsatellite markers.
Furthermore, the difference in findings between British Columbia and the Oregon coast
demonstates the need to examine genetic connectivity on a-eodstscale.



1.2.3 Fishery management

Dungeness crab is a species of high commercial value. Much of the commercial
fishery is focused in thECSwhere Dungeness crab is the most valuable commercially
harvested species (Rasmuson 2013). In 2014, commercial landings accounted for 26% of
all ex-vessel revenue in tHeCS (NMFS 201p The coastal commercial fishery remains
one of the few operating in thostate and federal waters that is managed by the states,
though there is much cooperatittmoughthe TriState Dungeness Crab Committee
under the Pacific States Marine Fisheries Commission (PSMR€)basic management
strategyfollowst h eS & 3s yefetrirg o restrictions on sex, size, and season (i.e.
mal es O 159 mmniuringarlimiledentsy seasory. fThere is no formal stock
assessment or predetermined annual catch quota (Rasmuson 203}, estdnated
that90% of available legaized males are harvested annually (Methot and Botsford
1982). The only fishery independent assessment in the CCS is{B&afiPreSeason
Test Fishery whicls conductedo determine the season start date based on the meat
content ratio of legally haestablamales (PSFC 2034Commercial harvest in the CCS
is known to undergo large intannual fluctuations. Despite the immense fishing
pressure, these fluctuations are thought to be drivehebgffects of physical
oceanographic conditions on larvatruitment rather thaoverharves{McKelvey et al.

1980; Shankand Roegner 2007; Shanks et al. 2010; Shanks 2013).

Management of the commercial fishery in Puget Sound is somewhat more
complicated than in the CCS. Since 1995, western Washington tibat/have been
allocated up to half of the available surplus of shellfish, which in this case refers to
|l egally harvestable Dungeness crabs (i . e.
fishery in Puget Sound accounts for a considerable amotim taital harvesby state
managed fisheriegs-50%), which is not the case for the coast. The tribal fishery is
managed by the Northwest Indian Fisheries Commission, while the state commercial and

recreational fisheries are managed by the Washington Departiigish and Wildlife.
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Puget Sound and the Strait of Juan de Fuca are broken up into several management areas,

and annal quotas are based oatches of previougears Fisher and Velasquez 2008

1.2.4 Research need

Understanding the genestructureof exploited populations is critical to their
sustainable management (Palsbgll et al. 2007; Allendorf 20@8; Waples et al. 2008).
The necessity for this type of knowledge regarding Dungeness crab throughout the CCS
and Puget Sound is easicognizable, but currently lacking. Int@nnual variation in
the timing and magnitude of larval recruitment within the CCS (Shanks and Roegner
2007; Shanks et al. 2010; Shanks 2013) indicates the possibility of multiple
subpopulations and variable reguative success; two scenarios which could have strong
implications for genetic variation of the stock. In addition, fishery management in both
the CCS and Pug&ound is not based on precise knowledge of the scale of biological
management units (Palsbgtlal. 2007).When such information is unknown, continued
harvest could result in overexploitatiohsubpopulations, leading to a reduction in
genetic diversity that cdimit the productivity and longerm viability of a fishery
(Allendorf et al. 2008Spes and Punt 20)5Delineating genetic population structure of
Dungeness crab equips managers itbwledgenecessary to align management
strategies with biological units, and mak&®rmedmarine spatial planning decisions.

This research could also ingiaoastal communities as a whole, sinceed for

management alteratiomould affect the utilization of a culturally iconic resource.

1.3 Research goals and objectives

In this thesis we evaluated genetic connectivity of Dungeness crab throughout the
California Current SystenCCS and Puget Sound. Our main objectives were to 1)
establish baseline knowledge of genetic population structure of Dungeness crab

throughout the CCS, 2) assess irgrnual variability in genetic connectivity throughout
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the CCS and 3) evaluate the degree genetic connectivity of Dungeness crab within a
partially enclosed water body in comparison to that of the coastal ocean. In Chapter 2, we
assess genetic variation at ten microsatellite loci using both populatidnndividud

based analyses at 33 sampling sites in coastal Washington, Oregon, and California in
2012. We also test for regional genetic structure by grouping these 33 sites according to
topographical features that are known genetic breaks for other CCS spectenWe

repeat these analyses in 2014, and report on the observed differences in genetic
connectivity in relation to variation in physical oceanogragbiaditions(i.e. Pacific

Decadal Oscillation, timing of the spring transitiamount ofupwellingduringthe

spring and summgpreceding our sampling years. In Chapter 3, we extend our analysis
of genetic connectivity to five sites within Puget Sound to test whether genetic
connectivity is strongewithin the coastal ocean thanthin a partially enclosed wer

body, as well as to determine if there is connectivity between Puget Sound and the coast.



Chaper 21 Evidence for isolation by distance and iré@mual variationn
genetic structuref Dungeness cralCancer magistgralong the U.S. west
coast

2.1 Introduction

Understanding the spatial scales over which populations exist is a fundamentally
important theme of marine conservation and ecology. Nevertheless, estimating
population connectivity in the marine environment can be a difficult tasle dispersal
primarily occurs during a planktonic larval phase in many species (Cowen et al. 2007;
Cowen andsponaugle 2009). In lieu of efficient direct methods (e.g. meckpture,
telemetry tagging), genetic markers have become an increasingly paypliact tool for
evaluating connectivity (Hellbergt al.2002; Waples and Gaggliotti 2006). As a result,
delineation of population suinits and the desigof management strategies has relied
extensively on estimates of genetic connectivity (i.e. theeffiegene flow on
populationsPalumbi 2003; Palsbgll et al0@7; Lowe and Allendorf 2010).

Estimates of genetic connectivity are traditionally derived through population
based analyses that provide information on the amount of diversity (e.g. hgtesitzy
allelic richness) and degree of differentiation (e, Bst, D) within and among
populations (Slatkin 1985; Waples and Gaggliotti 2006; Lowe and Alle28d@). More
recent advancements have also demonstrated the utility of complementary measures such
as kinship (Plasbgll et al. 2010; lacchei et al. 2013; Selwyn et al. 2016) and assignment
tests (Manel et al. 2005; Thomas and Bell 2013; Benestan et 8). ZBikse more
0i ndi-tva deuchd anal yses focus on how genetic
distributed among individuals, and can provide greater detailextemographic
processes that influence genetic variation (e.g. kin aggregation, dispersaf).used
together, populaticrand individualbased analyses provide a powerful framework that
can be used to make inferences regarding connectivity in the context of both evolutionary

and ecological processes.

\



A principal challengeof using this frameworko obtain accurate esties of
genetic connectivity fomany marine organisms is the low signal to noise ratio (Waples
1998). Due to the typically high amount of gene flow and inherent difficulties of
sampling in the marine environment, true biologie¢ghals may be difficult to
disentangleThis means thatlatively weak genetic population structure may be
confounded by even small biases associated with sampling design, marker choice, or
conformance to statistical assumptions. @pproach t@vercone this challenge is to
evaluate inteannual variability. From this perspective, sampling at multiple time points
allows for a test of accuracy of observed spatial genetic variation. When error can be
excluded as the cause for inrtarmnual variability, courhg genetic observations with
knowledge of other biologicgé.g. age structure, larval recruitment)physical(e.g.
oceanographic conditionsharacteristicadds dimensionality to Bsiates of genetic
connectivityby providing amore comprehensivendeastanding of the mechanisms that
regulate gene flow (Waples 1998; Schwartz et al. 2007). For instance, numerous studies
have linked intelannual variation in genetic population structure to ecological processes
mediated by physical oceanographic conditjiamsudingdelivery of larval migrants
(Florin and Hoglund 2007ndsweepstakes reproductive suco&RS)(Johnson and
Black 1982; Hedgecock 1994€hristie et al. 2010ylarino et al. 2010Hedgecock and
Pudovkin 2011 SRS is a process whereby mismatches in reproductive activity and
physical conditions favorable to larval rearing results in proportionately few individuals
contributing to the next generatiorhe affecthatsuch events have ahe temporal
consistencyf genetic variation depends on several genetic (e.g. amount of resultant gene
flow, effective population sizBlg) and demographic (e.g. frequency of dispersal
variability, presence of overlapping generations, skewedness of age structure)
charatteristicsof populations (Slatk 1985; Hare 2011). Regardless, the degree ofinter
annual variability remains essential knowledge, as the effectiveness of management
strategies which are based on estimates of genetic connectivity relies on accuracy and

consistencyver time.
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The Dungeness craéncer magistgris a decapod crustacean distributed from
the Aleutian Islands, Alaska to southern California, USA. Dungeness crab is the most
valuable commercially harvested species in the California Current System (CCS)
(Rasmuson 2013), and an estimated 90% of commercially legal sized males are harvested
on an annual basis (Methot and Botsford 1982). Since adult migrations appear to be
localizedon a scale of 280 km(Gotshdl 1978; Collier 1983; Diamond and Hankin
1985;Smith and Jamieson 1991; Hildenbrand et al. 2011), disp@isarily occurs
during the planktonic larval phase, which lasts approximately four months and consists of
five zoeal stages and one megalopal stage (Poole 1966; Moloney et al. 1994). In the CCS,
early stagddungeness crab zoea are released during winter months, and transported
northward and seaward by the Davidson Current. At the time of the spring transition, the
Davidson curremveakensandlate stageoea are typically found off the continelnthelf
in the southward flowing California Current. Here, zoea molt into megalopae and migrate
inshore to settle (reviewed in Rasmuson 2013). The timing of megalopae settlement is
known to vary both within years and among years, and the magnitude ¢f larva
recruitment has been correlated with oceanographic indices stiadtiasing of the
spring transitionPacific Decadal Oscillation (PDO), atiteamount of upwelhg during
the settlementeason (i.e. spring and summghanks and Roegner 2007; Shaekal.

2010; Shanks 2013Jhese indices relate to variation in the windced, alongand
crossshelf circulation thought to influence larval trajectori@mce larvae are likely the
primary migrants, variation in physical oceanographic conditions miagniy influence
fluctuations in larval recruitment, but also gene flow.

Previous population genetic studies of Dungeness crab have provided evidence
for genetic population structure in partially enclosed waters of British Columbia
(Beacham et al. 200&nd genetic homogeneity along 585 km of the Oregon coast
( O6 Ma |l | ienrgview.tHowsevVer, no prior study of this species has evaluated the
inter-annual consistency of genetic variation. In this study, we provide the most detailed
assessment of genetic connectivity of Dungeness crab to date. Our objectives were to 1)
characterize gegtic variation of Dungeness crab througheiif200km ofthe CCS and
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2) evaluate inteannual variability in genetic population structure. Using both
population and individualbased analyses within a hierarchal analytical framework, we
first establish a&seline of genet population structure in 2012 to test the null hypothesis
of panmixia. Wethen test for inteannual variability by repeating these analyses in 2014.
Lastly, wediscuss our findings regardimggnetic connectivity of this species in redati

to variation inphysical oceanographic conditions.

2.2 Methods

2.2.1 Sample collection

In collaboration with the Washington, Oregon, and California Department of Fish
and Wildlife agencies (WDFW, ODFW, and CDFW, respectively) and the commercial
fishing fleet, Dungeness crab were colledtetlovember2012 and 2014luring theTri-
State PréSeason Test Fishery (Pacific States MaringhEries Commission 2014) (Fig.
2.1). A string of six pots was fished at three depths (15 m, 30 m, 45 m) along 33
latitudinal transects. Each transect represents a single sampling site. Muscle tissue was
sampled fom adult femalesand sube gal si zed males (O 158 mm
removing a hind walking leg and preserving it in 95% ethanol. Legal sized males were
not available for genetic analysis since they were retained for meat recovery. Prior to
release, aapace width was recorded for individuals sampled in Washington. The two

most southern transects, Duxbury Reef and Half Moon Bay, were not sampled in 2014.

2.2.2 Laboratory methods

Genomic DNA was extracted from Dungeness crab muscle tissue as delgribed
lvanova et al. (2006). DNA was amplified by Polymerase Chain Reaction (PCR) at 10
microsatellite loci using previously developed oligonucleotide primers (Kaukinen et al.
2004; Toonen et al. 2004) (Table 2.1). PCR was carried out in 6 L reactionisicgnta
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25 mM MgCl, 10 mM dNTPs, 10 uM forward and reverse primers, 5x colorless PCR
buffer, 5 U/uL Taq polymerase, double distilled water (ddH20), and 1 puL of DNA
template. Thermocycling protocols consisted of385cycles at 95° C for 30 s, followed

by 487 61.2° C for 30 s, and 70° for 45 s, with number of cycles and annealing
temperature varying for each locus. PCR amplicons were electrophoresed on an ABI
3730XL DNA Fragment Analyzer and scored using GeneMapper® software. Duplicate
genotypes found withithe same siten a given yeawere assumed to be error and

removed.

2.2.3 Analysis of genetic diversity

Conformance to HardWeinberg proportions (HWP) and linkage equilibrium
were evaluated using the software program Genepop version 4.2 (RaymonduasetRo
1995; Rousset 2008). False Discovery Rate (FDR) corrections (Benjamini and Hochberg
1995) were applied to pairs of loci found to be signifiaimt linkage disequilibrium
(LD). The presence of null alleles was estimated using the software prBggaMA
(Chapuis and Estoup 2007). FreeNA estimates the frequency of null alleles in each
sampling site across all loci, and calculates global and pairgisesttmates (Weir 1996)
using observed data with and without the addition of null alleles. Tosatsedegree of
departure from HWP, the inbreeding coefficiertwas calculated for each site using the
software program GenAlEx version 6.5 (Peakall and Smouse 2006; 2012). Number of
alleles per locus, as well as observed and expected heterozygosityaleedated for
each site using GENETIX version 4.02 (Belkhir 2004). Since sample sizes varied
considerably among sites, we also calculated allelic richness using FSTAT version
2.9.3.2 (Goudet 2001). Allelic richness is the number of alleles per locusctea to the

smallest sampling size.

2.2.4 Analysis of genetic population structure
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2.2.4.1 AMOVA and pairwise &t

To test for evidence of genetic structure, we performed an analysis of molecular
variance (AMOVA) (Excoffier et al. 1992) under th&esamption of the infinite allele
model as implemented in GenoDive version 2.0b23 (Meirmans et al. 2004; 2006). Within
a hierarchal framework, we assessed the variance in allele frequencies among individuals,
sampling sites, and regions in both 2012 andi2&Ekgions were delineated based on
topographical features which are known genetic breaks and include: Cape Blanco
(Lotterhos et al. 2014), Cape Mendocino (Kelly and Palumbi 2010; Sivasundar and
Palumbi 2010; Hess 2011; Sanders and Palumbi 2011), anddpeia (Dawson et al.
2001). Thus, our analysis consisted of four regions: 1) North California Current (North
CC), 2) Mid California Current (Mid CC), 3) Ft. Bragg, and 4) South California Current
(South CC) (Fig2.2).

Following the AMOVA, we calculatedgirwise Fst estimates (Weir and
Cockerham 1984) among sampling sites and regions for both 2012 and 2014 using
GENETIX. Fstestimates were tested for significance by performing 10,000
permutations, and applying FDR corrections. We also tested forainteal variation in
allele frequencies within a given site by calculating pairwiseebtimates across years.

The statistical power for detecting genetic differentiation as measurest af
assessed using the simulation software POWSIM (Ryman and Palin RG)&SIM
uses observed sample sizi®number of microsatellite loci, and allele frequencies at
each locus to simulate sampling of individuals from a given number gigullations
that have diverged to a useéefined level of genetic differentiatiofdr). POWSIM then
tests for significant differentiation amon
proportion of significant tests after all iterations (in this case 1,000) is the power to detect
genetic differentiation at the given value @fFSimulatons based on observed allele
frequencies indicated that there was a high probability of type | error when testing for
genetic differentiation whensfFwas very small (6r < 0.001).Based on further rounds of

simulations, we concluded thatv statistical power was likely attributed to small sample
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sizes of some sites, and that at least 50 samples for each site were needed to gain

sufficient statistical power (> 95%) detecigenetic differentiation.

2.2.4.2 Spatial autocorrelation

To evaluate the relationship between genetic differentiation and geographic
proximity for both 2012 and 2014, we conducted a simple Mantel test using pairwise
matrices of kr estimates and Euclidean (i.e straight line) distance between sampling sites
in GenoDve. Significance was tested using 1,000 permutations. Significant Mantel tests
cannot always be interpreted as evidence of isolation by distance (IBD) (Wright 1943),
since abrupt (even random), noontinuous changes in genetic variation can still produce
significant results (Meirmans 2012). Furthermore, IBD may not be uniform throughout
the entire the study range. To examine the presence of IBD more closely, we constructed
a Mantel correlogram (Oden and Sokal 1986) in GenoDikis. approached allows far
test of spatial autocorrelation at specific distanceschardiesinterpretation of Mantel
results when correlation is wedbistance observations were divided into seven
continuous,nomver | apping O0di stance 1420d231l2d 6 whi cl
2417 360, 361 480, 481i 600, ®11 720,  a n @ km@Appeldix Table A2.L
Designation of distancelasses sought toaintainconsistency in the geographic range of
each class, while including a sufficient number of pairwise comparisons within each class
to accuratelytest for acorrelation (DinizFi | ho et al . 2013). We t he
(rm; si mil ar t o orRceefficientpfor the relatianship bdtwadsriBnd
geographic distance within each class, and constructed a correlogram by plotting
Mantel 6s r and the mean geographic distanc
Filho et al. 2adehdsstance css was ¢éebtad $or significamae using
1,000 permutations. We also constructed a distogram by plotting the mean of pairwise
Fst estimates and geographic distance for each class {Biihiz et al. 2013).
Lastly, since regional site groupings were based priori hypotheses regarding

topographical features, it is possible that regional boundaries may not represent true
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biological boundaries, or genetic breaks. Instead, the presence of IBD can result in a
pattern of gert&c structure which is misintpreted as a genetic break (Meirmans 2012).
We investigated the role of IBD as a driver of regional genetic structure by conducting a
partial mantel test in GenoDive (Smouse et al 1986). A partial Mantel ®stiiar to a
simple Mantel test, but controls for the statistical influence of a third matrix. In the
context of this study, we tested the correlation between pairgisstmates among

sites and region membership, while accounting for geographic cistena covariate. In
other words, we asked: Are sites located within the same region more similar than
expected by chance, after we account for the geographic distance between sites? To
describe region membership, we constructed a pairwise matrix ohés, sites were
located within the same region, and 0s, when they were not (Meirmans 2012). This

relationship was tested for significance using 1,000 permutations.

2.2.4.3 Assignment tests

We calculated the proportion of individuals that could be cdyressigned to the
region in which they were sampled to further test the null hypatlod panmixia. In
assignment analyseif a high proportion of individuals can be correctly assigned based
on their genotypes, there is evidence of genetic populatioctste(Manel et al. 2005)
We computed the Il og |ikelihood that an ind
based on the allele frequencies of that region (Paetkau et al. 1995) in GenoDive.
Individuals were assigned to the region in which theioggre has the greatest
likelihood of occurrence. To avoid biased assignments, individuals being assigned were
removed from their home region before calculating allele frequencies for that region, and

allele frequencies of zero were changed to 0.001 (Meisneaal. 2004; 2006).

2.2.4.4 Kin aggregation
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Relatedness analyses have been demonstrated to be useful in disentangling
biological processes contributing to genetic differentiation (lacchei et &; Z8%ke et
al. 2016. We evaluated kiaggregation in Dungeness crab by computing the Lynch and
Ritland (1999) relationship coefficient)(for each pair of individuals using the package
Gelated(Pew et al. 2015) in R version 3.ZR Core Team 2016) o validate our use of
Lynch and Ritland s  ( i1 &% 8 relatedness estimator, we conducted several rounds of
simulations indrelatedusingi , the triadic likelihood estimator (Wang 2007), and the
dyadic likelihood estimator (Milligan 2003). During simulatipgenotypes of
individuals weregenerated based on the allele frequency distribution of our observed data
and all relationships were known. Simul at.
i had a similar distribution of relatedness values formeatives and relatives as the two
commonly used likelihood estimators (Appendix Figure A2.1).

Based on this finding, we then calculated mieéin) among all pairs of
individuals within a given sitdVe identified ges that had a high@érthan expected in a
randomly associated population ppgrmutingindividuals among site$,000 timesand
re-calculatingi™ after each iteration to generate a null distribution fufr each siteWe
then compared the observiedf each site to its respive distribution anabtaireda
pseuddP-value(Pew et al. 2015)or sites that had significantly greater than expected
the relationship betwednand the mean of pairwisefestimates for each siteas
examined using linear regressi@nly siteswith a sample size greater thidr= 50 were

used in this correlation.

2.2.5 Effective population size

Effective population sizeNg) is an important parameter tioderstandingenetic
connectivity, as it places genetic variation in the contertiofoevolutionary processes
(i.e. adaptation, genetic drift) (Hare 2014y was estimated for each of the four regions
using the singlsample linkage disequilibrium estimator (Waples and Do 2008)
implemented in NeEstimator version 2.01 (Do et al. 20¥4¢. excluded low frequency
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alleles (i.e. those that occur only once in a site) from calculatibla by choosinga P-

critical value of 0.01

2.3 Results

2.3.1 Analysis of genetic variation

Several sites were found sgynificantlydeviate fromHardy-Weinberg
proportions(HWP) in either 2012 sites = 9) or 2014N sites = 9, but only Brookings
South deviated from HWP in both years (Appendix Table A2.2). Loci which deviated
from HWP at these sites were inconsistent, but incl@ed102Cmall4Cmallg
Cmal7 Cma33 andCma43(Appendix Table A2.2). E estimates indicated that
departures from HWP included both heterozygote excess and deficiency in 2012 (F
range:-0.101i 0.081) and 2014 (§range:-0.0791 0.078) (Table 2.2). Estimated null
allele frequencies averaged 1.4% and 1.2% across aihl@6il2 and 2014, respectively
and did not affect global or pairwisefacross all markers. Significant linkage
disequilibrium(LD) was found in eigt pairs of loci in 2012 and fiveairs of lociin
2014,though no locus paremained consistently in LD across years. Further
examination revealed that for most pairs of kb overall significance of LD could be
attributed to a single site havingPavalue of zerpand nasite-specific pattern of D was
present. Given the inconsistency of observed patterns of LD, these results suggest that
loci used in this study are not physically linked.

There was little distinguishable spatial pattern of genetic diversity present among
sites or across years. Thember of alleles per locus was variable among gitbsth
2012 (Narange: 7.3 13.5) and 2014Narange: 601 13.6) though allelic richness had a
much narrower range in both 201®2Rrange: 5.5 6.2) and 2014ARrange: 5.5 6.0).
Observedeterozygosity was slightly greater in 20Hbange: 0.630 0.768) than in
2014 Horange: 0.622 0.737), while expected heterozygosity was similar between
years(2012He range:0.6221 0.712 2014He range: 0.637 0.714)(Table2.2).
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2.3.2 Analysis of genetic population structure

2.3.2.1 AMOVA and pairwisesF

In 2012, AMOVA indicated that nearly all genetic variation was attributed to
variation among individuals within sampling sites (99.7%). No significant proportion of
genetic variabn was explained by variance among sampling sites (PE4).06%;
however, eight pairwisedr estimates were significant after applyingiseDiscovery
Ratecorrections. Eel River was significantly differentiated frBooy 3 (Fst= 0.010,P <
0.001), Grayland (lst= 0.007,P = 0.001), Seaview @gr= 0.007,P <0.002), and
Garibaldi South (Er= 0.009,P < 0.001). Russian River and Half Moon Bay were both
significantly differentiated from Buoy 3 ¢r= 0.009,P < 0.00%; Fst= 0.007,P = 0.00],
respectiely) and Garibaldi South gr=0.010,P < 0.002; Fst= 0.008,P < 0.001,
respectively (Fig. 2.2a). It should be noted that the sample size of Russian River was
smaller N = 44) than what POWSIM simulations deemed necedsasitain sufficient
statistichpower (N = 50).

AMOVA provided evidence for significanegional differentiation in 2012,
despitet only accounting for a very small proportion of total genetic vari#d@9,P <
0.001). Pairwise kst estimates indicated thAtorth CC was significantly differentiated
from Mid CC (Fst=0.001,P < 0.00]) and South CC (= 0.002,P < 0.00]). South CC
was also significantly differentiated from Ft. Bragg«(E 0.003,P = 0.002). North CC
and Mid CC were not significantly diffentiated from Ft. Bragg ér= 0.001; 0.001,
respectively)andMid CC was not significantly differentiatefdom South CC (Er=
0.001) (Table2.3a).

In 2014,AMOVA indicated that all genetic variation was attributed to variation
among individuals within sampling sites (~100%), and no sites were significantly

differentiatedbased on pairwise comparisqi#st range:-0.015i 0.006) (Fig.2.2b).
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Furthermore,lierewas no evidencef significantpairwisedifferentiationat the regional
level (Fstrange:-0.001i 0.002) (Table2.3b).

As for interannual variationn genetic structurgairwise kst estimates indicated
thatPeacock Spit was the only site found to igmisicantly differentiated across years
(FsT=0.003,P = 0.025) (Table.4a). At the regional level,ignificant interannual
differentiation was observed for North CGs{E 0.001,P = 0.000 and South CC @ =
0.003,P = 0.020). Mid CC and Ft. Bragg were not significantly differentiated between
years (kt=0.000; 0.000, respectivglyTable2.4b), though the sample size of 2014 Ft.
Bragg (N = 27) was not sufficient to detect genetic differentiation based on our POWSIM

simulations.

2.3.2.2 Spatial autocorrelation

Genetic differentiation (as measured by pairwisg was significantly correlated
with geographic distance between sampling sites in 212 @c232,P = 0.006). While
this relationship was significant ng all sites together, it was not significant for every
distance class. Sites that were less than 120 km apart were more similar than expected by
chance (h=0.136,P = 0.001), and sites that were greater than 720 km apart were more
different than expecteby chance (t=-0.17,P = 0.025). Despite the lack of statistical
significance, other distance classes (L240, 241 360, 3611 480, 481 600, and 601
T 720 km) showed a steady increase in genetic differentiation with increasingjeicg
distanceindicative of isolation by distand€ig. 2.3; Appendix Table A2.1a). In 2014,
there was not a significant correlation between genetic differentiation and geographic
distance across all sites\@ 0.02, P = 0.28). No relationship emerged aftevaluating
separate distance classes, though sites betweene®lLlkm apart were more different
than expe@adby chance ¢ =-0.089 P = 0.019 (Fig. 2.33; Appendix Table A2.1b).

A partial Mantel test indicated that genetic differentiation amongwessot
related to region membership after accounting for geographic distance between sites in
either 2012 or 2014 ¢r=-0.212;0.112 P = 0.500; 0.23, respectively. Therefore, sites
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located within the same region are more likely to be geneticallyasichie to their

geographic proximity as opposeadoreak in gene flow

2.3.2.3 Assignment tests

In 2012, North CC had the highest proportion of correct assignments (43%),
followed by South CC (38%), Mid CC (28%), and lastly, Ft. Bragg (26%). The
proportion of correct assignments decreased in 2014 compared with 2012 for North CC
(33%), Ft. Bragg (19%), and South CC %2y but increased for Mid CC (%3 (Table
2.5). These results further support the finding of very weak genetic differentiation in
2012 and 2014.

2.3.24 Kin aggregation

In 2012,i" was significantly greater than expected in nine sites: Astoria South (
0.005, pseud® = 0.000, Garibaldi Southi{= 0.004, pseud® = 0.009), Newport North
(T =0.003, pseud® = 0.016), PorOrford South{ = 0.003, pseud® = 0.031),
BrookingsNorth (" = 0.003, pseud® = 0.025), Eel Riveri{= 0.029, pseud® = 0.000),
Russian Riveri(= 0.007, pseud® = 0.011), Duxbury Reef (= 0.013, pseud® =
0.000, and Half MoorBay ( = 0.015,pseudeP = 0.000 (Table2.2). In 2014, the only
sites with significantly greatehan expected were Graylandi{= 0.002, pseud® =
0.032), Garibaldi South (= 0.007, pseud® = 0.032), and Brookings North & 0.003,
pseudeP = 0.041)(Table2.2). Note thaf” represents mean pairwise calculations of
among all individuals within each site, including both relatives anerelatives.
Therefore] is considerably less than what would be expected for trueshuitigs { =
0.25) and fulisiblings { = 0.5) (Lynch and Ritland 1999). We also found a significant
positive relationship betweénand mean pairwiseskfor tensites withsignificant

evidence of kin aggregatioR{ = 0.84,P < 0.001)(Fig. 2.4). This correlatiorsuggests
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that kinaggregation may be a factor contributing to allele frequency differences among

sites

2.3.3 Effective population size

In 2012, North CC had the largd¢t estimatgNe = 136,490 95% CI: 7,467
Infinity) while Mid CC(Ne = 1,436; 95% CI: 7935,148 , Ft. Bragg(Ne = 1,289 95%
Cl: 370- Infinity), and South CCNg = 1,312 95% CI: 55 Infinity) were all fairly
similar (Table2.649). In 2014, all estimates showed an apparent incrézder North
CC, Mid CC, and Ft. Braggasundistinguishable from infinitywhile Ne for South CC
remained finitgNe = 1,761; 95% CI: 211 Infinity) (Table 2.6b)The wide range of
95%confidence intervals indicated thatecision ofestimatesvas low inboth years
(Table2.6), therefore it idlifficult to distinguish between an actudd that is larg€i.e.
thousandsdr very largeg(i.e. infinite) (Waples and Do 2010).

2.4 Discussion

2.4.1 Evidence for strong connectivity and geographically limited gene flow

Ouir first objective in this study was to establish a baseline of genetic population
structure of Dungeness crabtire California Current SystenCCS). Throughout our
~1,200 km study range, we observed moderately high genetic variation within sites.
Previaus population genetic studies of Dungeness crab have also found similar levels of
expected heterozygosity and number of all e
al. in review and British Columbia (Beacham et al. 2008). Our findings are also
compaable to other marine invertebrates in the CB&84nus glandulaHedgecock
1994b;Paralabrax clathratusSelkoe et al. 200@anulirus interruptuslacchei et al.
2013), as well as other species with long lived planktonic ladasué edwardsii
Thomas ad Bell 2010;Palinurus elephasPalero et al. 2011). With the exception of
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several significant pairwise comparisons in 2012, we observed little genetic
differentiation (i.e. strong genetic connectivity) among sites in both 2012 and 2014.
Again, this findng is consistent with a prior population genetic study of coastal Oregon
Dungeness cr abnrdvienh Weak demetyc diferentiation across broad
geographic ranges is also fairly common among fishes and invertebrates with planktonic
larval stges in the CCSSebastes rastrelligeBumnaccorsi et al. 2004lytilus

californianus Addison et al. 2008; several invertebrates, Kelly and Pal@fid). Often
times, weak genetic differentiation is attributed to widely dispersing planktonic larvae,
and it is assumed that populations are homogenous. In contrary, we observed a
correlation (though not significant coagtde) between increasing gendtiifferentiation

and geographic distance between sites, indicating the presence of isolation by distance
(IBD) (Wright 1943). This finding suggests that Dungeness crab maintain a pattern of
gene flow that follows geographically limited dispersal. In thésner, gene flow occurs
within spatially restricted o6neighborhoods
one dimensionatepping stone modeKimura and Weiss 19¢4However,

neighborhoods appear to be continuous as opposed to discrete, tlutreayimg well
defined boundaries. A somewhat similar pattern has been obsenaed) red drum
(Sciaenops ocellatyignhabiting estuaries of the northern Gulf of Mexico (Gold et al.
2001).This pattern leads to stroggnetic connectivitgmongDungeness @b

throughout the CCSwvhichis likely achieved by gene flow that occurs over several
generations, as opposed to broad scale panmixia.

In combination with geographadly limited gene flow kin aggregation also likely
contributes tagenetic differentiatiomf Dungeness crab in the CCS. We found that
several sites in both years had higletatednessi() than would be expected in a
randomly associated population, particularly Eel River, Duxbury Reef and Half Moon
Bay. Significant evidence of kin aggregatiwithin a site was also positively correlated
with genetic differentiation between that site and other sites (mean paiswjs&iR
aggregation of Dungeness crab may be driven by a combination of sweepstakes

reproductive success (SRS), local recruitmant/or cohesive larval dispersal. Given the
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seasonal and intemnual variability of oceanographic conditions (e.g. circulation,

primary production) in the CCS, missatches between larval release and conditions
favorable to larval rearing or succesdfainsport (i.e. the driver of SRS) likely occur to
some extent. In addition, variation in the timing of settlement may result in density
dependent survival (Shanks 2013), which could lead to a post settlement swedjkstakes
effect. Since Dungeness cralayrexperience geographic limitations to dispersal, some
degree of local recruitment may also be prevalent. Shelf/slope species of the CCS, such
as Dungeness crab, have evolved specific life history traits such as timing of larval
release and pelagic larvddiration in order to employ the seasonal change in
oceanographic conditions, and thus limit the latitudinal displacement of larvae relative to
their parental population (Shanks and Eckert 2005). Granted Shanks and Eckert (2005)
were referring to parentgbpulations at a very coarse scale (e.g. northern and southern
CCS), our findings provide evidence that local recruitment may occur at even smaller
scales. Lastly, cohesive dispersal of kin throughout the planktonic larval phase could
result in kin aggredgen in adults. Cohesive dispersal of Dungeness crab larvae would be
somewhat remarkable, given that they leave the continental shelf and return inshore over
a roughly four month period. Turbulence from wind and swell would likely diffuse kin;
however, thé behavior has been hypothesized with compelling evidence in other species
having lengthy PLDsRaralabrax clathratusSelkoe et al. 200@&§eopomacentrus

miryag Ben Tzvi et al. 2012Dascyllus trimaculatusBernardi et al. 2012Panulirus
interruptus lacchei et al. 2013). Future studies could assess demogmapb&sses of

larvae (e.g. larval dispersal trajectory, mortality rate, interaction with fine scale
oceanographic conditions), as well as genetic variation within and among settlement
cohorts to beer understand how these ecological processes drive kin aggregation of
Dungeness crab.

Significant differentiation was present among regions in 2012, despite low genetic
differentiation among sites. Specifically, North CC and Ft. Bragg were significantly
differentiated from South CC, and North CC was significantly differentiated from Mid
CC.Regional genetic structure in the CCS has been observed in rociSehastes spp
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(GomezUIchia and Banks 2005, Hess 2011, Johansson et al. 2008), and a variety of
rocky intertidal species (Kelly and Palumbi 2010; Sander and Palumbi 2011). In our
study,regional genetic structure only accounted for a very small proportion of the total
genetic variation, and was found to covary with geographic distance between sampling
sites. Assignment success was also found to be low for each region, indicating little
genetic structuring. Based on these findingappears thahe topographical features we
used to define regions (Cape Blanco, Cislemdocino, and Point Arena) amt represent
genetic breaks for Dungeness crab. Instead, our results demonstrate sitbile slhele
frequencies over a broad range that would logically result from geographically limited

gene flow.

2.4.2 Inter-annual variability in genetic connectivity

Our second objective in this study was to evaluate-arta@ual variability in
geneticpopulation structure. Allele frequency differences within a given site were not
statistically significant (with the exception of Peacock Spit) between 2012 and 2014. This
finding is not necessarily surprising for two reasons. First, a given age cohldrbeou
present in both years. Using a sateage relationship (Roegner unpublished data), we
estimated that crab sampled in Washington were most likely between the age$+of 2
though we did not account for segecific growth rates. Since sampling efovere only
two years apart, the cohorts represented in the 2012 samples may also have been present
in the 2014 samples, though likely in different proportions. Second, since we observed
similar genetic diversity across years, and there was little esedafirgenetic structure in
either year, genetic differentiation across years should be minimal.

Although genetic variation with a given site appeared to not differ across years,
we observed measurable inrtrnual variation in genetic structure along stuidy range.

Both years were characterized by weak gertstierentiation but pairwise Er estimates
among sites in 2014 were noticeably lower than in 2012, and not accompanied by

evidence of IBD. There were also fewer sites having significant evidérhoe
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aggregation in 2014 than 2012. Evaluation of conformancetdy-Weinberg
proportions and linkage disequilibriupnggested that statistical biases were not likely
responsible for driving observations in 2012, therefore it appears that our evadlence
inter-annual variation may reflect eue change in genetic structure

Given the approximate age classes represented in our samples, crab gampled
2012 would most likely have undergone larval phases in 2008, 2009, or 2010, and those
sampled in 2014 wuld have likely done so in 2010, 2011, or 2012. Based on
oceanographic measurements during potential larval dispersal years, cohorts between
2008 and 2010 would have experienced different physical conditions in the CCS
compared to those between 2010 adii22 Pacific Decadal Oscillation (PDO) entered a
brief positive (El Nifio) phase during 1a#®09, lasting until mic2010 (Bjorkstedt et al.
2010) (Fig. 2.5a). In addition, timing of the spring transition between 2010 and 2012
(measured by the method of 8ka and Roegner 2007) was late relative to other years
(Fig. 2.5b), and coincided with a decrease in the amount of upwelling during the spring
and summer, which reached a minimum in 20i@welling index data was downloaded
from http://www.pfeg.noaa.gov/el (Fig. 2.5c). In regards to int@annual variability in
genetic population structure, changes in oceanographic conditions may have led to
greater migrant exchange preceding 2014 than 2012. The flow of the California Current
weakens during El Nifio eventsence there is likely less southward larval transgdnre.
cohort that underwent its larval stage during 20092010EI Nifio event was likely
represented in both sampling yebyssome proportiortherefore it is difficult to
hypothesize ohow thisinfluenceddispersal trajectory and gene flovhe spring
transition marks the change from downwelling favorable winds, to upwelling favorable
winds. Upwelling circulation is thought to play a role in advection of megalopae back on
to the continental she{Shanks 2013), where theyay betransported to the nearshore by
internal waves (Roegner et al. 2007). A delayed spring transition and less upwelling
during the spring and summer may have contributed to increased migrant exchange by
prolonging latitudinatransport. As a result, displacement of megalopae cohorts between

2010 and 2012 may have been further from points of larval release than in other years.
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This hypothesis is consistent with the lack of IBD and fewer sites having significant
evidence of kiraggregation in 2014, as compared to 2012. It is important to note,
however, that the degree of temporal variation in physical oceanographic conditions can
be variable throughout the CCS, and the effect of such variation on migrant exchange
may not be ubigtous coastide. Huctuation in oceanographic conditionas also been
hypothesized to influence intannual variation in genetic population structure among
turbot Psetta maximpgin the Baltic SedFlorin and Hoglund 2007)The aithors

attributed thischange to a period of increased seawater inflow which likely led to the
influx of larvae from outside of the Baltic Sea, as well as increased survival of locally

produced larvae.

2.4.3 Effective population size

Estimates o€ffective population sizeNg) were large for each region both
2012 and 2014. As suggested by the range of 95% confidence intervals, we can
reasonably assume that these estimates are not precise. Genetic methods for estimating
NEe lose precision as the signal of genetic drift beesmlouded by background noise (i.e.
inherent sources of error caused by sampling design, marker choice, violation of
statistical assumptions) (Waples and Do 2010), which is common in genetic estonates
high gene flow species (Waples 1998). In spitthi, we are able to say tHd¢ appears
to be rather large in both years, though we cannot confidently detect any change between
years. A similar finding was reported for the commercially harvested western rock lobster
(Panulirus cygnuls owing to theeffect of the low signal to noise ratio (Kennington et al.
2013). ThoughNe estimates appear to lEgeand imprecisecontinued monitoring dfle
may still be necessags commercial harvest can result in a loss of genetic diversity (i.e.
reduction inNg) even when the census population size is large (Hauser et al. 2002).
Moreover, s1ce Dungeness crab may undergo large fluctuations in census population
size, aassumedby fluctuation commercial catch (Shanks 2007; Shanks et al. 2010;

Shanks 2013)\e mayalsobe subject to high inteannual variability.
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2.4.4 Conclusions

Based on genetic data collected in 2012, our findings suggest that Dungeness crab
maintain strong genetic connectivity, but are geographically limited in dispersal resulting
in along, continuous gradient of genetic differentiation over-ey200 kmstudy range.

In 2014, no spatial pattern was present and our results provided greater support for broad
scale panmixia. So is dispersal, and for that matter gene flow, geographicailtyae st

the CCS? The answer likely depends on the generation in question. Dungeness crab
larvae are known to be accomplished swimmers relative to other planktonic organisms
(Fernandez 1994; Rasmuson and Shanks 2014). However, they are limited by the
durdion of their larval development, and influencedpbysical oceanographic
conditionssuch as currents and winds (i.e. both northward and southward advection). It is
well documented that many marine organisms do not reach the full dispersal potential
thatis suggested by their pelagic larval duration (Cowen et al. 2000; Shanks 2009), and
Dungeness crab are likely no exception. Since Dungeness crab life history may be
specifically adapted to employ physical oceanographic processes to limit the latitudinal
displacement of larvae (Shanks and &tR005), it is possible that variationthrose
processes mgyromote wider gene flowl herefore Dungeness crab dispergahd thus

gene flow)is likely beto geographically limited, thoughe extent of limitation mavary
depenthg on oceanographic conditions which influence larval trajectoriesRBQ,

timing of the spring transition, amount of upwelling during the settlement season).

Overall, our results demonstrate that considering-gu@ual variability is
important when studying connectivity of marine organisms. Even within the short time
span of two years, there were measurable differences in genetic structure that were
precededy a brief change in oceanographic conditions. Furthermore, our broad study
range and finescale sampling design allowed us to detect a signal of spatial
autocorrelation that may have been less conspicuous had we sampled at fewer sites. Since

there are searal commonalities in life history traits of shelf/slope species in the CCS
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(Shanks and Eckert 2005), our findings are likely applicable to other species beyond
Dungeness crab. Though we now havgeaterunderstanding ajenetic connectivity for

this speies, we can only hypothesize about the demographic processes that regulate gene
flow (e.g. dispersal). Future studies that examine realized dispersal of Dungeness crab
could be used to test our hypotheses regarding geographically limited dispersal, and

provide greater detail on how connectivity changes with varying ocean conditions.
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each year
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Table 2.1 List of ten previously developed microsatellite loci used to genotype
Dungeness crab. Primsequencesiumber of alleles, annealing temperature, accession
number, and reference are provided for each locus. Number of alleles for each locus are
based on our observations of individuals<(2,227) sampled in 2012.
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Table 2.2 Summary statistics for Dungeness crab collected at 33 sites in the California
CurrentSystem in 2012 and 2014 based on variation at ten microsatellite loci including
number of individuals sampledllY, number of alleles per locullg), allelic richness

(AR), observedHo) and expectedHg) heterozygosity, inbreeding coefficieli{), and

mean pairwise relatednes$s)(T values greater than expected (pseRBdo0.05) are
denoted (*).

Abbrev. Site N NA AR Ho He Fis [

a)

WND Destruction Island 49 10.5 5.7 0.713 0.691 -0.043 0.004
WNK Kalaloch 36 9.3 56 0.702 0.672 -0.042 -0.001
WNR Raft River 17 73 5.6 0.768 0.703 -0.101 0.012
WWB Buoy 3 91 126 5.8 0.695 0.693 0.009 0.001
WWG Grayland 92 130 5.8 0.678 0.688 0.010 -0.001
WWW  Willapa 92 126 59 0.7/00 0.712 0.010 0.000
WLC Cranberry 92 124 5.7 0.663 0.689 0.045 0.000
WLS Seaview 92 132 57 0.690 0.685 -0.002 -0.001
WLP Peacock Spit 92 135 5.8 0.691 0.698 0.006 -0.001
OAN Astoria N. 92 122 57 0.63 0.695 0.081 0.000
OAS Astoria S. 92 12.1 55 0.667 0.683 0.018 0.005*
OGN Garibaldi N. 30 94 5.7 0.669 0.685 0.00 0.006
OGS Garibaldi S. 89 114 56 0.677 0.681 -0.003 0.004*
ONN Newport N. 92 125 5.7 0.679 0.692 0.024 0.003*
ONS Newport S. 92 120 5.7 0.674 0.692 0.037 0.001
OCN Charleston N. 61 116 59 0.679 0.703 0.035 0.000
OCS Charleston S. 86 11.7 5.7 0.693 0.698 0.012 0.002
OPN Port Orford N. 87 126 5.8 0.689 0.698 0.019 0.001
OPS Port Orford S. 92 118 58 0.6M 0.701 0.045 0.003*
OBN Brookings N. 92 125 56 0.685 0.702 0.0 0.003*
OBS Brookings S. 89 120 5.8 0.681 0.704 0.0 0.002
CCK Klamath River 44 100 5.7 0.678 0.697 0.018 0.002
CCS St Georges Reef 35 10.2 5.6 0.661 0.667 0.003 0.000
CTL Lagoons 15 80 6.2 0.696 0.692 -0.027 0.000
CTT Trinidad Head 38 9.9 55 0.659 0.693 0.034 0.005
CEL LP Eureka 47 103 5.7 0.669 0.691 0.0 0.005
CEE Eel River 61 114 57 0.725 0.714 -0.026 0.029*

CHJ Jack Ass 62 11.6 59 0.691 0.697 0.000 0.001
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Abbrev. Site N NA AR Ho He Fis [
a)

CFU Usal 57 110 5.7 0.676 0.68 0.016 -0.001
CBR Russian River 44 10.6 5.9 0.708 0.709 -0.003 0.007*
CBP Point Reyes 60 114 59 0.663 0.694 0.038 0.000
CHD Duxbury Reef 61 10.7 5.7 0.669 0.699 0.028 0.012*
CHH Half Moon Bay 56 10.6 5.6 0.692 0.696 0.000 0.015*
b)

WND DestructionIsland 85 120 5.6 0.668 0.686 0.032 -0.001
WNK Kalaloch 98 13.3 5.8 0.699 0.700 -0.006 -0.002
WNR Raft River 73 124 6.0 0.682 0.706 0.032 -0.002
WWB Buoy 3 100 134 5.7 0.709 0.687 -0.037 0.001
WWG Grayland 100 12.1 5.7 0.702 0.700 0.002 0.002*
WWW  Willapa 100 12.7 5.8 0.682 0.693 0.018 0.000
WLC Cranberry 99 13.6 5.8 0.709 0.709 -0.003 -0.002
WLS Seaview 97 127 59 0.703 0.699 0.000 -0.002
WLP Peacock Spit 100 12.7 5.8 0.721 0.714 -0.014 -0.001
OAN Astoria N. 67 11.7 5.7 0.693 0.698 0.001 -0.003
OAS Astoria S. 54 11.3 59 0.698 0.705 0.001 0.002
OGN Garibaldi N. 58 11.6 5.8 0.703 0.700 -0.011 -0.003
OGS Garibaldi S. 34 93 57 0.721 0.685 -0.080 0.007*
ONN Newport N. 44 9.7 5.7 0.681 0.690 0.011 0.002
ONS Newport S. 44 10.3 5.6 0.68 0.678 -0.009 0.000
OCN Charleston N. 33 9.2 58 0.687 0.695 0.009 0.004
OCs Charleston S. 10 6.0 5.7 0.653 0.637 -0.033 -0.022
OPN PortOrford N. 61 116 5.8 0.717 0.707 -0.021 -0.004
OPS Port Orford S. 38 9.8 57 0.709 0.692 -0.033 -0.001
OBN Brookings N. 59 11.3 5.7 0.696 0.684 -0.013 0.003*
OBS Brookings S. 39 94 55 0671 0.6 0.00 -0.001
CCK Klamath River 26 89 59 0.685 0.697 0.022 0.000
CCS St Georges Reef 56 104 5.9 0.710 0.711 0.016 -0.002
CTL Lagoons 13 7.4 59 0.622 0.669 0.078 -0.001
CTT Trinidad Head 20 7.8 56 0.734 0.692 -0.066 -0.012
CEL LP Eureka 22 8.6 58 0.657 0.690 0.044 -0.005
CEE Eel River 23 85 5.7 0.684 0.679 -0.012 -0.004
CFJ Jack Ass 16 7.9 59 0.629 0.664 0.055 -0.008
CFU Usal 11 6.9 6.0 0.664 0.686 0.038 -0.008
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Table 2.2(Continued)

Abbrev. Site N NA AR Ho He Fis [
CBR Russian River 32 9.1 56 0.713 0.698 -0.011 0.001
CBP Point Reyes 28 9.0 57 0.737 0.686 -0.079 0.003

Table 2.3 Pairwise kr estimates based on variation at ten microsatellite loci among the
four regions in (a) 2012 and (b) 2014. Significant values after applyisgBiscovery
Ratecorrections are denoted (*)sfestimates based on a sample size less than 50
individuals per site aralicized.

Mid CC Ft. Bragg South CC

(@)
North CC  0.001* 0.001  0.002*

Mid CC 0.001 0.001
Fort Bragg 0.003*
(b)

North CC  0.000 0.000 0.000
Mid CC -0.001 0.000

Ft. Bragg 0.002
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Table 2.4 Pairwise kr estimates based on variation at ten microsatellite loci comparing
each (a) site and (b) region across years (2012 and 2014). Significant values denoted (*).
Fstestimates based orsample size less than 50 individuals per sitetalieized



Table 2.4

Sites Fst

(@)

2012 WND 2014 WND 0.003
2012 WNK 2014 WNK -0.002
2012 WNR 2014 WNR -0.002
2012 WWB 2014 WWB 0.000
2012 WWG 2014 WWG 0.001
2012 WWW 2014 WWW 0.001
2012 WLC 2014 WLC 0.001
2012 WLS 2014 WLS 0.001
2012 WLP 2014 WLP 0.003*
2012 OAN 2014 OAN -0.002
2012 OAS 2014 OAS 0.001
2012 OGN 2014 OGN 0.000
2012 OGS 2014 OGS 0.001
2012 ONN 2014 ONN -0.001
2012 ONS 2014 ONS -0.001
2012 OCN 2014 OCN -0.001
2012 OCS 2014 OCS -0.006
2012 OPN 2014 OPN -0.002
2012 OPS 2014 OPS -0.002
2012 OBN 2014 OBN 0.001
2012 OBS 2014 OBS -0.002
2012 CCK 2014 CCK 0.001
2012 CCS 2014 CCS 0.002
2012 CTL 2014 CTL 0.006
2012 CTT 2014 CTT -0.001
2012 CEL 2014 CEL -0.002
2012 CEE 2014 CEE -0.002
2012 CFJ 2014 CFJ -0.003
2012 CFU 2014 CFU -0.005
2012 CBR 2014 CBR 0.003
2012 CBP 2014 CBP 0.000

(b)

2012 North CC 2014 North CC 0.001*

2012 Mid CC 2014 Mid CC

0.000

2012 Ft. Bragg 2014 Ft. Bragg 0.000
2012South CC 2014 South CC 0.003*

40
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Table 2.5 Proportion of individuals correctly assigned to the region in which they were
sampled baseddhel og | i kel i hood of the oceg¢gwvenr ence
the allele frequencies within each region.

Region Proportion of Correct Assignmen
2012 North CC 43%
2012 Mid CC 27%
2012 Ft. Bragg 26%
2012 South CC 37%
2014 North CC 33%
2014 Mid CC 33%
2014 Ft. Bragg 19%
2014 South CC 27%

Table 2.6 Estimates of effective population si2é) andrangeof 95% confidence
intervals for each region using the Waples and Do (2008) stagigple linkage
disequilibrium methodvith a Pcritical value of 0.0ZXor (a) 2012 and (b) 2014.

Region Ne estimate  95% onfidence Interval
(@

North CC 136,490 7,4671 Infinity

Mid CC 1,436 7931 5,148

Ft. Bragg 1,289 37071 Infinity
South CC 1,312 557 Infinity

(b)

North CC Infinity 11,4130 Infinity

Mid CC Infinity 1,8801 Infinity

Ft. Bragg Infinity 4627 Infinity

South CC 1,761 2117 Infinity
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Chapter 3 Reduced genetic connectivity between Dungeness Qaficer
magistej in Puget Sound and coastal Washington

3.1 Introduction

Population connectivity describes the exchange of individuals among
geographically distargubpopulations, and is a focal point of marine ecology and
conservation (Cowen et al. 2Q@Zowen and Sponagule 200%™ partially enclosed
water bodies such as estuaries and fjords, connectivity is regulated by a different set of
physical oceanographicgresseshan in the coastal ocean. Several examples include
steep environmental gradients (e.g. habitat type, salinity, dissolved oxygen, etc.),
complex bathymetry, increased water residence time, and taailyity driven
circulation (Gillanders 2012Reduced connectivity among organisms inhabiting these
partially enclosed water bodies is relatively common since local physical processes may
combine with early life history traits such as larval behavior, morphology, and swimming
ability to promote reterdn (Bradbury et al. 2008; Ciannelli et al. 2010; Rogers et al.

2014). As a result, even organisms which are typically widely dispersing may be
genetically structured at smaller spatial scales than what is observed in the coastal ocean
(Knutsen et al. 2002011; Rogers et al. 2014). For harvested organisms, understanding
the degree of connectivity within partially enclosed water bodies, and between them and
the coastal ocean, is important for delineating population subunits and implementing
effective managment strategies.

The Dungeness crdancer magistgris a decapod crustacean that inhabits
coastal waters of the west coast of the United States and Canada, including estuaries and
flords (Rasmuson 2013). Puget Sound, Washington is one of the latgesinessystems
within this speciesod r anregablishetiresidentspddiesngene s
supporting highly valuable commercial and recreational fisheries (Rasmuson 2013).
Dungeness crab have a complex life history which includes a lenigikt@nic larval
phase, lasting approximately 150 days in Puget Sound and 120 days in coastal
Washington (Fisher 2006). Since the majority of adult Dungeness crab migration tends to
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be fairly localized $now and Wagner 196&otshdl 1978; Collier 1983; amond and
Hankin 1985; Smith and Jamieson 1991; Hildenbrand et al. 2011), dispersal primarily
occurs during the larval phase. Coastal Dungeness crab larvae migrate off of the
continental shelf, and are transported northward in the Davidson Current amaasout

in the California Current before returning to the nearshore to settle (Lough 1976).
Transport distance and connectivity along the coast is likely dependent on variability in
large scale oceanographic regimes including seasonal shifts (Shanks andrR0€7),

and Pacific Decadal Oscillation (Shanks et al. 2010; Shanks 2013). In Puget Sound,
however, dispersal of larvae is less understood, but it is hypothesized that a large amount
of Dungeness crab larvae may not reach the Pacific Qaadrthus unekrgo their entire
development within the sourfdamieson and Phillips 1993).

Recruitment variation in the Strait of Juan de Fuca and Puget Sound suggests that
connectivity betweeRuget Soundnd coast may not be ubiquitous or temporally
consistent. Dinnedt al. (1993) and McMillan et al. (1995) documented three distinct
settlement cohorts of megalopae in Puget Sound: 1) an early cohort that began settling in
late-spring and was similar to coastal megalopae in its large size, 2) a summer cohort that
was oty found in or directly adjacent to Hood Canal, and 3) adatemer cohort that
was also the smallest in size. The early cohort was hypothesized to originate from coastal
waters and may be transported into Puget Sound when oceanographic conditions are
favorable (Dinnel et al. 1993). The existence of thaeeal cohorts that appear to vary in
geographic origin provides evidence for connectivity among Dungeness ¢tabget
Sound and coastal Washington, though perhaps not on an annual basis (Dinnel et al.
1993; McMillan et al. 1995). This brings into question the amount of gene flow (i.e.
genetic connectivity) between coastal Washington and Puget Sound relative to that within
either region.

Prior population genetic studies of adult Dungeness crab hakatdh
connectivity within both coastal and inland waters. In British Columbia, & fijced
sound was clearly genetically differentiated from all other sites suggesting that the

complex hydrology of inland waters may limit gene flow (Beacham et al. 2808).
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second population genetic study reported similar levels of genetic diversity and little
evidence of genetic population structure along the Oregon coast, yet genetic

di fferentiation between the coast iand two
review). Together, these studies suggest that genetic connectivity along the coast is
stronger than within inland waters. In this study, we used neutral microsatellite markers
to assess genetic connectivity of Dungeness crab in Puget Sound and coastajtéfash
First, we examined genetic diversity in both Puget Sound and coastal Washington. Next,
we tested for evidence of genetic population structure among five sites within Puget
Sound, as well as between Puget Sound and three sites coastal WashingeoRu§et
Sound is a hydrodynamically complex estuary, we hypothesized that there would be
reduced genetic connectivity among sites within Puget Sound, but not aitemig the
coastal ocearfFurthermore, we hypothesized that Puget Sound and coastah@lash

would be genetically differentiated.

3.2 Methods

3.2.1 Study e=ea

Puget Sound is a deep, fjdikle estuary in the Pacific Northwest region of the
USA which is connected to the Strait of Georgia and the Pacific Ocean via the Strait of
Juan de Fuca (Fi@.1). Puget Sound is comprised of five basins: 1) Admiralty In)et, 2
Whidbey Basin, 3) Main Basin, 4) Southern Basin, and 5) Hood Canal. Boundaries
between basins (and the Strait of Juan de Fuca) consist of shallow sills, except between
the Main and Whidbey basins, where no sill is present. Admiralty Inlet and two smaller
outlets at Deception Pass and Swinomish Channel in the Whidbey Basin join Puget
Sound to the Strait of Juan de Fuca (Bif). Puget Sound is marine dominated,
consisting of approximately 90% ocean water. Admiralty Inlet, the Main Basin, and
Southern Bas are wellmixed, while Hood Canal and Whidbey Basin are highly

stratified due to a large amount of freshwater input, which varies seasonally (Ebbesmeyer
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et al. 1988). The majority dfeshwatelinputto the sounds provided by the Skagit River
which drans into Whidbey Basin (Cannon 1983). Much of this water flsagth into the

Main Basin, anekxits Puget Sound via Admiralty Inlet. Despite its small size, Deception
Pass may also account for a considerable amount of the Skagit River outflow (up to 40%)
(Babson et al. 2006). Circulation in Puget Sound is largely driven by tidal mixing in areas
of constricted water flow (Ebbesmeyer et al. 1988), and currents generated by tidal
residual eddies (Yang and Wang 2013). Typical estuarine flow (i.e. outflow at the
surface, inflow at depth) is interrupted by refluxes that occur due to high turbulence at

constrictions and sills (Ebbesmeyer et al. 1988).

3.2.2 Sampleadllection

Adult Dungeness crab were collected in 2015 from five sites in Puget Sound by
the Washigton Department of Fish and Wildlife and the Suquamish, Swinomish, and
Nisqually Tribes. In addition, adult Dungeness crab were collected from nine locations in
coastal Washington during the 2014-$tate (Washington, Oregon, and California)-Pre
Season T& Fishery, and were grouped into three sites for analysis (Pacific States Marine
Fisheries Commission 201@5ig. 3.1)(Table3.1). Muscle tissue was sampled from each
individual by removing a hind walking leg and preserving it in 95% ethanol. Carapace
width was recorded for all individuals prior to release.

In Puget Sound, all Dungeness crab captured were sampled for genetic analysis.
In coastal locations, all females and only males smaller than the minimum comiyercial
harvestable size (< 159 mm) werengded. Commercially harvestable males were
retained for the test fishery, with the exception of 12 mistakenly sampled individuals.
(Fig. 3.2) (Table3.1). In the absence of direct aging techniques, the relationship between
carapace width and molt incremdrats been used to approximate Dungeness crab age
(Wainwright and Armstrong 1993). Since we did not have information regarding
differences in growth rates between sexes, among settlement cohorts, or regions (i.e.

Puget Sound vs. coast), we did not atterogstimate the age of sampled individuals.
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Nevertheless, a greater proportion of larger, and likely older, individuals were sampled in
Puget Sound, which is attributed to the sampling of commercially harvestable males (Fig.
3.2).

3.2.3 Laboratory nethods

Puget Sound crab were subsampled for genotyping according to specific pot
location within each site in order to obtain the most spatially representative sample for
each basin. We subsampled coastal Washington crab by including all females and
randomly glecting males to genotype approximately 100 individuals for each of the nine
locations (which were grouped into three sitedlef 300as described abové)able
3.1). Overall, we sampled a greater proportion of males (74%) than females (26%) in
both Puget Sound and coastal Washington.

Genomic DNA was extracted from Dungeness crab muscle tissue as described by
lvanova et al. (2006). DNA was amplified by Polymerabai@ Reaction (PCR) at 10
microsatellite loci using previously developed oligonucleotide primers (Kaukinen et al.
2004; Toonen edl. 2004 Chapter 2 PCR was carried out in 6 pL reactions containing
25 mM MgCl, 10 mM dNTPs, 10 uM forward and reverse piisn 5x colorless PCR
buffer, 5 U/puL Taq polymerase, double distilled water (ddH20), and 1 puL of DNA
template. Thermocycling protocols consisted of385cydes at 95° C for 30 s, followed
by 4861.2 C for 30 s, and 70° for 45 s, with number of cyclesamukaling
temperature varying for each locus. PCR amplicons were electrophoresed on an ABI
3730XL DNA Fragment Analyzer and scored using GENEMAPPER® software version
5 (Applied Biosystems, Foster City, CA, USA).

3.2.4 Genetic aalyses

Conformance to Haly-Weinberg proportions (WP) and linkage equilibrium

wereevaluated using the software program Genepop version 4.2 (Raymond and Rousset
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1995; Rousset 2008). HWP is the proportion of genotype frequencies within a population
in equilibrium under the HardWeinberg principle (Crow 1988), while linkage

equilibrium describes the associations of alleles at different loci (Lewontin and Kojima
1960; Waples 2014). These tests are conducted to determine whetbbserved

genetic data conforgto the statisticahssumptions (i.e. near equilibrium state) of
populationgenetic analyses (AMOVA, Excoffier et al. 19925 FVeir and Cockerham
1984). To assess the degree of departure from HWP, the inbreeding coeffioress F
calculated using the software program &kix version 6.5 (Peakall and Smouse 2006;
2012). The presence of null alleles was estimated using the software prograi FreeN
(Chapuis and Estoup 2007). Alhallele is an allele which is newisible in genotyping

due to an error during the annealingpsté PCR. The presence of null allefeayresult

in deviation from HWP, since genotypes with null alleles appear as homozygotes (i.e.
two of the same allele). FreeNA estimates the frequency of null alleles in each sampling
site at each marker, and caldelglobal and pairwisesfestimates (Weir 1996) using
observed data with and without the addition of null alleles. Observed and expected
heterozygosities were calculated using the software program GENETIX version 4.02
(Belkhir et al. 2004). Heterozygosity provides a measure of the proportion of individuals
within a site that have two different alleles. Observed heterozygosity describes this
proportion based on our observed data, while expected heterozygosity describes this
proportion under the assumption of random mating. We also calculated allelic richness
using the software program FSTA@&rsion 2.9.3.ZGoudet 2001). Allelic richness is the
number of alleles per locus, corrected to the smallest samplind\sizé 4, Nisqually).

To test for evidence of genetic structure, we performed an analysis of molecular
variance (AMOVA) (Excoffier et al. 1992) under the assumption of the infinite allele
model as implemented in GenoDive version 2.0b23 (Meirmans et al. 2004; Meirmans
2006).Within the AMOVA frameworkwe assessed the variance in allele frequencies
among individuals within sampling sites, among sampling sites, and among regions
(Puget Sound or coastal Washington). Following the AMOVA, pairngsestimates
were calculated aomg sampling sites using GENETIX (Weir and Cockerham 1984). F
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estimates were tested for significance by permuting individuals among sampling sites
10,000 times. We corrected for multiple tests using False Discovery Rate corrections as
described byenjamni andHochberg(1995).Factorial Correspondence Analysis (FCA)

was conducted using GENETIX to assess the association of individuals in multivariate
space, based upon frequencies of shared alleles. FCA generates an orthogonal system of
axes, or dimensiong which observations.€. individuals) and variables.¢. alleles) are
plotted such that the &éinteriad, or ratio
center of gravity, is maximized. Nopriori assumptions are made regarding associgtion

among individualsand proximity of individuals is interpreted geneticsimilarity.

3.3 Results

3.3.1 Analysis of genetic diversity

No locus showed significant departure from HWP across all sites. Based on data
from all ten loci, Port Townsend, Hood Canal, Kalaloch, Westport, and Longbeach
showed significant deationfrom HWP. These departures were attributed to only one to
two loci per each of the five sitesisfestimates indicated that departures from HWP were
small and attributed to both heterozygote deficit and excess (F&hl&stimated null
allele frequencies ranged from < 0.001% to 5.8%, suggesting relatively low
representation in overall allele frequencies. Global and pairwisesEmates were the
same with and without adjusted allele frequencies thatpocated estimated null alleles;
therefore all subsequent analyses were performed using observed altglericges. Two
pairs of loci were found to be in linkage disequilibrium after applying False Discover
Rate correction€€mal08a Cmal7andCmal7i Cma33 Closer examination revealed
that significant linkage disequilibrium was driven by only one siteifbeelocus pair, so
no loci were discarded from further analysis.

Observed heterozygosighowed no specific pattern of variation among sites and
ranged from 0.678 to 0.71While expected heterozygosity rargeom 0.685 to 0.710
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Allelic richnesswas ato similar amongll sitesand ranged from 11.1 to 1Bable
3.2). Together, our findings suggest that genetic diversity is similar among sites in Puget

Sound and coastal Washington.

3.3.2 Analysis of genetic differentiation

AMOVA indicated that therast majority of genetic variation (99.6 %) was
attributed to variation among individuals within sampling sites. AMOVA also provided
evidence for significant differentiation among sites=(0.015), as well as between the
two regions P = 0.021) Despiteeither strata only accounting for a very snpatiportion
of total genetic variance (1% and 3%, respetyivM(Table3.3), these results support the
presence of hierarchicgenetic population structure in Puget Sound and coastal
Washington

Hood Canal wa significantly differentiated from all other sites;fFange: 0.003
i 0.004) except Nisqually. Port Townsend and Central Sound were significantly
differentiated from all three coastal sitesi(Fange: 0.002 0.003), but Skagit and
Nisqually were onlyignificantly differentiated from the most southern coastal site,
Longbeach (Er= 0.003 and 0.002, respectively). Port Townsend, Skagit, Central Sound,
and Nisqually were not significantly different from one another, nor was there significant
differentiaton among Kalaloch, Westport, and Longbegicible3.4).

Factorial Correspondence AnalysigJA) of all individuals indicated slight
regional clustering, but no siecific clustering (Fig3.3a). The center of gravity for
individuals within each site @. the site average) indicated that sites within Puget Sound
tightly clustered together, with the exception of Hood Canal. Coastal Washington sites
were weakly clustered, separate of the Puget Sound sites .@hy.I8 general, findings
based on FCA cooborate evidence of genetic population structure in Puget Sound and

coastal Washington.

3.4 Discussion
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3.4.1 Genetic connectivity within Puget Sounadamastal Washington

Dungeness crab sampled at Skagit, Port Townsend, Central Sound, and Nisqually
were found to be genetically homogenous. This result is somewhat consistent with
previous studiesf bivalves within Puget Sountfadopalas et al. (2004) found evidence
for geneic homogeneity among geoduck clarRafopeaabruptg throughout Puget
Sound, while Parker et al. (2003) found a similar pattern among Baltic didacsifha
balthica). However, little neck clamdfotothaca stamineashowed considerable
genetic populationtaucture, suggesting the possibility of dispersal limitation, or the
presence of differential selection pressures that result fromgtieddecological niches
of Baltic and little neck clams (Parker et al. 2003). The strong swimming ability of
Dungenessrab larvaergviewed inRasmuson 20)3nay allow them to avoid some of
the hindrances of the local hydrology and maintain genetic connectivity within Puget
Sound.

Hood Canal was found to be significantly differentiated from other Puget Sound
sites, excpt Nisqually. This finding is likely due to larval retention within the Hood
Canal basin. Dinnel et al. (1993) observed a megalopae cohort that was only found at
sampling sites within or near the entrance to Hood Canal, suggesting that they originated
within the basin. Hood Canal is separated from the rest of Puget Sound by a long sill at
its northern extent which inhibits circulation, and leads to a lengthy water residence time
(Gregg and Pratt 2010). Dungeness crab are known to undergo deep vertidabmsigra
during larval stages (Jamieson and Phillips 1993). In Hood Canal, such migrations may
further inhibit transport out of the basin since deeper waters have a slow landward current
(Gregg and Pratt 2010). Migration of adult crab out of Hood Canaliiselynkince
movements tend to be localized within the basin, even during seasonal hypoxic events
(Froelich et al. 2014). Similar to our results, Beacham et al. (2008) reported genetic
differentiation between Dungeness crab in the deep fijgedAlison Sauind and other
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locations in British Columbia. The authors hypothesized that the shape and hydrology of
the Alison Sound basin leads to larval retention, and subsequently, genetic divergence.

Nisqually was the only site in Puget Sound not found to be gatigtic
differentiated from Hood Canal based on pairwisedstimates. The ecological or
evolutionary mechanism that would lead to this result remains unclear, but direct larval
connectivity between Hood Canal and Nisqually seems unlikely due to the geograph
orientation of their respective stfasins. Nisqually is located in the Southern Basin,
where estuarine flow is directed seaward into the Main Basin. Tidal residual eddies
complicate normal estuarine circulation, and cause some recirculation of whter at
entrance to the Southern Basin (i.e. the Narrows) (Yang and Wang 2013). Much of the
water exiting the Southern Basin undergoes a second recirculation, first flowing
unidirectionally northward through Colvos Passage, and then clockwise around Vashon
Island through the Eastern Passaedback to the Narrows (Ebbesmeyer et al. 1988). It
would seem that these hydrological complexities would promote retention of larvae in
southern Puget Sound, and not allow for direct dispersal between the Southero Basin
Hood Canal.

We did not observe significant genetic differentiation among sites in coastal
Washington. This finding is consistent with the weak differentiation reported for
Dungeness crab i n coaisrevew. GRan thgrelaivigisiod Mal | ey
geographic distance between coastal sampling sites, it is likely that a considerable

amount of migrant exchange occurs on an annual basis.

3.4.2 Genetic connectivity between Puget Soand coastalWashington

We found evidence of significagenetic differentiation between Puget Sound
and coastal Washington. Genetic differentiation of Puget Sound and coastal populations
has been described in several species with planktonic larvae including Pacific hake
(Merluccius productus(lwamoto et al. 204), Pacific codGadus macrocephalus

(Cunningham et al. 2009), copper rockf(Sebastes caurinygBuonaccorsi et al. 2002)
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and brown rockfist{Sebastes auriculatygBuonaccorset al. 2005). These studies all
hypothesize that genetic differences among P8gand and coastal populations are
driven by current direction and long water retention in Puget Sound limiting larval
dispersal. ThougDungeness crab have a longer pelagiede duratiotthan any of the
aforementioned species (ranging fror8 thonths) K. productus McFarlene and

Beamish 1985S auriculatus Love et al. 2002S. caurinus Carr and Syms 20063.
macrocephalusDoyle et al. 2009), they may experience similar environmental
limitations to larval dispersal in Puget SouRdr instancediel vertical migration of
Dungeness crab larvae has been identified as a possible mechanism for larval retention in
the Strait of dan de Fuca due to the presence of landward currents at depth (Jamieson
and Phillips 1993).

Skagit and Nisqually were only found to be significantly differentiated from the
most southern coastal site, Longbeach. Direct connectivity between Skagit aadl coas
Washington is possible given that it is located in the Whidbey Basin, which is connected
to the Strait of Juan de Fuca via Deception Pass and Swinomish Channel. Deception pass
could be a dispersal pathway for both ocesard Whidbey Bashoriginating arvae,
while both Deception Pass and Swinomish Channel may provide a migration pathway to
and from the Strait of Juan de Fuca. Direct larval connectivity between Nisqually and
coastal Washington would likely have to be directed from the coast to Southerd, S
since multiple recirculations of estuarine flow (Ebbesmeyer et al. 1988; Yang and Wang

2013) may inhibit northward larval transport.

3.4.3 Conclusions and future considerations

Overall, our findings indicate that genetic connectivity is stromggin Puget
Sound or coastal Washington than between these two areas. Evidence for reduced genetic
connectivity between Hood Canal and other Puget Sound sites suggests that the
hydrological complexities of fjortike water bodies may restrict gene flowiingeness

crab. Depite this finding, our resultsadnot indicate that altering the management
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strategy of the fishery is necessary at this time, since we did not find eviferedeiced
genetic diversity within Puget Sound, or Hood Canal specificaltyektheless, it would
be prudent to monitor genetic diversity over time, asicel genetic connectivity can
lead to reductions in genetic diversity and effective population size (Schwartz et al.
2007).

While our findings provide useful insight into thenoectivity of Dungeness crab
within Puget Sound, and between Puget Sound and coastal Washington, we must address
several considerations. It is important to note that our results reflect genetic connectivity
(i.e. the effect of gene flow on evolutionary pesses) and not demographic connectivity
(i.e. the effect of dispersal on population vital rateswe and Allendorf 2010). By
studying genetic connectivity, we are unable to confidently discern between
contemporary and historical gene flow. For instatwe,sites that exist largely
demographically independent of one another in the present day (i.e. no gene flow) may
still be genetically similar due to a small amount of historical or temporally inconsistent
gene flow among them (Lowe and Allendorf 201)ture genetic studies of Dungeness
crab in Puget Sound should consider methods that integrate neutral and adaptive genetic
variation. Complex environmental gradients (e.g. hypoxia, salinity, bathymetry) which
differ among Puget Sound stiasins present éhpossibility of adaptive differences
driven by natural selection, which microsatellites cannot désestomic approaches are
becoming increasing mastream (Kumar and Kocour 201@nd havealsobeen
demonstrated to provide greater power for quantifyiregrate of gene flow (Benestan et
al 2015), thus lessening the gap between genetic and demographic connectivity.

Lastly, the information provided in this study would be best followed by
empirical studies of population dynamics, and should not stand ascmeneasurement
of connectivity. For instance, though numerous studies have found that the majority of
coastal Dungeness crab appear to be fairly localized in their movements, some have been
known to travel distances up to 90 km (Hildenbrand et al. 204dyement between
Puget Sound basins is largely unknown and could be studied viaretagixture or

acoustic telemetry (see Hildenbrand et al. 2011 and Froelich et al. 2014). Monitoring
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larval recruitment has also been demonstrated to be a useful tomldrstanding the
relationship between settlement and oceanographic conditions, as well as the subsequent
variation in commercial harvest (Shanks and Roegner 2007; Shanks et al. 2010; Shanks
2013). Given the existence of multiple recruitment cohorts irhaortPuget Sound and

the Strait of Juan de Fuca (Dinnel et al. 1993; McMillan et al. 1995), continuing to

monitor long term patterns of recruitment timing and magnitude should be considered.
Such information could be used in combination with genetic dgteotvide more

detailed knowledge of the relationship between connectivity and oceanographic

conditions in Puget Sound and coastal Washington.
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Figure 3.1 Map of nine coastal locations sampled in 2014 that were merged into three
sites (Kalaloch, Westpgrand Longbeach) for subsequent analyses (grey triangles), and
five Puget Sound sites that were sampled in 2015 (black circles). The fizasinls of

Puget Sound are indicated by numbers and separated by dashed lines: 1) Admiralty Inlet,
2) Whidbey Basi, 3) Main Basin, 4) Southern Basin, and 5) Hood Canal.
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Figure 3.2. Boxplots of carapace width for male (si)d female (Fpungeness crab
sampled at each site showing median values (horizontal lines), 25th and 75th percentiles
(box outline), range ofalues within 1.5 times the interquartile range (whiskers), and

outlier (points).



