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Understanding connectivity among exploited populations is critical to their 

sustainable management and long-term viability. In the marine environment, estimates of 

connectivity often 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 thesis, 

we investigated the population genetic structure of the most valuable commercially 

harvested species on the west coast of the United States, the Dungeness crab (Cancer 

magister). We utilized both population- and individual-based genetic analyses to 

establish baseline knowledge of genetic connectivity of Dungeness crab throughout 

~1,200 km of the California Current System (CCS) in 2012, and tested for inter-annual 

variability in our estimates by sampling again in 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 pairwise FST. In 2014, 

pairwise FST estimates were noticeably lower, there was no spatial autocorrelation, and 

fewer sights had significant evidence of kin aggregation. We attributed these findings to 

increased migrant exchange during potential larval dispersal years, which was mediated 

by variation in physical oceanographic conditions (i.e. Pacific Decadal Oscillation phase, 

timing of the spring transition, amount of upwelling during the spring and summer). 

Dispersal trajectory, and thus gene flow, is likely influenced by variation in physical 

oceanographic conditions, thereby affecting genetic population structure. Estimates of 



 

 

effective population size (NE) indicated that NE was large in both 2012 and 2014, but we 

were unable to discern any change between years. Together, these findings suggest that 

Dungeness crab in the CCS may constitute a single evolutionary population, though 

geographically limited dispersal results in isolation by distance. We also evaluated 

genetic connectivity 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. Genetic 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 a ‘high gene flow’ species, despite evidence supporting geographically limited gene 

flow. Our findings did not indicate that altering the management strategy to reflect 

discrete genetic subunits or conversation needs (i.e. low genetic diversity) is necessary at 

this time. In addition, our findings highlight the need for future research to investigate 

demographic processes that influence gene flow (i.e. dispersal trajectory). 
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Chapter 1 – General introduction 

 

1.1  Population connectivity 

 

1.1.1  Patterns of connectivity 

 

Population connectivity describes the exchange of individuals among 

geographically distant subpopulations. Estimating connectivity is a focal point of marine 

ecology and conservation, as the design of effective management strategies relies on 

precise knowledge of the spatial scales over which populations exist (Cowen et al. 2007; 

Cowen and Sponaugle 2009). For many 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, whereby 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 traditional assumptions, having a planktonic larval stage does not 

assure connectivity, nor is pelagic larval duration (PLD) always an accurate indicator of 

the geographic scale of dispersal (Shanks 2009) and gene flow (Weersing and Toonen 

2009). Instead, an array 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 geographic ranges (Mytilus 

californianus, Addison et al. 2008; various invertebrates, Kelly and Palumbi 2010; 

Pristipomoides filamentosus, Gaither et al. 2011), while others have demonstrated that 

populations separated by tens of kilometers can be as genetically dissimilar as those 

separated by hundreds of kilometers (Larson and Julian 1999; Panulirus interruptus, 

Iacchei et al. 2013; Siphonaria diemenensis, Teske et al. 2016). Such patchy genetic 

structure can arise from a variety of processes which are not always predictable or 
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mutually exclusive. For example, these include limited realized dispersal resulting from 

local environmental features (Kelletia kelletii, White et al. 2010; Stegastes partitus 

Christie et al. 2010; Siphonaria diemenesis Teske et al. 2016), the cohesive dispersal of 

kin (Paralabrax clathratus, Selkoe et al. 2006; Neopomacentrus miryae, Ben Tzvi et al. 

2012; Dascyllus trimaculatus, Bernardi et al. 2012; Panulirus interruptus, Iacchei et al. 

2013; Coryphopterus personatus, Selwyn et al. 2016), or the reproductive success of only 

a disproportionately low number of individuals (i.e. sweepstakes reproductive success) 

(Hedgecock 1994a; 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 flow may differ from that of the coastal ocean. For 

example, 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 ocean 

(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 test the temporal 

stability of estimates, thus reducing the chance of making inaccurate conclusions based 
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on error (Waples 1998). Testing for temporal stability also helps determine whether 

statistically significant results are biologically meaningful (Knutsen et al. 2011). When 

results at different time points vary, and are determined to be a true biological signal (i.e. 

not the result of background noise), such variation may add to the understanding of 

demographic processes that result in genetic structure. For example, inter-annual 

variation in genetic structure may be indicative of sweepstakes reproductive success 

(Johnson and Black 1982; Christie et al. 2010; Marino et al. 2010; Hedgecock and 

Pudovkin 2011), or fluctuations in the direction or magnitude of dispersal (Forin and 

Höglund 2007).  

 

1.2  Dungeness crab 

 

1.2.1  Early life history 

 

The Dungeness crab (Cancer magister) is a decapod crustacean that inhabits the 

estuarine and marine environment from the Aleutian Islands of Alaska to southern 

California. The pelagic larval stage of Dungeness crab is long, lasting approximately 74 

to 163 days, and consists of five zoeal stages and one megalopal stage (Poole 1996; 

Moloney et al. 1994). In the California Current System (CCS), 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 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 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 summer) 

(Shanks and Roegner 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 Georgia (i.e. the Salish Sea) may not reach the Pacific Ocean, thus 

completing their entire larval development in Puget Sound (Jamieson and Phillips 1993). 

 

1.2.2  Genetic connectivity 

 

 The earliest population genetic study of Dungeness crab did not find any evidence 

of structure across nine sites in Alaska, British Columbia, Washington, Oregon, and 

California based on 25 allozyme markers (Soule and Tasto 1983). The authors attributed 

the apparent lack of genetic population structure to an immense dispersal capability and 

wide spread gene flow. Two more recent studies used highly polymorphic microsatellite 

markers and found evidence for genetic population structure at spatial scales smaller than 

examined by Soule and Tasto (1983). Beacham et al. (2008) examined genetic variation 

at eight sites in British Columbia (coast and Strait of Georgia) using eight microsatellite 

loci, and found that 1) a fjord-like water body, Alison Sound, was clearly differentiated 

from all other sites, 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 evidence of 

isolation by distance (IBD) (Wright 1943). The authors concluded that substantial larval 

retention may be present in Alison Sound, and that there is potential for genetic 

differentiation between the coastal ocean and the Salish Sea (Beacham et al. 2008). 

O’Malley et al. (in review) examined genetic variation at twelve sites along the Oregon 

coast and two sites in British Columbia using ten microsatellite loci. The authors found 

little evidence of genetic structure or IBD along the Oregon coast, but reported significant 

differentiation between the British Columbia and Oregon sites. Together, findings from 

Beacham et al. (2008) and O’Malley et al. (in review) indicate that genetic population 

structure may be present in Dungeness crab based on microsatellite markers. 

Furthermore, the difference in findings between British Columbia and the Oregon coast 

demonstrates the need to examine genetic connectivity on a coast-wide scale. 
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1.2.3  Fishery management  

 

Dungeness crab is a species of high commercial value. Much of the commercial 

fishery is focused in the CCS where Dungeness crab is the most valuable commercially 

harvested species (Rasmuson 2013). In 2014, commercial landings accounted for 26% of 

all ex-vessel revenue in the CCS (NMFS 2015). The coastal commercial fishery remains 

one of the few operating in both state and federal waters that is managed by the states, 

though there is much cooperation through the Tri-State Dungeness Crab Committee 

under the Pacific States Marine Fisheries Commission (PSMFC). The basic management 

strategy follows the ‘3-S’ system referring to restrictions on sex, size, and season (i.e. 

males ≥ 159 mm carapace width, during a limited entry season). There is no formal stock 

assessment or predetermined annual catch quota (Rasmuson 2013), and it is estimated 

that 90% of available legal sized males are harvested annually (Methot and Botsford 

1982). The only fishery independent assessment in the CCS is the Tri-State Pre-Season 

Test Fishery which is conducted to determine the season start date based on the meat 

content ratio of legally harvestable males (PSFC 2014). Commercial harvest in the CCS 

is known to undergo large inter-annual fluctuations. Despite the immense fishing 

pressure, these fluctuations are thought to be driven by the effects of physical 

oceanographic conditions on larval recruitment rather than overharvest (McKelvey et al. 

1980; Shanks and 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 treaty tribes have been 

allocated up to half of the available surplus of shellfish, which in this case refers to 

legally harvestable Dungeness crabs (i.e. males ≥ 159 mm). In addition, the recreational 

fishery in Puget Sound accounts for a considerable amount of the total harvest by state 

managed fisheries (~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 Department of Fish and Wildlife. 
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Puget Sound and the Strait of Juan de Fuca are broken up into several management areas, 

and annual quotas are based on catches of previous years (Fisher and Velasquez 2008).  

 

1.2.4  Research need  

 

 Understanding the genetic structure of exploited populations is critical to their 

sustainable management (Palsbøll et al. 2007; Allendorf et al. 2008; Waples et al. 2008). 

The necessity for this type of knowledge regarding Dungeness crab throughout the CCS 

and Puget Sound is easily recognizable, but currently lacking. Inter-annual 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 reproductive success; two scenarios which could have strong 

implications for genetic variation of the stock. In addition, fishery management in both 

the CCS and Puget Sound is not based on precise knowledge of the scale of biological 

management units (Palsbøll et al. 2007).When such information is unknown, continued 

harvest could result in overexploitation of subpopulations, leading to a reduction in 

genetic diversity that can limit the productivity and long-term viability of a fishery 

(Allendorf et al. 2008; Spies and Punt 2015). Delineating genetic population structure of 

Dungeness crab equips managers with knowledge necessary to align management 

strategies with biological units, and make informed marine spatial planning decisions. 

This research could also impact coastal communities as a whole, since a need for 

management alteration would 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 System (CCS) and Puget Sound. Our main objectives were to 1) 

establish baseline knowledge of genetic population structure of Dungeness crab 

throughout the CCS, 2) assess inter-annual 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 population- and individual-

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 species. We then 

repeat these analyses in 2014, and report on the observed differences in genetic 

connectivity in relation to variation in physical oceanographic conditions (i.e. Pacific 

Decadal Oscillation, timing of the spring transition, amount of upwelling during the 

spring and summer) preceding 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 stronger within the coastal ocean than within a partially enclosed water 

body, as well as to determine if there is connectivity between Puget Sound and the coast. 
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Chapter 2 – Evidence for isolation by distance and inter-annual variation in 

genetic structure of Dungeness crab (Cancer magister) along 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 task, since dispersal 

primarily occurs during a planktonic larval phase in many species (Cowen et al. 2007; 

Cowen and Sponaugle 2009). In lieu of efficient direct methods (e.g. mark-recapture, 

telemetry tagging), genetic markers have become an increasingly popular indirect tool for 

evaluating connectivity (Hellberg et al. 2002; Waples and Gaggliotti 2006). As a result, 

delineation of population sub-units and the design of management strategies has relied 

extensively on estimates of genetic connectivity (i.e. the effect of gene flow on 

populations) (Palumbi 2003; Palsbøll et al. 2007; 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. heterozygosity, 

allelic richness) and degree of differentiation (e.g. FST, GST, D) within and among 

populations (Slatkin 1985; Waples and Gaggliotti 2006; Lowe and Allendorf 2010). More 

recent advancements have also demonstrated the utility of complementary measures such 

as kinship (Plasbøll et al. 2010; Iacchei et al. 2013; Selwyn et al. 2016) and assignment 

tests (Manel et al. 2005; Thomas and Bell 2013; Benestan et al. 2015). These more 

‘individual-based’ analyses focus on how genetic variation within populations is 

distributed among individuals, and can provide greater detail on the demographic 

processes that influence genetic variation (e.g. kin aggregation, dispersal). When used 

together, population- and individual-based analyses provide a powerful framework that 

can be used to make inferences regarding connectivity in the context of both evolutionary 

and ecological processes. 
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A principal challenge of using this framework to obtain accurate estimates of 

genetic connectivity for many 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 biological signals may be difficult to 

disentangle. This means that relatively weak genetic population structure may be 

confounded by even small biases associated with sampling design, marker choice, or 

conformance to statistical assumptions. One approach to overcome this challenge is to 

evaluate inter-annual 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 inter-annual variability, coupling genetic observations with 

knowledge of other biological (e.g. age structure, larval recruitment) or physical (e.g. 

oceanographic conditions) characteristics adds dimensionality to estimates of genetic 

connectivity by providing a more comprehensive understanding of the mechanisms that 

regulate gene flow (Waples 1998; Schwartz et al. 2007). For instance, numerous studies 

have linked inter-annual variation in genetic population structure to ecological processes 

mediated by physical oceanographic conditions, including delivery of larval migrants 

(Florin and Höglund 2007) and sweepstakes reproductive success (SRS) (Johnson and 

Black 1982; Hedgecock 1994a; Christie et al. 2010; Marino et al. 2010; Hedgecock 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 generation. The affect that such events have on the temporal 

consistency of genetic variation depends on several genetic (e.g. amount of resultant gene 

flow, effective population size NE) and demographic (e.g. frequency of dispersal 

variability, presence of overlapping generations, skewedness of age structure) 

characteristics of populations (Slatkin 1985; Hare 2011).  Regardless, the degree of inter-

annual variability remains essential knowledge, as the effectiveness of management 

strategies which are based on estimates of genetic connectivity relies on accuracy and 

consistency over time.  
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The Dungeness crab (Cancer magister) is 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 

localized on a scale of 20-50 km (Gotshall 1978; Collier 1983; Diamond and Hankin 

1985; Smith and Jamieson 1991; Hildenbrand et al. 2011), dispersal primarily 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 stage 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 weakens and late stage zoea are typically found off the continental shelf 

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 of larval 

recruitment has been correlated with oceanographic indices such as the timing of the 

spring transition, Pacific Decadal Oscillation (PDO), and the amount of upwelling during 

the settlement season (i.e. spring and summer) (Shanks and Roegner 2007; Shanks et al. 

2010; Shanks 2013). These indices relate to variation in the wind-forced, along- and 

cross-shelf circulation thought to influence larval trajectories. Since larvae are likely the 

primary migrants, variation in physical oceanographic conditions may not only 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. 2008), and genetic homogeneity along 585 km of the Oregon coast 

(O’Malley et al. in review). However, 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 genetic variation of Dungeness crab throughout ~1,200 km of the CCS and 
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2) evaluate inter-annual variability in genetic population structure. Using both 

population- and individual-based analyses within a hierarchal analytical framework, we 

first establish a baseline of genetic population structure in 2012 to test the null hypothesis 

of panmixia. We then test for inter-annual variability by repeating these analyses in 2014. 

Lastly, we discuss our findings regarding genetic connectivity of this species in relation 

to variation in physical 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 collected in November 2012 and 2014 during the Tri-

State Pre-Season Test Fishery (Pacific States Marine Fisheries 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 from adult females and sub-legal sized males (≤ 158 mm carapace width) by 

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, carapace 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 described by 

Ivanova 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 µL reactions containing 
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25 mM MgCl, 10 mM dNTPs, 10 µM forward and reverse primers, 5x colorless PCR 

buffer, 5 U/µL Taq polymerase, double distilled water (ddH2O), and 1 µL of DNA 

template. Thermocycling protocols consisted of 25-35 cycles at 95° C for 30 s, followed 

by 48 – 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 within the same site in a given year were assumed to be error and 

removed. 

 

2.2.3  Analysis of genetic diversity 

 

Conformance to Hardy-Weinberg proportions (HWP) and linkage equilibrium 

were evaluated using the software program Genepop version 4.2 (Raymond and Rousset 

1995; Rousset 2008). False Discovery Rate (FDR) corrections (Benjamini and Hochberg 

1995) were applied to pairs of loci found to be significantly in linkage disequilibrium 

(LD). The presence of null alleles was estimated using the software program FreeNA 

(Chapuis and Estoup 2007). FreeNA estimates the frequency of null alleles in each 

sampling site across all loci, and calculates global and pairwise FST estimates (Weir 1996) 

using observed data with and without the addition of null alleles. To assess the degree of 

departure from HWP, the inbreeding coefficient FIS was 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 heterozygosity were calculated 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 locus, corrected to the 

smallest sampling size. 

 

2.2.4  Analysis of genetic population structure 
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2.2.4.1  AMOVA and pairwise FST 

 

 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; 2006). Within 

a hierarchal framework, we assessed the variance in allele frequencies among individuals, 

sampling sites, and regions in both 2012 and 2014. Regions 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), and Point Arena (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) (Fig. 2.1). 

Following the AMOVA, we calculated pairwise FST estimates (Weir and 

Cockerham 1984) among sampling sites and regions for both 2012 and 2014 using 

GENETIX. FST estimates were tested for significance by performing 10,000 

permutations, and applying FDR corrections. We also tested for inter-annual variation in 

allele frequencies within a given site by calculating pairwise FST estimates across years. 

The statistical power for detecting genetic differentiation as measured by FST was 

assessed using the simulation software POWSIM (Ryman and Palm 2006). POWSIM 

uses observed sample sizes, the number of microsatellite loci, and allele frequencies at 

each locus to simulate sampling of individuals from a given number of sub-populations 

that have diverged to a user-defined level of genetic differentiation (FST). POWSIM then 

tests for significant differentiation among samples using Fisher’s exact test. The 

proportion of significant tests after all iterations (in this case 1,000) is the power to detect 

genetic differentiation at the given value of FST. Simulations based on observed allele 

frequencies indicated that there was a high probability of type I error when testing for 

genetic differentiation when FST was very small (FST < 0.001). Based on further rounds of 

simulations, we concluded that low 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%) to detect genetic 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 FST estimates and Euclidean (i.e straight line) distance between sampling sites 

in GenoDive. 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), non-continuous 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 GenoDive. This approached allows for a 

test of spatial autocorrelation at specific distances, and clarifies interpretation of Mantel 

results when correlation is weak. Distance observations were divided into seven 

continuous, non-overlapping ‘distance classes’ which had ranges of 0 – 120, 121 – 240, 

241 – 360, 361 – 480, 481 – 600, 601 – 720, and ≥ 721 km (Appendix Table A2.1). 

Designation of distance classes sought to maintain consistency in the geographic range of 

each class, while including a sufficient number of pairwise comparisons within each class 

to accurately test for a correlation (Diniz-Filho et al. 2013). We then computed Mantel’s r 

(rm; similar to Pearson’s correlation coefficient) for the relationship between FST and 

geographic distance within each class, and constructed a correlogram by plotting 

Mantel’s r and the mean geographic distance of each class (Oden and Sokal 1986; Diniz-

Filho et al. 2013). Mantel’s r for each distance class was tested for significance using 

1,000 permutations. We also constructed a distogram by plotting the mean of pairwise 

FST estimates and geographic distance for each class (Diniz-Filho et al. 2013). 

Lastly, since regional site groupings were based on a 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 genetic structure which is misinterpreted 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 test is similar 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 pairwise FST estimates among 

sites and region membership, while accounting for geographic distance as a 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 of 1s, when 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 correctly assigned to the 

region in which they were sampled to further test the null hypothesis of panmixia. In 

assignment analyses, if a high proportion of individuals can be correctly assigned based 

on their genotypes, there is evidence of genetic population structure (Manel et al. 2005). 

We computed the log likelihood that an individual’s genotype occurs in a given region, 

based on the allele frequencies of that region (Paetkau et al. 1995) in GenoDive. 

Individuals were assigned to the region in which their genotype 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 (Meirmans et al. 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 (Iacchei et al. 2013; Teske et 

al. 2016). We evaluated kin aggregation in Dungeness crab by computing the Lynch and 

Ritland (1999) relationship coefficient (𝑟) for each pair of individuals using the package 

‘related’ (Pew et al. 2015) in R version 3.2.1 (R Core Team 2016). To validate our use of 

Lynch and Ritland’s (1999) 𝑟 as a relatedness estimator, we conducted several rounds of 

simulations in ‘related’ using 𝑟, the triadic likelihood estimator (Wang 2007), and the 

dyadic likelihood estimator (Milligan 2003). During simulations, genotypes of 

individuals were generated based on the allele frequency distribution of our observed data 

and all relationships were known. Simulations indicated that Lynch and Ritland’s (1999) 

𝑟 had a similar distribution of relatedness values for non-relatives and relatives as the two 

commonly used likelihood estimators (Appendix Figure A2.1).  

Based on this finding, we then calculated mean 𝑟 ( 𝑟 ) among all pairs of 

individuals within a given site. We identified sites that had a higher 𝑟 than expected in a 

randomly associated population by permuting individuals among sites 1,000 times, and 

re-calculating  𝑟  after each iteration to generate a null distribution of 𝑟 for each site. We 

then compared the observed 𝑟 of each site to its respective distribution and obtained a 

pseudo P-value (Pew et al. 2015). For sites that had significantly greater than expected 𝑟, 

the relationship between 𝑟 and the mean of pairwise FST estimates for each site was 

examined using linear regression. Only sites with a sample size greater than N = 50 were 

used in this correlation. 

 

2.2.5  Effective population size 

 

  Effective population size (NE) is an important parameter to understanding genetic 

connectivity, as it places genetic variation in the context of microevolutionary processes 

(i.e. adaptation, genetic drift) (Hare 2011). NE was estimated for each of the four regions 

using the single-sample linkage disequilibrium estimator (Waples and Do 2008) 

implemented in NeEstimator version 2.01 (Do et al. 2014).  We excluded low frequency 
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alleles (i.e. those that occur only once in a site) from calculation of NE by choosing a P-

critical value of 0.01. 

 

2.3  Results 

 

2.3.1  Analysis of genetic variation 

 

Several sites were found to significantly deviate from Hardy-Weinberg 

proportions (HWP) in either 2012 (N sites = 9) or 2014 (N sites = 5), 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 included Cma102, Cma114, Cma118, 

Cma17, Cma33, and Cma43 (Appendix Table A2.2). FIS estimates indicated that 

departures from HWP included both heterozygote excess and deficiency in 2012 (FIS 

range: -0.101 – 0.081) and 2014 (FIS range: -0.079 – 0.078) (Table 2.2). Estimated null 

allele frequencies averaged 1.4% and 1.2% across all loci in 2012 and 2014, respectively, 

and did not affect global or pairwise FST across all markers. Significant linkage 

disequilibrium (LD) was found in eight pairs of loci in 2012 and five pairs of loci in 

2014, though no locus pair remained consistently in LD across years. Further 

examination revealed that for most pairs of loci the overall significance of LD could be 

attributed to a single site having a P-value of zero, and no site-specific pattern of LD 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. The number of alleles per locus was variable among sites in both 

2012 (NA range: 7.3 – 13.5) and 2014 (NA range: 6.0 – 13.6), though allelic richness had a 

much narrower range in both 2012 (AR range: 5.5 – 6.2) and 2014 (AR range: 5.5 – 6.0). 

Observed heterozygosity was slightly greater in 2012 (HO range: 0.630 – 0.768) than in 

2014 (HO range: 0.622 – 0.737), while expected heterozygosity was similar between 

years (2012 HE range: 0.622 – 0.712; 2014 HE range: 0.637 – 0.714) (Table 2.2).  
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2.3.2  Analysis of genetic population structure 

 

2.3.2.1  AMOVA and pairwise FST 

 

 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 variation was explained by variance among sampling sites (0.1%, P = 0.067); 

however, eight pairwise FST estimates were significant after applying False Discovery 

Rate corrections. Eel River was significantly differentiated from Buoy 3 (FST = 0.010, P < 

0.001), Grayland (FST = 0.007, P = 0.001), Seaview (FST = 0.007, P < 0.001), and 

Garibaldi South (FST = 0.009, P < 0.001). Russian River and Half Moon Bay were both 

significantly differentiated from Buoy 3 (FST = 0.009, P < 0.001; FST = 0.007, P = 0.001, 

respectively) and Garibaldi South (FST = 0.010, P < 0.001; 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 necessary to obtain sufficient 

statistical power (N = 50).  

AMOVA provided evidence for significant regional differentiation in 2012, 

despite it only accounting for a very small proportion of total genetic variance (0.2%, P < 

0.001). Pairwise FST estimates indicated that North CC was significantly differentiated 

from Mid CC (FST = 0.001, P < 0.001) and South CC (FST = 0.002, P < 0.001). South CC 

was also significantly differentiated from Ft. Bragg (FST = 0.003, P = 0.002). North CC 

and Mid CC were not significantly differentiated from Ft. Bragg (FST = 0.001; 0.001, 

respectively), and Mid CC was not significantly differentiated from South CC (FST = 

0.001) (Table 2.3a). 

In 2014, AMOVA indicated that all genetic variation was attributed to variation 

among individuals within sampling sites (~100%), and no sites were significantly 

differentiated based on pairwise comparisons (FST range: -0.015 – 0.006) (Fig. 2.2b). 
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Furthermore, there was no evidence of significant pairwise differentiation at the regional 

level (FST range: -0.001 – 0.002) (Table 2.3b).  

As for inter-annual variation in genetic structure, pairwise FST estimates indicated 

that Peacock Spit was the only site found to be significantly differentiated across years 

(FST = 0.003, P = 0.025) (Table 2.4a). At the regional level, significant inter-annual 

differentiation was observed for North CC (FST = 0.001, P = 0.000) and South CC (FST = 

0.003, P = 0.020). Mid CC and Ft. Bragg were not significantly differentiated between 

years (FST = 0.000; 0.000, respectively) (Table 2.4b), 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 pairwise FST) was significantly correlated 

with geographic distance between sampling sites in 2012 (rm = 0.232, P = 0.006). While 

this relationship was significant using 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 (rm = 0.136, P = 0.001), and sites that were greater than 720 km apart were more 

different than expected by chance (rm = -0.17, P = 0.025). Despite the lack of statistical 

significance, other distance classes (121 – 240, 241 – 360, 361 – 480, 481 – 600, and 601 

– 720 km) showed a steady increase in genetic differentiation with increasing geographic 

distance, indicative of isolation by distance (Fig. 2.3; Appendix Table A2.1a). In 2014, 

there was not a significant correlation between genetic differentiation and geographic 

distance across all sites (rm = 0.032, P = 0.281). No relationship emerged after evaluating 

separate distance classes, though sites between 481 – 600 km apart were more different 

than expected by chance (rm = -0.089, P = 0.014) (Fig. 2.3a; Appendix Table A2.1b).  

 A partial Mantel test indicated that genetic differentiation among sites was not 

related to region membership after accounting for geographic distance between sites in 

either 2012 or 2014 (rm = -0.212; 0.112, P = 0.500; 0.523, respectively). Therefore, sites 
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located within the same region are more likely to be genetically similar due to their 

geographic proximity as oppose to a break 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 (27%), but increased for Mid CC (33%) (Table 

2.5). These results further support the finding of very weak genetic differentiation in 

2012 and 2014. 

 

2.3.2.4  Kin aggregation 

 

In 2012, 𝑟 was significantly greater than expected in nine sites: Astoria South (𝑟 = 

0.005, pseudo-P = 0.000), Garibaldi South (𝑟 = 0.004, pseudo-P = 0.009), Newport North 

(𝑟 = 0.003, pseudo-P = 0.016), Port Orford South (𝑟 = 0.003, pseudo-P = 0.031), 

Brookings North (𝑟 = 0.003, pseudo-P = 0.025), Eel River (𝑟 = 0.029, pseudo-P = 0.000), 

Russian River (𝑟 = 0.007, pseudo-P = 0.011), Duxbury Reef (𝑟 = 0.013, pseudo-P = 

0.000), and Half Moon Bay (𝑟 = 0.015, pseudo-P = 0.000) (Table 2.2). In 2014, the only 

sites with significantly greater than expected 𝑟 were Grayland (𝑟 = 0.002, pseudo-P = 

0.032), Garibaldi South (𝑟 = 0.007, pseudo-P = 0.032), and Brookings North (𝑟 = 0.003, 

pseudo-P = 0.041) (Table 2.2). Note that 𝑟 represents mean pairwise calculations of 𝑟 

among all individuals within each site, including both relatives and non-relatives. 

Therefore, 𝑟 is considerably less than what would be expected for true half-siblings (𝑟 = 

0.25) and full-siblings (𝑟 = 0.5) (Lynch and Ritland 1999). We also found a significant 

positive relationship between 𝑟 and mean pairwise FST for ten sites with significant 

evidence of kin aggregation (R2 = 0.84, P < 0.001) (Fig. 2.4). This correlation suggests 
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that kin aggregation may be a factor contributing to allele frequency differences among 

sites. 

 

2.3.3  Effective population size 

 

In 2012, North CC had the largest NE estimate (NE  = 136,490; 95% CI: 7,467 - 

Infinity) while Mid CC (NE  = 1,436; 95% CI: 793 - 5,148) , Ft. Bragg (NE  = 1,289; 95% 

CI: 370 - Infinity), and South CC (NE  = 1,312; 95% CI: 55 - Infinity) were all fairly 

similar (Table 2.6a). In 2014, all estimates showed an apparent increase. NE for North 

CC, Mid CC, and Ft. Bragg was undistinguishable from infinity, while NE for South CC 

remained finite (NE  = 1,761; 95% CI: 211 – Infinity) (Table 2.6b). The wide range of 

95% confidence intervals indicated that precision of estimates was low in both years 

(Table 2.6), therefore it is difficult to distinguish between an actual NE that is large (i.e. 

thousands) or very large (i.e. infinite) (Waples and Do 2010). 

 

2.4  Discussion 

 

2.4.1  Evidence for strong connectivity and geographically limited gene flow 

 

Our first objective in this study was to establish a baseline of genetic population 

structure of Dungeness crab in the California Current System (CCS). Throughout our 

~1,200 km study range, we observed moderately high genetic variation within sites. 

Previous population genetic studies of Dungeness crab have also found similar levels of 

expected heterozygosity and number of alleles per locus, in coastal Oregon (O’Malley et 

al. in review) and British Columbia (Beacham et al. 2008). Our findings are also 

comparable to other marine invertebrates in the CCS (Balanus glandula, Hedgecock 

1994b; Paralabrax clathratus, Selkoe et al. 2006; Panulirus interruptus, Iacchei et al. 

2013), as well as other species with long lived planktonic larvae (Jasus edwardsii, 

Thomas and Bell 2010; Palinurus elephas, Palero 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 finding is consistent with a prior population genetic study of coastal Oregon 

Dungeness crab (O’Malley et al. in review). Weak genetic differentiation across broad 

geographic ranges is also fairly common among fishes and invertebrates with planktonic 

larval stages in the CCS (Sebastes rastrelliger, Buonaccorsi et al. 2004; Mytilus 

californianus, Addison et al. 2008; several invertebrates, Kelly and Palumbi 2010). 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 coast-wide) between increasing genetic differentiation 

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 this manner, gene flow occurs 

within spatially restricted ‘neighborhoods’ which are linked together as described by the 

one dimensional stepping stone model (Kimura and Weiss 1964). However, 

neighborhoods appear to be continuous as opposed to discrete, thereby not having well 

defined boundaries. A somewhat similar pattern has been observed among red drum 

(Sciaenops ocellatus) inhabiting estuaries of the northern Gulf of Mexico (Gold et al. 

2001). This pattern leads to strong genetic connectivity among Dungeness crab 

throughout the CCS, which is likely achieved by gene flow that occurs over several 

generations, as opposed to broad scale panmixia. 

In combination with geographically limited gene flow, kin aggregation also likely 

contributes to genetic differentiation of Dungeness crab in the CCS. We found that 

several sites in both years had higher relatedness (𝑟 ) than would be expected in a 

randomly associated population, particularly Eel River, Duxbury Reef and Half Moon 

Bay. Significant evidence of kin aggregation within a site was also positively correlated 

with genetic differentiation between that site and other sites (mean pairwise FST). Kin 

aggregation of Dungeness crab may be driven by a combination of sweepstakes 

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

primary production) in the CCS, miss-matches between larval release and conditions 

favorable to larval rearing or successful transport (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 sweepstakes-like 

effect. Since Dungeness crab may experience 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 larval duration 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 parental populations 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 aggregation 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, this behavior has been hypothesized with compelling evidence in other species 

having lengthy PLDs (Paralabrax clathratus, Selkoe et al. 2006; Neopomacentrus 

miryae, Ben Tzvi et al. 2012; Dascyllus trimaculatus, Bernardi et al. 2012; Panulirus 

interruptus, Iacchei et al. 2013). Future studies could assess demographic processes 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 better 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 rockfishes Sebastes spp. 
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(Gomez-Ulchia 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 findings, it appears that the topographical features we 

used to define regions (Cape Blanco, Cape Mendocino, and Point Arena) do not represent 

genetic breaks for Dungeness crab. Instead, our results demonstrate subtle shifts in allele 

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 inter-annual variability in 

genetic population 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 cohort could be 

present in both years. Using a size-at-age relationship (Roegner unpublished data), we 

estimated that crab sampled in Washington were most likely between the ages of 2 – 4+, 

though we did not account for sex-specific growth rates. Since sampling efforts were 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 evidence of genetic structure in 

either year, genetic differentiation across years should be minimal. 

Although genetic variation within a given site appeared to not differ across years, 

we observed measurable inter-annual variation in genetic structure along our study range. 

Both years were characterized by weak genetic differentiation, but pairwise FST 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 evidence of kin 
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aggregation in 2014 than 2012. Evaluation of conformance to Hardy-Weinberg 

proportions and linkage disequilibrium suggested that statistical biases were not likely 

responsible for driving observations in 2012, therefore it appears that our evidence of 

inter-annual variation may reflect a true change in genetic structure.  

Given the approximate age classes represented in our samples, crab sampled in 

2012 would most likely have undergone larval phases in 2008, 2009, or 2010, and those 

sampled in 2014 would 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 and 2012. Pacific Decadal Oscillation (PDO) entered a 

brief positive (El Niño) phase during late-2009, lasting until mid-2010 (Bjorkstedt et al. 

2010) (Fig. 2.5a). In addition, timing of the spring transition between 2010 and 2012 

(measured by the method of Shanks 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 2011 (upwelling index data was downloaded 

from http://www.pfeg.noaa.gov/pfel) (Fig. 2.5c). In regards to inter-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 Niño events; hence there is likely less southward larval transport. The 

cohort that underwent its larval stage during the 2009-2010 El Niño event was likely 

represented in both sampling years by some proportion, therefore it is difficult to 

hypothesize on how this influenced dispersal trajectory and gene flow. The 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 shelf (Shanks 2013), where they may be transported 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 latitudinal transport. 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 kin aggregation 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 ubiquitous coast-wide. Fluctuation in oceanographic conditions has also been 

hypothesized to influence inter-annual variation in genetic population structure among 

turbot (Psetta maxima) in the Baltic Sea (Florin and Höglund 2007).  The authors 

attributed this change 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 of effective population size (NE) were large for each region in 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 

NE lose precision as the signal of genetic drift becomes clouded 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 estimates for 

high gene flow species (Waples 1998). In spite of this, we are able to say that NE 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 cygnus), owing to the effect of the low signal to noise ratio (Kennington et al. 

2013). Though NE estimates appear to be large and imprecise, continued monitoring of NE  

may still be necessary as commercial harvest can result in a loss of genetic diversity (i.e. 

reduction in NE) even when the census population size is large (Hauser et al. 2002). 

Moreover, since Dungeness crab may undergo large fluctuations in census population 

size, as assumed by fluctuation commercial catch (Shanks 2007; Shanks et al. 2010; 

Shanks 2013), NE may also be subject to high inter-annual 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 a long, continuous gradient of genetic differentiation over our ~1,200 km study 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, geographically restricted in 

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 

duration of their larval development, and influenced by physical oceanographic 

conditions such 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 

that is 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 Eckert 2005), it is possible that variation in those 

processes may promote wider gene flow. Therefore, Dungeness crab dispersal (and thus 

gene flow) is likely be to geographically limited, though the extent of limitation may vary 

depending on oceanographic conditions which influence larval trajectories (e.g. PDO, 

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

  Overall, our results demonstrate that considering inter-annual 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 

preceded by a brief change in oceanographic conditions. Furthermore, our broad study 

range and fine-scale 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 several 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 have a greater understanding of genetic connectivity for 

this species, 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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Figure 2.1. Map of the 33 sites sampled during the 2012 and 2014 Tri-State Pre-Season 

Test Fishery in Washington, Oregon, and California. Full names of sites can be found in 

Table 2.2. Sites were subdivided into four regions: North CC, Mid CC, Ft. Bragg, and 

South CC, based on three topographical features including Cape Blanco, Cape 

Mendocino, and Point Arena. CHD and CHH were only sampled in 2012. 
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Figure 2.2. Heat map based on pairwise FST estimates among sampling sites in a) 2012 

and b) 2014. Each pairwise comparison is color coded based on the FST estimate. 

Significant FST associated P-values after applying False Discovery Rate corrections are 

denoted (*). FST estimates based on a sample size less than 50 individuals per site are 

overlaid with a gray slash. 
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Figure 2.3. a) Mantel correlogram and b) distogram illustrating the relationship between 

genetic differentiation (as measured by pairwise FST) and geographic distance at seven 

distance classes in 2012 (solid lines) and 2014 (dashed lines). Significant correlations 

(Mantel’s r, rm) are denoted (*) above for 2012 and below for 2014. 
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Figure 2.4. Linear regression of mean pairwise FST estimates for a given site as a 

function of 𝑟 for sites in both 2012 (closed circles) and 2014 (open circles). Only sites 

having a higher than expected 𝑟 and sample sizes greater than N = 50 were plotted for 

each year. 
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Figure 2.5. Eight year (2006 – 2013) trend in inter-annual variation in physical 

oceanographic conditions including a) monthly Pacific Decal Oscillation index, b) day of 

the year of the spring transition based on sea level data from Crescent City, California 

(starting at January 1), and c) summed daily upwelling index at 42° N during the 

megalopae settlement season in the California Current System (Mar. – Sept.) measured as 

cubic meters per second for every 100 m of coastline. Dotted lines indicate ten year 

moving averages. 
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Table 2.1. List of ten previously developed microsatellite loci used to genotype 

Dungeness crab.  Primer sequences, number 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 (N = 2,227) sampled in 2012. 
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Table 2.1 
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Table 2.2. Summary statistics for Dungeness crab collected at 33 sites in the California 

Current System in 2012 and 2014 based on variation at ten microsatellite loci including 

number of individuals sampled (N), number of alleles per locus (NA), allelic richness 

(AR), observed (HO) and expected (HE) heterozygosity, inbreeding coefficient (FIS), and 

mean pairwise relatedness (𝑟 ). 𝑟  values greater than expected (pseudo-P < 0.05) are 

denoted (*). 

 

Abbrev. Site N NA AR HO HE FIS 𝑟  

a)         

WND Destruction Island 49 10.5 5.7 0.713 0.691 -0.043 0.004 

WNK Kalaloch 36 9.3 5.6 0.702 0.672 -0.042 -0.001 

WNR Raft River 17 7.3 5.6 0.768 0.703 -0.101 0.012 

WWB Buoy 3 91 12.6 5.8 0.695 0.693 0.009 0.001 

WWG Grayland 92 13.0 5.8 0.678 0.688 0.010 -0.001 

WWW Willapa 92 12.6 5.9 0.700 0.712 0.010 0.000 

WLC Cranberry 92 12.4 5.7 0.663 0.689 0.045 0.000 

WLS Seaview 92 13.2 5.7 0.690 0.685 -0.002 -0.001 

WLP Peacock Spit 92 13.5 5.8 0.691 0.698 0.006 -0.001 

OAN Astoria N. 92 12.2 5.7 0.630 0.695 0.081 0.000 

OAS Astoria S. 92 12.1 5.5 0.667 0.683 0.018 0.005* 

OGN Garibaldi N. 30 9.4 5.7 0.669 0.685 0.020 0.006 

OGS Garibaldi S. 89 11.4 5.6 0.677 0.681 -0.003 0.004* 

ONN Newport N.  92 12.5 5.7 0.679 0.692 0.024 0.003* 

ONS Newport S. 92 12.0 5.7 0.674 0.692 0.037 0.001 

OCN Charleston N. 61 11.6 5.9 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 12.6 5.8 0.689 0.698 0.019 0.001 

OPS Port Orford S. 92 11.8 5.8 0.670 0.701 0.045 0.003* 

OBN Brookings N. 92 12.5 5.6 0.685 0.702 0.020 0.003* 

OBS Brookings S. 89 12.0 5.8 0.681 0.704 0.020 0.002 

CCK Klamath River 44 10.0 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 8.0 6.2 0.696 0.692 -0.027 0.000 

CTT Trinidad Head 38 9.9 5.5 0.659 0.693 0.034 0.005 

CEL LP Eureka 47 10.3 5.7 0.669 0.691 0.020 0.005 

CEE Eel River 61 11.4 5.7 0.725 0.714 -0.026 0.029* 

CFJ Jack Ass 62 11.6 5.9 0.691 0.697 0.000 0.001 
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Table 2.2 (Continued) 

Abbrev. Site N NA AR HO HE FIS 𝑟  

a)         

CFU Usal 57 11.0 5.7 0.676 0.680 0.016 -0.001 

CBR Russian River 44 10.6 5.9 0.708 0.709 -0.003 0.007* 

CBP Point Reyes 60 11.4 5.9 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 Destruction Island 85 12.0 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 12.4 6.0 0.682 0.706 0.032 -0.002 

WWB Buoy 3 100 13.4 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 12.7 5.9 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 5.9 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 9.3 5.7 0.721 0.685 -0.060 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 0.680 0.678 -0.009 0.000 

OCN Charleston N. 33 9.2 5.8 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 Port Orford N. 61 11.6 5.8 0.717 0.707 -0.021 -0.004 

OPS Port Orford S. 38 9.8 5.7 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 9.4 5.5 0.671 0.690 0.020 -0.001 

CCK Klamath River 26 8.9 5.9 0.685 0.697 0.022 0.000 

CCS St Georges Reef 56 10.4 5.9 0.710 0.711 0.016 -0.002 

CTL Lagoons 13 7.4 5.9 0.622 0.669 0.078 -0.001 

CTT Trinidad Head 20 7.8 5.6 0.734 0.692 -0.066 -0.012 

CEL LP Eureka 22 8.6 5.8 0.657 0.690 0.044 -0.005 

CEE Eel River 23 8.5 5.7 0.684 0.679 -0.012 -0.004 

CFJ Jack Ass 16 7.9 5.9 0.629 0.664 0.055 -0.008 

CFU Usal 11 6.9 6.0 0.664 0.686 0.038 -0.008 



38 

 

 

Table 2.2 (Continued) 

Abbrev. Site N NA AR HO HE FIS 𝑟  

CBR Russian River 32 9.1 5.6 0.713 0.698 -0.011 0.001 

CBP Point Reyes 28 9.0 5.7 0.737 0.686 -0.079 0.003 

 

 

Table 2.3. Pairwise FST estimates based on variation at ten microsatellite loci among the 

four regions in (a) 2012 and (b) 2014. Significant values after applying False Discovery 

Rate corrections are denoted (*). FST estimates based on a sample size less than 50 

individuals per site are italicized. 

 

 

  Mid CC Ft. Bragg South CC 

(a)    

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 FST estimates based on variation at ten microsatellite loci comparing 

each (a) site and (b) region across years (2012 and 2014). Significant values denoted (*). 

FST estimates based on a sample size less than 50 individuals per site are italicized. 
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Table 2.4 
Sites FST 

(a)   

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 

2012 South CC 2014 South CC 0.003* 
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Table 2.5. Proportion of individuals correctly assigned to the region in which they were 

sampled based on the log likelihood of the occurrence of an individual’s genotype, given 

the allele frequencies within each region. 

 

Region Proportion of Correct Assignments 

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 size (NE) and range of 95% confidence 

intervals for each region using the Waples and Do (2008) single-sample linkage 

disequilibrium method with a P-critical value of 0.01 for (a) 2012 and (b) 2014. 

 

 
Region NE estimate 95% Confidence Interval 

(a)   

North CC 136,490 7,467 – Infinity  

Mid CC 1,436 793 – 5,148 

Ft. Bragg 1,289 370 – Infinity  

South CC 1,312 55 – Infinity  

(b)   

North CC Infinity 11,413 – Infinity  

Mid CC Infinity 1,880 – Infinity  

Ft. Bragg Infinity 462 – Infinity  

South CC 1,761 211 – Infinity  
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Chapter 3 - Reduced genetic connectivity between Dungeness crab (Cancer 

magister) in Puget Sound and coastal Washington 

 

3.1  Introduction  

 

Population connectivity describes the exchange of individuals among 

geographically distant subpopulations, and is a focal point of marine ecology and 

conservation (Cowen et al. 2007; Cowen and Sponagule 2009). In partially enclosed 

water bodies such as estuaries and fjords, connectivity is regulated by a different set of 

physical oceanographic processes than 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 tidally/density driven 

circulation (Gillanders 2012). Reduced 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 retention (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. 2003; 2011; 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 management strategies. 

 The Dungeness crab (Cancer magister) is a decapod crustacean that inhabits 

coastal waters of the west coast of the United States and Canada, including estuaries and 

fjords (Rasmuson 2013). Puget Sound, Washington is one of the largest estuarine systems 

within this species’ range. Here, Dungeness crab is a well-established resident species, 

supporting highly valuable commercial and recreational fisheries (Rasmuson 2013). 

Dungeness crab have a complex life history which includes a lengthy planktonic 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 (Snow and Wagner 1965; Gotshall 1978; Collier 1983; Diamond 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 and southward 

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 and Roegner 2007), 

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 Ocean, and thus undergo their entire 

development within the sound (Jamieson and Phillips 1993). 

Recruitment variation in the Strait of Juan de Fuca and Puget Sound suggests that 

connectivity between Puget Sound and coast may not be ubiquitous or temporally 

consistent. Dinnel et 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 only found in or directly adjacent to Hood Canal, and 3) a late-summer 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 three larval cohorts that appear to vary in 

geographic origin provides evidence for connectivity among Dungeness crab in Puget 

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 have evaluated 

connectivity within both coastal and inland waters. In British Columbia, a fjord-like 

sound was clearly genetically differentiated from all other sites suggesting that the 

complex hydrology of inland waters may limit gene flow (Beacham et al. 2008). A 
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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 

differentiation between the coast and two sites in British Columbia (O’Malley et al. in 

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 coastal Washington. 

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 Washington. Since Puget 

Sound is a hydrodynamically complex estuary, we hypothesized that there would be 

reduced genetic connectivity among sites within Puget Sound, but not among sites in the 

coastal ocean. Furthermore, we hypothesized that Puget Sound and coastal Washington 

would be genetically differentiated.  

 

3.2  Methods 

 

3.2.1  Study area 

 

 Puget Sound is a deep, fjord-like 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 (Fig. 3.1). Puget Sound is comprised of five basins: 1) Admiralty Inlet, 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 (Fig. 3.1). Puget Sound is marine dominated, 

consisting of approximately 90% ocean water. Admiralty Inlet, the Main Basin, and 

Southern Basin are well-mixed, 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 of freshwater input to the sound is provided by the Skagit River 

which drains into Whidbey Basin (Cannon 1983). Much of this water flows south into the 

Main Basin, and exits 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  Sample collection 

 

Adult Dungeness crab were collected in 2015 from five sites in Puget Sound by 

the Washington 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 Tri-State (Washington, Oregon, and California) Pre-

Season Test Fishery, and were grouped into three sites for analysis (Pacific States Marine 

Fisheries Commission 2014) (Fig. 3.1) (Table 3.1). 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 commercially 

harvestable size (< 159 mm) were sampled. Commercially harvestable males were 

retained for the test fishery, with the exception of 12 mistakenly sampled individuals. 

(Fig. 3.2) (Table 3.1). In the absence of direct aging techniques, the relationship between 

carapace width and molt increment has 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 attempt to estimate 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 methods 

 

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 selecting males to genotype approximately 100 individuals for each of the nine 

locations (which were grouped into three sites of N ~ 300 as described above) (Table 

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 

Ivanova 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; Chapter 2). PCR was carried out in 6 µL reactions containing 

25 mM MgCl, 10 mM dNTPs, 10 µM forward and reverse primers, 5x colorless PCR 

buffer, 5 U/µL Taq polymerase, double distilled water (ddH2O), and 1 µL of DNA 

template. Thermocycling protocols consisted of 25-35 cycles at 95° C for 30 s, followed 

by 48-61.2° 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 version 

5 (Applied Biosystems, Foster City, CA, USA). 

 

3.2.4  Genetic analyses 

 

Conformance to Hardy-Weinberg proportions (HWP) and linkage equilibrium 

were evaluated 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 Hardy-Weinberg 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 whether the observed 

genetic data conforms to the statistical assumptions (i.e. near equilibrium state) of 

population genetic analyses (AMOVA, Excoffier et al. 1992; FST, Weir and Cockerham 

1984). To assess the degree of departure from HWP, the inbreeding coefficient FIS was 

calculated using the software program GenAlEx version 6.5 (Peakall and Smouse 2006; 

2012). The presence of null alleles was estimated using the software program FreeNA 

(Chapuis and Estoup 2007). A null allele is an allele which is non-visible in genotyping 

due to an error during the annealing step of PCR. The presence of null alleles may result 

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 calculates global and pairwise FST estimates (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 FSTAT version 2.9.3.2 (Goudet 2001). Allelic richness is the 

number of alleles per locus, corrected to the smallest sampling size (N = 77, 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 framework, we 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, pairwise FST estimates 

were calculated among sampling sites using GENETIX (Weir and Cockerham 1984). FST 
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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 by Benjamini and Hochberg (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 dimensions, in which observations (i.e. individuals) and variables (i.e. alleles) are 

plotted such that the ‘interia’, or ratio of the proximity among points to distance from the 

center of gravity, is maximized. No a priori assumptions are made regarding associations 

among individuals, and proximity of individuals is interpreted as genetic similarity. 

 

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 deviation from HWP. These departures were attributed to only one to 

two loci per each of the five sites. FIS estimates indicated that departures from HWP were 

small and attributed to both heterozygote deficit and excess (Table 3.2). Estimated null 

allele frequencies ranged from < 0.001% to 5.8%, suggesting relatively low 

representation in overall allele frequencies. Global and pairwise FST estimates were the 

same with and without adjusted allele frequencies that incorporated estimated null alleles; 

therefore, all subsequent analyses were performed using observed allele frequencies. Two 

pairs of loci were found to be in linkage disequilibrium after applying False Discovery 

Rate corrections: Cma108a – Cma17 and Cma17 – Cma33. Closer examination revealed 

that significant linkage disequilibrium was driven by only one site for either locus pair, so 

no loci were discarded from further analysis. 

Observed heterozygosity showed no specific pattern of variation among sites and 

ranged from 0.678 to 0.711, while expected heterozygosity ranged from 0.685 to 0.710. 
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Allelic richness was also similar among all sites and ranged from 11.1 to 12.3 (Table 

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 the vast majority of genetic variation (99.6 %) was 

attributed to variation among individuals within sampling sites. AMOVA also provided 

evidence for significant differentiation among sites (P = 0.015), as well as between the 

two regions (P = 0.021). Despite either strata only accounting for a very small proportion 

of total genetic variance (1% and 3%, respectively) (Table 3.3), these results support the 

presence of hierarchical genetic population structure in Puget Sound and coastal 

Washington.  

Hood Canal was significantly differentiated from all other sites (FST range: 0.003 

– 0.004) except Nisqually. Port Townsend and Central Sound were significantly 

differentiated from all three coastal sites (FST range: 0.002 – 0.003), but Skagit and 

Nisqually were only significantly differentiated from the most southern coastal site, 

Longbeach (FST = 0.003 and 0.002, respectively). Port Townsend, Skagit, Central Sound, 

and Nisqually were not significantly different from one another, nor was there significant 

differentiation among Kalaloch, Westport, and Longbeach (Table 3.4). 

Factorial Correspondence Analysis (FCA) of all individuals indicated slight 

regional clustering, but no site-specific clustering (Fig. 3.3a). The center of gravity for 

individuals within each site (i.e. 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 (Fig. 3.3b). In general, findings 

based on FCA corroborate 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 Sound and coastal 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 studies of bivalves within Puget Sound. Vadopalas et al. (2004) found evidence 

for genetic homogeneity among geoduck clams (Panopea abrupta) throughout Puget 

Sound, while Parker et al. (2003) found a similar pattern among Baltic clams (Macoma 

balthica). However, little neck clams (Protothaca stamineai) showed considerable 

genetic population structure, suggesting the possibility of dispersal limitation, or the 

presence of differential selection pressures that result from the distinct ecological niches 

of Baltic and little neck clams (Parker et al. 2003). The strong swimming ability of 

Dungeness crab larvae (reviewed in Rasmuson 2013) may 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, except 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 vertical migrations 

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 Canal is unlikely since 

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, fjord-like Alison Sound 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 genetically 

differentiated from Hood Canal based on pairwise FST estimates. 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 geographic 

orientation of their respective sub-basins. 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 water at the 

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 Passage, and back 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 Southern Basin to 

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 in coastal Oregon (O’Malley et al. in review). Given the relatively short 

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 Sound and coastal Washington  

 

We found evidence of significant genetic 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) (Iwamoto et al. 2004), Pacific cod (Gadus macrocephalusi) 

(Cunningham et al. 2009), copper rockfish (Sebastes caurinus) (Buonaccorsi et al. 2002) 
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and brown rockfish (Sebastes auriculatus) (Buonaccorsi et al. 2005). These studies all 

hypothesize that genetic differences among Puget Sound and coastal populations are 

driven by current direction and long water retention in Puget Sound limiting larval 

dispersal. Though Dungeness crab have a longer pelagic larvae duration than any of the 

aforementioned species (ranging from 2-3 months) (M. productus, McFarlene and 

Beamish 1985; S. auriculatus, Love et al. 2002; S. caurinus, Carr and Syms 2006; G. 

macrocephalus, Doyle et al. 2009), they may experience similar environmental 

limitations to larval dispersal in Puget Sound. For instance, diel vertical migration of 

Dungeness crab larvae has been identified as a possible mechanism for larval retention in 

the Strait of Juan 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 and coastal 

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 ocean- and Whidbey Basin-originating larvae, 

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 Southern Sound, 

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 stronger within 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 fjord-like water bodies may restrict gene flow of Dungeness 

crab. Despite this finding, our results do not indicate that altering the management 
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strategy of the fishery is necessary at this time, since we did not find evidence of reduced 

genetic diversity within Puget Sound, or Hood Canal specifically. Nevertheless, it would 

be prudent to monitor genetic diversity over time, as reduced genetic connectivity can 

lead to reductions in genetic diversity and effective population size (Schwartz et al. 

2007). 

While our findings provide useful insight into the connectivity 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 processes) and not demographic connectivity 

(i.e. the effect of dispersal on population vital rates) (Lowe and Allendorf 2010). By 

studying genetic connectivity, we are unable to confidently discern between 

contemporary and historical gene flow. For instance, two 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 2010). Future 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 sub-basins present the possibility of adaptive differences 

driven by natural selection, which microsatellites cannot detect. Genomic approaches are 

becoming increasing mainstream (Kumar and Kocour 2016), and have also been 

demonstrated to provide greater power for quantifying the rate 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 alone as a measurement 

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. 2011). Movement between 

Puget Sound basins is largely unknown and could be studied via mark-recapture 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 tool in understanding 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 in northern Puget 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 data to provide 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, Westport, and Longbeach) for subsequent analyses (grey triangles), and 

five Puget Sound sites that were sampled in 2015 (black circles). The five sub-basins of 

Puget Sound are indicated by numbers and separated by dashed lines: 1) Admiralty Inlet, 

2) Whidbey Basin, 3) Main Basin, 4) Southern Basin, and 5) Hood Canal. 
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Figure 3.2. Boxplots of carapace width for male (M) and female (F) Dungeness crab 

sampled at each site showing median values (horizontal lines), 25th and 75th percentiles 

(box outline), range of values within 1.5 times the interquartile range (whiskers), and 

outlier (points). 
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Figure 3.3. Factorial correspondence analysis based upon frequencies of shared alleles at 

ten microsatellite loci for a) all individuals and b) center of gravity for clusters of 

individuals within each site in Puget Sound (black circles) and coastal Washington (grey 

triangles). Inertia of each axis, or dimension, is given in parentheses. 
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Table 3.1. Summary of Dungeness crab sampling in Puget Sound and coastal 

Washington. Abbreviations that are used in subsequent figures and tables are listed for 

each site, as well as the number of males and females sampled. Also included is the 

number of individuals that were genotyped from each sample. 

 

Site Abbreviation Males Females Total Genotyped 

Port Townsend POT 78 72 150 129 

Skagit SKA 93 57 150 90 

Central Sound CPS 143 7 150 135 

Nisqually NIS 49 30 79 77 

Hood Canal HOC 125 25 150 81 

Kalaloch KAL 171 91 262 256 

Westport WES 307 39 346 300 

Longbeach LON 321 82 403 296 
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Table 3.2. Summary statistics for Dungeness crab at eight sites in Puget Sound and 

coastal Washington across ten microsatellite loci including number of individuals 

genotyped (N), allelic richness (AR), observed (HO ) and expected (HE) heterozygosity, 

and inbreeding coefficient (FIS). 
 

Site N AR HO HE FIS 

Port Townsend 129 11.9 0.678 0.696 0.019 

Skagit 90 11.3 0.688 0.685 0.012 

Central Sound 135 11.8 0.706 0.701 -0.002 

Nisqually 77 12.3 0.699 0.689 -0.021 

Hood Canal 81 11.1 0.692 0.694 0.016 

Kalaloch 256 12.1 0.684 0.700 0.021 

Westport 300 11.9 0.698 0.696 -0.002 

Longbeach 296 11.9 0.711 0.710 -0.002 

 

Table 3.3. Analysis of molecular variance (AMOVA) based on ten microsatellite loci 

testing variation of individuals nested within sites, and within regions (Puget Sound or 

coastal Washington). Summary statistics include degrees of freedom (df), sum of squares 

of deviation (SSD), mean squared deviation (MS), and level of significance (P-value). 

Significant P-values (α = 0.05) are denoted (*). 

 

Source of variation df SSD (% variance)  MS P-value 

Within Sites 1356 8282.85 (99.6) 6.11  

Among Sites 6 41.41 (0.1) 6.9 0.015* 

Among Regions 1 18.48 (0.3)  18.48 0.021* 
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Table 3.4. Pairwise FST estimates based on variation at ten microsatellite loci. Significant 

FST associated P-values (α=0.05) after False Discovery Rate corrections are denoted (*). 

 

  SKA CPS NIS HOC KAL WES LON 

POT 0.000 -0.001 0.001 0.003* 0.002* 0.003* 0.003* 

SKA  0.002 -0.001 0.004* 0.001 0.001 0.003* 

CPS   0.003 0.004* 0.002* 0.003* 0.003* 

NIS    0.002 0.001 0.001 0.002* 

HOC     0.004* 0.004* 0.004* 

KAL      0.000 0.000 

WES       0.000 
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Chapter 4 – General discussion 

 

Using genetic markers to delineate the scale of connectivity among marine 

populations is a complex and difficult task which invokes the use of a robust analytical 

framework with consideration for the biological and the environmental processes that 

influence gene flow (Hellberg 2009). In this thesis, we investigated the population 

genetic structure of the most valuable commercially harvested species on the west coast 

of the United States, the Dungeness crab (Cancer magister). In Chapter 2, we utilized 

population- and individual-based analyses to establish knowledge of genetic connectivity 

of Dungeness crab throughout ~1,200 km of the California Current System (CCS), and 

test for inter-annual variation in genetic population structure. In Chapter 3, we evaluated 

genetic connectivity among Dungeness crab inhabiting a partially enclosed water body 

(Puget Sound) in comparison to those residing in the coastal ocean. 

Together, our results demonstrate one of the major difficulties in evaluating 

genetic population structure of many marine fishes and invertebrates: the low signal to 

noise ratio (Waples 1998). The inclusion of background noise (i.e. error due to sampling 

biases, failure to meet statistical assumptions, etc.) into genetic estimates is inherently 

unavoidable since natural populations rarely adhere to all statistical assumptions of null 

models, and the ability to obtain truly representative samples is logistically difficult. 

Background noise may attain greater statistical importance when studying high gene flow 

marine organisms, since many are characterized as having relatively high within-

population genetic variation and weak among-population genetic differentiation (Waples 

1998). We aimed to minimize these potential sources of error by obtaining a large 

number of samples in multiple years and using a comprehensive, hierarchical analytical 

framework. Still, we are limited in that significant findings are confounded by the 

immense variation of individuals within populations (>99%, AMOVA), and that two time 

points may not provide enough clarity to develop a detailed description of inter-annual 

variability. In light of this, our following conclusions regarding patterns of genetic 
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connectivity should be viewed as hypotheses from which to further test the biological 

significance of our findings. 

 

4.1  Chapter 2 

 

In Chapter 2, we assessed genetic population structure of Dungeness crab in the 

California Current System (CCS) in 2012 and tested for inter-annual variability by 

replicating our sampling and analysis in 2014. The first major finding of this chapter was 

that there was relatively weak genetic structure in 2012. Despite several significant site 

and regional pairwise differences, measures of genetic diversity were similar across sites, 

and AMOVA indicated that nearly all of the total genetic variation (99.7%) could be 

accounted for by variation among individuals within sampling sites. Interestingly, amidst 

evidence of strong genetic connectivity there was significant evidence of spatial 

autocorrelation in 2012, indicating that genetic differentiation (as measured by FST) 

increased with increasing geographic distance between sampling sites (km). Further 

examination revealed that only sites that were closest together (≤ 120 km apart) were 

more similar than expected by chance, and those very far apart (> 720 km) were more 

differentiated than expected by chance. The correlation between genetic differentiation 

and geographic distance was not significant among other distance classes, but still 

indicated a pattern of isolation by distance (Wright 1943). We also found significant 

evidence of kin aggregation at several sites, which may indicate that some sites 

experience higher than average local recruitment. Together, our 2012 findings suggest 

that the realized dispersal of Dungeness crab results in a pattern of gene flow that is 

geographically limited, but results in strong genetic connectivity over multiple 

generations. 

 The second major finding of this chapter was that we found evidence of inter-

annual variation in genetic structure. In 2014, we observed three key differences from 

2012: 1) FST estimates were measurably lower, 2) there was no evidence of spatial 

autocorrelation, and 3) fewer sites had significant evidence of kin aggregation. We 
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hypothesized that these inter-annual changes in genetic structure were most likely the 

result of greater migrant exchange preceding 2014 than 2012, which may have been 

mediated by physical oceanographic conditions in the CCS. Specifically, a brief positive 

Pacific Decadal Oscillation (PDO) phase, late spring transition, and reduced 

spring/summer upwelling may have contributed to greater latitudinal transport for larval 

cohorts from 2010 – 2012 (2014 genetic samples), than cohorts from 2008 – 2010 (2012 

genetic samples). This is based on the hypothesis that a positive phase PDO leads to less 

southward transport, a late spring transition leads to prolonged northward transport, and 

that upwelling circulation is utilized by megalopae to return to the continental shelf 

(Shanks 2013). It is important to recognize that these hypotheses may appear 

contradictory of one another in regards to our findings (i.e. increase in both northward 

and southward advection), but it is likely that the effect of variability in oceanographic 

conditions on dispersal trajectory is not ubiquitous coast-wide. In order to make confident 

conclusions about the relationship between physical oceanographic conditions and gene 

flow, more detailed knowledge of dispersal trajectory is needed. 

Our findings from Chapter 2 suggest that Dungeness crab maintain strong genetic 

connectivity throughout the CCS, though the direction and/or magnitude of gene flow 

may be influenced by oceanographic conditions during larval dispersal. Moreover, we 

postulate that variation in physical oceanographic conditions promotes genetic 

connectivity throughout the CCS, since the cumulative gene flow that occurs over several 

generations likely covers a broader spatial scale than that of any single generation. 

Support for our hypothesis regarding a change in genetic population structure following 

variation in physical conditions which promote wider gene flow is not abundant in the 

literature for other species (but see Forin and Höglund 2007); presumably because such a 

small change in genetic population structure is limited by insufficient statistical 

resolution (e.g. inclusion of background noise, sparsely distributed sampling). Naturally, 

we cannot fully rule out some influence of background noise, but we believe that our 

finding of a reduction in genetic differentiation between 2012 and 2014 represents a true 
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biological signal. This claim is supported by our rigorous tests of the statistical power for 

detecting genetic differentiation using FST, and spatial autocorrelation. 

 

4.2  Chapter 3 

 

In Chapter 3, we evaluated genetic connectivity of Dungeness crab within Puget 

Sound, and between Puget Sound and coastal Washington. The first major finding of this 

chapter was that within either water body, Puget Sound or the coastal ocean, sites 

appeared to be genetically homogenous, excluding Hood Canal. A prominent shallow sill 

at the entrance to the Hood Canal basin inhibits normal estuarine flow, which likely leads 

to larval retention and reduced gene flow with the rest of Puget Sound (Dinnel et al. 

1993; Greg and Pratt 2010). This finding is consistent with evidence of reduced genetic 

connectivity between the fjord-like Alison Sound and other sites in British Columbia 

(Beacham et al. 2008).  In general, it appears that the hydrological complexities of fjord-

like water bodies, such as Hood Canal and Alison Sound, may limit gene flow in 

Dungeness crab, though it is apparent that such is not the case for all Puget Sound basins. 

The second major finding of this chapter was that there was evidence for 

significant genetic differentiation between Puget Sound and coastal Washington, though 

pairwise comparisons indicated that genetic differentiation among sites was variable. For 

instance, three Puget Sound sites (Port Townsend, Central Sound, and Hood Canal) 

showed significant differentiation from all three ocean sites while Skagit and Nisqually 

only showed significant differentiation from the most southern coastal site, Longbeach. 

Genetic connectivity between Skagit and the coastal ocean is consistent with prior reports 

of ocean originating larval cohorts settling in northern Puget Sound (Dinnel et al. 1993), 

provided there is connectivity between Strait of Juan de Fuca and Whidbey Basin. The 

apparent genetic connectivity between Nisqually and the coastal ocean is somewhat 

surprising, and demonstrates the need for additional research that specifically examines 

demographic connectivity within Puget Sound.  
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Overall, our findings of Chapter 3 indicate that genetic connectivity is stronger 

within Puget Sound or coastal Washington than between these two areas. However, given 

our findings regarding regional genetic structure and inter-annual variation from Chapter 

2, our conclusions in Chapter 3 invite further scrutiny. First, in Chapter 2 we found that 

significant regional differentiation could be attributed to the presence of isolation by 

distance (IBD) along the coast. Accordingly, there appears to be no actual regional 

boundaries or genetic breaks aligning with topographical features. Based on this finding, 

it is reasonable to suspect that regional differentiation in Chapter 3 could result from a 

similarly continuous pattern of IBD as opposed to a break in gene flow, such as limited 

dispersal through the Strait of Juan de Fuca. This hypothesis is supported by regional 

differentiation only accounting for very small portion of total genetic variation (0.3%, 

AMOVA) as in Chapter 2 (0.2%, AMOVA). In addition, Skagit and Nisqually were not 

significantly differentiated from all ocean sites, as would be expected if a prominent 

break were present. Second, in Chapter 2 we found evidence of slight inter-annual 

variation in genetic population structure of the CCS. Such inter-annual variation could 

also occur in Puget Sound, but was not examined in Chapter 3. Physical profiles which 

influence the density driven circulation of Puget Sound vary with inter-annual variations 

in climate forcings (Moore et al. 2008). The impact such variation in oceanographic 

conditions has on dispersal and gene flow of Dungeness crab within the sound is 

unknown, though it has been found that larval connectivity between Puget Sound and the 

coastal ocean does not occur on an annual basis (Dinnel et al. 1993; McMillan et al. 

1995).  

 

4.3  Conclusions 

 

4.3.1  Genetic connectivity of Dungeness crab 

 

In this thesis, we conducted the first coast wide population genetic study of 

Dungeness crab that used microsatellite loci within a robust sampling scheme, and 
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evaluated inter-annual variability in estimates of genetic connectivity (Chapter 2). This is 

also the first study of Dungeness crab to evaluate genetic connectivity within Puget 

Sound, and between Puget Sound and the coastal ocean (Chapter 3). Accordingly, our 

findings provide the most comprehensive descriptions of genetic connectivity for this 

species to date. In addition, no study of a California Current System (CCS) organism has 

provided the spatial resolution that we have demonstrated in this thesis (i.e. 38 sites over 

~1,500 km; > 4,300 individuals). Based on our findings, Dungeness crab appear to 

exemplify several characteristics expected of a ‘high gene flow’ species such as high 

genetic diversity, weak genetic differentiation, and large effective population size. 

However, we provide evidence suggesting that gene flow may geographically limited 

which indicates that Dungeness crab may not be ‘widely dispersing’.  

The species range of Dungeness crab spans three major oceanography regimes: 

the Gulf of Alaska Gyre (GOA), the CCS, and the Salish Sea (Rasmuson 2013). Our 

findings in Chapter 3 suggest reduced connectivity between the CCS and Salish Sea, but 

do not provide sufficient evidence to conclude that Dungeness crab in these systems are 

indeed separate evolutionary populations (Waples and Gaggliotti 2006). A similarly 

nebulous pattern may also be observed between the GOA and CCS. The GOA and CCS 

are separated by the West Wind Drift, or North Pacific Current, which flows 

longitudinally across the Pacific Ocean, bifurcating near Vancouver Island, British 

Columbia. Prior studies of Dungeness crab larval recruitment dynamics have reported 

evidence of dispersal across the West Wind Drift, suggesting that this physical boundary 

is permeable to some degree of migrant exchange (Park et al. 2007; Shanks 2013). 

Therefore, it is likely that genetic connectivity and meta-population dynamics between 

these systems could be more strongly influenced by geographic distance (Chapter 2) than 

a well-defined barrier to dispersal. This hypothesis is based on our findings regarding 

neutral genetic variation, and the assumption that larval migrants between the GOA and 

CCS successfully contribute to gene flow. Genomic approaches can integrate both neutral 

and adaptive variation, and have been demonstrated to provide greater resolution for 

delineating genetic population subunits (Funk et al. 2012; Kumar and Kocour 2016). 
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Future studies could use these approaches to investigate genetic connectivity of this 

species, particularly as it relates to meta-population dynamics across oceanographic 

regimes. 

  

4.3.2  Implications for management 

 

Our results of both Chapters 2 and 3 did not provide evidence for discrete genetic 

population structure or reduced genetic diversity, which would thus require reevaluation 

of current management practices. However, it is important to note that our findings only 

reflect one aspect of population dynamics, and that further research could reveal that 

reevaluation is necessary. Based on Chapter 2, it appears that the CCS consists of a 

single, continuous evolutionary population of Dungeness crab, where substantial gene 

flow occurs over multiple generations (Waples and Gaggiotti 2006). On an ecological 

time scale relevant to fishery management, it is possible that local demographic processes 

may play an important role in regulating population dynamics. This is evidenced by our 

finding of kin aggregation at several sites in both 2012 and 2014, which could be 

indicative of local recruitment. To determine whether this finding is relevant to 

management, future research should focus on the demographic relationships between 

areas of the coast, such as the scale of migrant exchange and amount of local recruitment. 

This information can be used in combination with genetic data from adults and larvae to 

better understand the extent of demographic connectivity, and its evolutionary 

consequences. From there, findings could be related to the corresponding commercial 

catch (see Shanks 2013 for example) at the same spatial scale that connectivity is 

studied. This would allow for better resolution in monitoring local demographic rates and 

evaluating the effectiveness of management strategies. In Chapter 3, we provide similar 

evidence of a single evolutionary population within Puget Sound, though Hood Canal 

may experience a significant level of local retention. Genetic monitoring would be useful 

in determining whether the patterns of genetic connectivity observed in Chapter 3 are 

temporally consistent, and if genetic diversity of Hood Canal remains constant, or 
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decreases over time due to potential inbreeding. Again, studies of demographic rates that 

focus on larval dispersal and adult migration are needed to better understand connectivity 

within Puget Sound and the physical processes that regulated it (e.g. Pacific Decadal 

Oscillation, Aleutian Low), as well as the direct implications of our findings for fishery 

management.  
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Figure A2.1. Boxplots of the distribution of relatedness values for known non-related 

(left) and related (half- and full-siblings) (right) pairs at each relatedness estimator 

evaluated during simulations.  
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Table A2.1. Number of pairwise comparisons (Nc), Mantel’s r, and associated P-value 

for each of the seven distance classes in (a) 2012 and (b) 2014. Significant Mantel’s r 

values are denoted (*). 

 

Distance Class (km) (a) Nc Mantel's r P-value (b) Nc Mantel's r P-value 

0 - 120  134 0.136 0.001*  129 0.020 0.330 

121 - 240  83 0.07 0.055  81 -0.016 0.332 

241 - 360  69 0.019 0.372  64 0.026 0.322 

361 - 480  71 0.024 0.312  63 0.017 0.351 

481 - 600  71 -0.062 0.078  63 -0.089 0.014* 

601 - 720  52 -0.037 0.193  46 0.085 0.064 

≥ 721   81 -0.17 0.025*   51 -0.038 0.310 
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Table A2.2. Combined P-value among all loci for sites in a) 2012 and b) 2014 that were 

found to deviate from Hardy-Weinberg Proportions. Also included are locus-specific P-

values and FIS estimates for every locus at each site. Significant locus-specific P-values 

(α = 0.05) are denoted (*). 

 

 

Site Combined P-value Locus P-value FIS 

a)     

Astoria N 0.023 Cma102 0.000* 0.300 

  Cma117 0.823 0.104 

  Cma118 0.592 0.024 

  Cma103 0.421 0.039 

  Cma108a 0.055 0.169 

  Cma114 0.446 0.114 

  Cma17 0.266 0.069 

  Cma33 0.868 0.045 

  Cma53 1.000 -0.085 

  Cma43 0.113 0.093 
     

Charleston N 0.042 Cma102 0.115 0.149 

  Cma117 0.494 -0.025 

  Cma118 0.052 0.037 

  Cma103 0.693 -0.015 

  Cma108a 0.908 -0.048 

  Cma114 0.146 -0.042 

  Cma17 0.026* 0.180 

  Cma33 0.528 -0.051 

  Cma53 0.392 0.129 

  Cma43 0.074 0.123 
     

Port Orford S 0.011 Cma102 0.659 0.068 

  Cma117 0.996 -0.011 

  Cma118 0.023* 0.022 

  Cma103 0.115 0.013 

  Cma108a 0.871 0.044 

  Cma114 0.219 0.083 

  Cma17 0.018* 0.071 

  Cma33 0.311 0.083 

  Cma53 0.133 0.091 

  Cma43 0.034* 0.047 
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Table A2.2 (Continued) 

 

Site Combined P-value Locus P-value FIS 

Brookings N 0.000 Cma102 0.047* 0.112 

  Cma117 0.417 -0.015 

  Cma118 0.779 0.020 

  Cma103 0.791 0.056 

  Cma108a 0.634 -0.104 

  Cma114 0.055 0.101 

  Cma17 0.607 0.022 

  Cma33 0.000* 0.088 

  Cma53 0.071 -0.029 

  Cma43 0.226 0.001 
 

    

Brookings S 0.031 Cma102 0.163 0.090 

  Cma117 0.663 -0.111 

  Cma118 0.939 0.048 

  Cma103 0.740 0.013 

  Cma108a 0.324 0.038 

  Cma114 0.113 0.092 

  Cma17 0.028* 0.052 

  Cma33 0.132 0.062 

  Cma53 1.000 -0.086 

  Cma43 0.006* 0.059 
     

Klamath River 0.035 Cma102 0.560 0.021 

  Cma117 0.406 0.043 

  Cma118 0.104 0.021 

  Cma103 0.636 -0.028 

  Cma108a 0.087 0.108 

  Cma114 0.345 0.050 

  Cma17 0.422 -0.008 

  Cma33 0.048* 0.093 

  Cma53 1.000 -0.077 

  Cma43 0.008* 0.077 
     

Eel River 0.000 Cma102 0.196 0.001 

  Cma117 0.604 0.126 

  Cma118 0.190 -0.051 

  Cma103 0.383 0.083 
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Table A2.2 (Continued) 

 

Site Combined P-value Locus P-value FIS 

Eel River   Cma108a 0.148 0.217 

(Cont.)  Cma114 0.522 -0.073 

  Cma17 0.115 0.064 

  Cma33 0.000* 0.118 

  Cma53 1.000 -0.126 

  Cma43 0.892 -0.044 
     

Point Reyes 0.021 Cma102 0.586 -0.003 

  Cma117 0.136 0.130 

  Cma118 0.225 0.041 

  Cma103 0.163 0.049 

  Cma108a 0.161 -0.024 

  Cma114 0.011* 0.180 

  Cma17 0.038* 0.043 

  Cma33 0.297 0.062 

  Cma53 1.000 -0.064 

  Cma43 0.465 0.054 
     

Duxbury Reef 0.000 Cma102 0.049 0.116 

  Cma117 0.640 -0.093 

  Cma118 0.501 0.064 

  Cma103 0.192 0.149 

  Cma108a 0.243 -0.067 

  Cma114 0.354 0.017 

  Cma17 0.015 0.094 

  Cma33 0.000 0.123 

  Cma53 1.000 -0.075 

  Cma43 0.263 0.035 

b)     

Destruction  0.042 Cma102 0.049* 0.038 

Island  Cma117 0.481 0.076 

  Cma118 0.449 -0.016 

  Cma103 0.243 0.053 

  Cma108a 0.910 -0.032 

  Cma114 0.034* 0.109 

  Cma17 0.065 0.103 
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Table A2.2 (Continued) 

 

Site Combined P-value Locus P-value FIS 

Destruction Cma53 0.442 0.072 

Island (Cont.) Cma43 0.172 -0.044 
     

Willapa 0.032 Cma102 0.553 -0.019 

  Cma117 0.101 0.117 

  Cma118 0..066 0.034 

  Cma103 0.567 -0.016 

  Cma108a 0.362 0.023 

  Cma114 0.380 -0.048 

  Cma17 0.025* 0.089 

  Cma33 0.280 -0.017 

  Cma53 0.528 0.040 

   Cma43 0.057 0.032 
     

Garibaldi N 0.046 Cma102 0.253 -0.119 

  Cma117 0.429 -0.002 

  Cma118 0.003* 0.110 

  Cma103 0.104 0.206 

  Cma108a 0.096 -0.033 

  Cma114 0.087 -0.044 

  Cma17 0.826 0.005 

  Cma33 0.986 -0.032 

  Cma53 1.000 -0.076 

   Cma43 0.524 -0.040 
     

Newport N 0.029 Cma102 0.512 0.177 

  Cma117 0.452 -0.092 

  Cma118 0.715 -0.038 

  Cma103 0.854 -0.151 

  Cma108a 0.136 0.086 

  Cma114 0.181 0.069 

  Cma17 0.013* 0.082 

  Cma33 0.078 -0.024 

  Cma53 0.712 0.026 

   Cma43 0.019* 0.094 
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Table A2.2 (Continued) 

 

Site Combined P-value Locus P-value FIS 

Brookings S 0.032 Cma102 0.009* -0.141 

  Cma117 0.666 0.115 

  Cma118 0.040* 0.145 

  Cma103 0.395 0.081 

  Cma108a 0.504 0.097 

  Cma114 0.603 0.040 

  Cma17 0.247 0.137 

  Cma33 0.177 -0.033 

  Cma53 1.000 -0.073 

    Cma43 0.059 -0.034 

 


