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1
Chapter 1: General Introduction
1.1 Overview
This thesis presents the methods and findings of a genomic investigation into the
larval recruitment patterns of the Dungeness crab (Cancer magister) in the California
Current Ecosystem (CCE). Given the socioeconomic importance of the Dungeness crab
as a lucrative commercial fishery, it is important to better understand the genetic
population connectivity, both temporally and spatially, of this marine species. Chapter 2
introduces the genomic methods utilized throughout the thesis, while presenting a case
study that couples the Dungeness crab larval recruitment in 2014 with the commercial
fishery harvests four years later in 2018. Chapter 3 expands on the methods and findings
of Chapter 2 by examining how intra-annual genomic differentiation among the
recruiting Dungeness crab larvae varies across space (Coos Bay and Yaquina Bay) and
time (2017 and 2018). Both Chapters are written as stand-alone manuscripts.
1.2 The Dungeness Crab Fishery
Half of the annual worldwide marine fisheries landings are caught in the North
Pacific Ocean, which is a dynamic marine environment that exhibits spatial and temporal
variation in ocean conditions such as sea surface temperature, ocean currents, and coastal
upwelling (FAO, 2016; Holsman et al. 2019). The North Pacific Ocean is characterized
by the North Pacific Gyre, and the eastward flowing portion of the gyre, the North Pacific
Current, feeds the major oceanographic current systems along the west coast of North
America (Ross 1995)(Figure 1.1). The North Pacific Current divides into the northern
flowing Alaska Current and the southern flowing California Current at the junction of
several coastal marine ecosystems.
The geographic distribution of the Dungeness crab includes coastal waters (depths
less than 230 m; Jensen 1995) from the Aleutian Islands, Alaska, USA to Baja California,
Mexico (Wild and Tasto 1983; Rasmuson 2013). Moreover, the distribution spans three
main oceanographic regions from north to south: 1) the Gulf of Alaska Ecosystem
(GOA), 2) the Salish Sea Ecosystem (SSE) which includes Puget Sound, and 3) the
California Current Ecosystem (CCE; Sherman 2006; Pauly et al. 2008; Rasmuson 2013).
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Commercial, recreational, and subsistence fisheries exist for the Dungeness crab in each
of these regions (Wild and Tasto 1983; Rasmuson 2013).

Figure 1.1. The major oceanographic current systems in the North Pacific Ocean: The
North Pacific Current, the Alaska Current, the California Current, and the Davidson
Current (seasonal). The Dungeness crab is distributed in coastal and estuarine areas from
the Aleutian Islands, Alaska to Baja California, Mexico.
The valuable Dungeness crab commercial fishery began in the late 1800s in San
Francisco, California, and expanded to northern waters throughout the next century
(Hackett et al. 2003; Dewees et al. 2004; Rasmuson 2013). The distribution of the species
crosses both state and national borders, but the fishery is managed similarly across
regions (Rasmuson 2013; Ban et al. 2017; Davis et al. 2017; ADFG 2019; CDFW 2019;
FOC 2019; ODFW 2019; WDFW 2019). The “3-S” strategy of “size, sex, and season” is
used to manage the commercial harvest, where only male crabs with a specified carapace
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width can be retained during a defined fishery season (ODFW 2019). Additionally, a
limited entry system has been implemented throughout most management regions to
reduce the number of fishing vessels and the amount of fishing gear (crab pots) used in
the commercial fishery.
Under past and present management practices, fishery collapses or consecutive
years of low harvests have been limited to specific regions within the Dungeness crab
distribution and short periods of time, such as the collapse in southeast Alaska Dungeness
crab fishery in the 1990s (Armstrong et al. 1998) and several years of low commercial
harvest in California in the 1970s (Hankin 1985; Heppell 2011). However, changes in the
length of the fishing seasons and closures of specific fishing areas have become more
prevalent in recent decades due to relocated otter populations preying on the Dungeness
crab (ADFG 2019), domoic acid from harmful algae blooms (ODFW 2019), and whale
entanglement in fishing gear (CDFW 2019; ODFW 2019). Risks to the Dungeness crab
species and fishery are predicted to increase with climate change and subsequent
changing ocean conditions (Holsman et al. 2019). With rising carbon dioxide (CO2)
levels, ocean acidification is negatively impacting the developmental biology and larval
stages of some calcifying marine shellfish, including the Dungeness crab (Miller et al.
2016; Marshall et al. 2017; Trigg et al. 2019). With rising ocean temperatures, harmful
algal blooms and hypoxia are becoming more prevalent, resulting in fishery closures and
impacting vulnerable fishery-reliant communities (Ritzman et al. 2018; Moore et al.
2019). Changing ocean conditions have cascading effects that transcend ecological
boundaries and can impact coastal communities that rely upon the Dungeness crab
fishery.
Historically, the annual commercial harvest of Dungeness crab has fluctuated by
an order of magnitude (Hankin 1985; Rasmuson 2013). In the CCE, the Dungeness crab
is the most valuable single-species commercial fishery (Fuller et al. 2017). Cyclical
fluctuations in harvest have been studied by many researchers attempting to understand
the cause of the “boom and bust” cycle of the CCE fishery (reviewed in Hankin 1985;
reviewed in Rasmuson 2013). Most of the data collected on the species is fisherydependent data, as no formal stock assessment exists for the Dungeness crab (Davis et al.
2017). However, researchers estimate that about 90% of male Dungeness crab of
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harvestable size (carapace width of 160 mm), which are estimated to be about four yearsold (Botsford 1984; Rasmuson 2013), are exploited each year (Hankin 1985). Therefore,
the total annual fishery landings are considered a good proxy for the size of the four yearold, male Dungeness crab population within the CCE (Botsford 1984; Rasmuson 2013).
1.3 The Dungeness Crab Life History
The life history of a species is informative towards the assessment of the
productivity and resilience of the species, which is crucial for determining the
sustainability of the fishery. Like many benthic invertebrates, the Dungeness crab
exhibits a two-part life history, where the larval phase is pelagic and the juvenile through
the adult stages are benthic (Wild and Tasto 1983; Rasmuson 2013)(Figure 1.2). After
mating, each female adult Dungeness crab broods millions of eggs for several months
before releasing the eggs into the water column where the eggs hatch as pelagic larvae.
Dungeness crabs have a 3-4 month pelagic larval duration (PLD); the pelagic larvae
develop through five zoeal stages (zoea I-V) and then a final megalopae stage before
recruiting to the nearshore and settling in the benthic environment. After recruitment,
Dungeness crabs remain as benthos for the rest of their lives. Compared to the extensive
dispersal potential during the pelagic larval stage, there is relatively limited movement
during the post-recruitment benthic stage (Diamond and Hakin 1985; Hildenbrand et al.
2011). At about two years of age, Dungeness crab are able to reproduce, which allows for
males to reproduce one to two times before reaching harvestable size at about four years
of age (Wild and Tasto 1983; Rasmuson 2013).
Research on the timing of the Dungeness crab life history stages is limited,
perhaps due the difficulty of studying small larvae across such a large geographic
distribution. However, the published studies capture the differences in the timing of the
Dungeness crab early life history events. Timing varies latitudinally (Figure 1.3), with
mating and larval hatching occurring later in the year at higher latitudes. For example,
within the GOA, SSE, and CCE, mating occurs in June-July, April-September, and
March-June, respectively (Strathmann 1987; Fisher 2006). Then, larval hatching occurs
in April-August within the GOA, February-May within the SSE, January-March within
the northern portion of the CCE (coastal Oregon and Washington), and December-
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February within the southern portion of the CCE (coastal California; Strathmann 1987;
Fisher 2006).
The 3-4 month long PLD is consistent across the Dungeness crab distribution, so
concordantly, the megalopae recruitment timing varies widely across the distribution due
to the above mentioned differences in larval hatch timing (reviewed in Rasmuson
2013)(Figure 1.3). For example, recruitment occurs August-October in Alaska (Swiney
and Shirley 2001; Rasmuson 2013), July-October in British Columbia (Jamieson and
Phillips 1988; Rasmuson 2013), and June-September in Puget Sound (Dinnel et al. 1993;
Rasmuson 2013). In Oregon and Washington, recruitment occurs April-September and as
late as October in some years (Wild and Tasto 1983; Shanks and Roegner 2007; Shanks
et al. 2010; Shanks 2013), while in California, recruitment occurs in April-June (Wild
and Tasto 1983).

Figure 1.2. The life history of the Dungeness crab includes a pelagic larval duration
(PLD; 3-4 months) and a benthic stage. The megalopae recruit to nearshore waters.
(Figure adapted from Wild and Tasto 1983)
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Figure 1.3. Life history timing of the Dungeness crab across the distribution of the
species (Gulf of Alaska: Alaska and British Columbia; Salish Sea Ecosystem: British
Columbia and Puget Sound; California Current Ecosystem: Washington, Oregon, and
California)(data from Rasmuson 2013). With increasing latitude, mating and hatching
occur later in the year; consequently, megalopae recruitment occurs later in the year.
Late-season recruitment that does not match the larval hatching and developmental
timing of the local ecosystem has been observed in Oregon.
Researchers have used a simple method to study the Dungeness crab megalopae
recruitment patterns for over two decades in Coos Bay, Oregon (Shanks and Roegner
2007; Shanks et al. 2010; Shanks 2013). A light trap was set daily at the mouth of the
estuary throughout the entire recruitment season and the abundance of megalopae caught
per day was recorded. Analysis of these large datasets have revealed that the total annual
abundance of megalopae recruits varies greatly between years. Moreover, it has been
observed that “pulses” of megalopae recruitment occur throughout the spring and
summer months—thousands of megalopae recruits are caught within a window of a few
days, followed by a few days when no megalopae recruits are caught. These pulses of
megalopae recruits have been correlated with local internal tides, which suggests internal
tides are the mechanism for Dungeness crab larval advection from offshore to nearshore
(Johnson and Shanks 2002). Consistently monitoring annual megalopae recruitment
abundances has allowed researchers to understand the typical length and timing of the
recruitment season in Oregon. Interestingly, the recruitment season of the Dungeness
crab in Oregon regularly extends up to three months longer (August-October) than would
be expected (April-July) if larvae in the CCE hatch between December and March and
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the PLD is only 3-4 months long. This multi-decade observation of late-season
megalopae recruits laid the foundation for this Oregon-based thesis project.
1.4 The Dungeness Crab Larvae and Ocean Conditions
The timing of the Dungeness crab larval development and ocean conditions are
intertwined, influencing larval transport and ultimately determining megalopae
recruitment success. Although some larval stages of the Dungeness crab have
demonstrated swimming abilities (Fernandez et al. 1993; Rasmuson and Shanks 2014),
physical ocean currents and conditions are the major drivers of larval transport for the
species (Johnson and Botsford 1986; McConnaughey et al. 1992; Park et al. 2007;
Rasmuson 2013). In the CCE, there are two main current systems that flow parallel to the
coast in opposite directions and transport the Dungeness crab larvae in-turn. The
California Current is the main oceanographic current and flows north to south, yearround. Conversely, the Davidson Current flows south to north, but only during the winter
months. The Dungeness crab eggs hatch in the winter months when the northern flowing
Davidson Current is present (Figure 1.1). Since the Davidson Current is closer to shore
than the California Current, the larvae are first entrained in the Davidson Current and
transported northward. However, it is thought that the larvae move both northward and
away from shore; therefore, the larvae are eventually caught in the southern flowing
California Current (Wild and Tasto 1983; Jamieson and Phillips 1988, Rasmuson 2013).
Moreover, the seasonal Davidson Current dissipates in the spring, and only the southern
flowing California Current remains to transport the larvae southward. During the same
time period when the Davidson Current dissipates, the pelagic Dungeness crab larvae
reach the final megalopae stage and recruit to the nearshore (Johnson and Shanks 2002;
Shanks and Roegner 2007; Shanks et al. 2010; Shanks 2013).
The strength and timing of the two counter currents in the CCE influence the
distance between larval origin and the final megalopae recruitment location. The strength
of the California Current varies from year-to-year depending on the state of the North
Pacific Ocean and is correlated with the Pacific Decadal Oscillation (PDO; weaker
southward transport during positive PDO; Keister et al. 2011). The PDO is the dominant
pattern of sea surface temperature (SST) variability (first principle component of SST
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anomalies) in the North Pacific and is described by monthly SST anomalies (Mantura et
al. 1997; Mantura and Hare 2002; Newman et al. 2016). There are two PDO phases: a
positive (warm) phase and a negative (cool) phase. During a positive phase, the SST
along the west coast of North America (including the CCE) is above average and the
central North Pacific experiences below average SST (Newman et al. 2016). During a
negative PDO phase, the opposite is true. The calculated PDO index can switch annually
between a positive phase and a negative phase. Historically, positive or negative phases
have been observed for over a decade followed by the alternative phase; however, in
recent years, transitions from positive to negative phases have occurred more frequently
(MacDonald and Case 2005; Newman et al. 2016). It is hypothesized that the PDO phase
is related to the amount of water transported into the California Current and the Alaska
Current from the North Pacific Gyre (Keister et al. 2011). In negative PDO years, more
water from the North Pacific Current is transported into the California Current than the
Alaska Current, therefore the California Current is stronger; in positive PDO years, the
converse is true. A stronger California Current during a negative PDO phase may
transport larvae further south than a weaker California Current during a positive PDO
phase.
The timing of the CCE spring transition from coastal downwelling ocean
conditions to coastal upwelling ocean conditions also influences the larval dispersal of
the Dungeness crab. In the winter months, the winds blow from south to north along the
west coast of the CCE, resulting in the previously mentioned Davidson Current as well as
downwelling. During the summer months, the winds blow from north to south, resulting
in upwelling. During upwelling, the offshore cold and nutrient rich waters move towards
the coast (Bakun and Nelson 1991; Kosro et al. 2006). The change from downwelling to
upwelling in the spring (usually between March and June) is referred to as the physical
spring transition, which denotes when the winds change direction, the upwelling season
begins, and the Davidson Current dissipates (Strub et al. 1987; Checkley and Barth
2009). An earlier spring transition may allow for larval transport to the coast earlier in the
year, and a later spring transition may prolong the time larvae spend offshore before
recruitment.
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The aforementioned ocean conditions (i.e., PDO, upwelling, and physical spring
transition) have been related to the abundance and timing of the Dungeness crab
megalopae recruitment in the CCE (Figure 1.4). In Coos Bay, Oregon, where long-term
studies of Dungeness crab megalopae recruitment have been conducted, it was found that
during years with stronger negative PDO, higher megalopae recruitment occurred
(Shanks et al. 2010). It was also found that in years with more upwelling, more
megalopae recruitment occurred (Shanks 2013). Similarly, in years with an earlier spring
transition, more megalopae recruitment occurred (Shanks and Roegner 2007). Each of
these ocean conditions varies inter-annually, as does the annual abundance and timing of
megalopae recruitment.

Figure 1.4. Relationships observed between Dungeness crabmegalopae recruitment
abundances in Coos Bay, Oregon and annual ocean conditions in California Current
Ecosystem.
The magnitude of Dungeness crab larval exchange between the GOA, the SSE,
and the CCE is unknown. Although larval exchange between ecosystems has not been
quantified nor extensively studied, there have been observations of zoea in the GOA
earlier in the year than expected (Park et al. 2007) and observations of megalopae in the
CCE later in the year than expected (Shanks 2013). Both of these observations of
mismatched timing indicate that larvae may originate from a different ecosystem with a
different life history timing (Figure 1.3). Moreover, buoy drifter studies (Park et al. 2007)
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and oceanographic dispersal models of larvae with lengthy PLDs (Bani et al. 2018) also
provide evidence that exchange of larvae may occur between the GOA, the SSE, and the
CCE. Tracking larval dispersal of species with long PLDs and distributions spanning
several ecosystems, such as the Dungeness crab, can be difficult. However, genetic
methods have proven successful in identifying migrant individuals through analysis of
population structure (reviewed in Marko and Hart 2018). Previous population
connectivity studies have successfully identified genetic structure within marine species
with long PLDs, including the common spiny lobster (Palinurus elephas; Palero et al.
2008), the California spiny lobster (Panulirus interruptus; Iacchei et al. 2013), and the
southern rock lobster (Jasus edwardsii; Thomas and Bell 2013).
1.5 The Dungeness Crab and Population Genetics
Previous genetic studies of the Dungeness crab have utilized tens of microsatellite
loci and have observed genetic population structure within and between the GOA, the
SSE, and the CCE. For instance, significant genetic differentiation was observed between
Alaska (GOA) and CCE benthic stage Dungeness crab samples (unpubl data) as well as
British Columbia (southern GOA and northern SSE) and Oregon (CCE) samples
(O’Malley et al. 2017). Additionally, Dungeness crab sampled from the westside of
Vancouver Island, British Columbia (southern GOA) were genetically differentiated from
Dungeness crab sampled from the Strait of Georgia (northern SSE; Beacham et al. 2008).
The SSE differs from the GOA and CCE due to its enclosed nature, which provides for
complex water circulation and water retention patterns that may influence larval transport
within the SSE (Sutherland et al. 2011). A study focusing on the Puget Sound found
evidence for significant genetic differentiation among adult benthic stage Dungeness crab
within the Puget Sound (southern SSE), as well as genetic differentiation between Puget
Sound (southern SSE) and coastal Washington (CCE) samples (Jackson and O’Malley,
2017). As is often common in population genetic studies, these studies of Dungeness crab
population connectivity analyzed samples from single timepoints. A more recent study of
Dungeness crab considered inter-annual genetic structure of adult benthic stage
Dungeness crab within the CCE. Interestingly, weak isolation by distance was observed
in 2012 but not in 2014 (Jackson et al. 2017). The variation in genetic population
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structure was attributed to variations in ocean conditions occurring during the PLDs of
the sampled adult crab, which may have influenced larval transport during the pelagic
stage.
The origin of Dungeness crab megalopae recruits is a missing piece of
information that could improve our understanding of the population connectivity among
Dungeness crab, and could be used to make inferences about larval transport within and
between these ecosystems. A past study by Shanks (2013) suggested that the late-season
megalopae recruits observed in Coos Bay, Oregon could not originate from the CCE due
to the mismatch in timing between hatching and recruitment. Based on the oceanographic
currents, specifically the southern flowing California Current, it was hypothesized that
the Dungeness crab originated from an ecosystem to the north: either the SSE or the
GOA. The ocean currents support this hypothesis, as does the timing of megalopae
recruitment (Rasmuson 2013). Megalopae recruitment timing in Alaska, British
Columbia, and Puget Sound match the recruitment timing of the late-season Dungeness
crab recruits in Oregon. The morphology of the late-season recruits provides a third line
of evidence to support this hypothesis: the late-season recruits in Oregon are smaller than
the expected-season recruits. This is consistent with studies of juvenile Dungeness crab in
coastal Washington and Puget Sound where three intra-annual recruitment cohorts were
observed based on differences in timing and size of recruits (Dinnel et al. 1993). The
researchers concluded that the coastal Washington recruitment cohort that occurred later
in the year (from August to September) and was composed of smaller recruits, had
originated from the Puget Sound (SSE).
The previous population genetic studies of Dungeness crab primarily utilized
neutral microsatellite loci to test for population structure, but genomic methods that
examine both presumably neutral and putatively adaptive loci are even more informative
(Narum et al. 2013). Both types of loci can be used together to study population
connectivity and inform conservation and management efforts (Funk et al. 2012;
Gagnaire et al. 2015). Reduced-representation sequencing methods, such as genotypingby-sequencing (GBS) and restriction site-associated DNA sequencing (RAD-seq), utilize
restriction enzymes to shear DNA into fragments before sequencing (Andrews et al.
2016). These methods generate many loci across the genome that can be analyzed for
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variation. Reduced-representation sequencing approaches are cost effective genomic
approaches that can be used to study non-model organisms like the Dungeness crab
(Andrews et al. 2016). By using these methods, researchers have been able to delineate
fine-scale genetic structure within populations that were previously identified as single
panmictic populations based on variation at microsatellite loci. To date, published studies
of Dungeness crab have not used reduced-representation sequencing methods. However,
these approaches have been beneficial in distinguishing population structure in other
benthic marine invertebrates with larval dispersal stages, such as the American lobster
(Homarus americanus; Benestan et al. 2016), the blue crab (Callinectes sapidus; Plough
2017), the sea scallop (Placopecten magellanicus; Van Wyngaarden et al. 2017), the
spiny lobster (Panulirus homarus and Sagmariasus verreauxi; Al-Breiki et al. 2018;
Woodings et al. 2018), and the California sea cucumber (Parastichopus californicus;
Xuereb et al. 2018).
Many population genetic and genomic studies of marine fisheries species focus on
the spatial scale to understand how ocean conditions are influencing population
connectivity and distribution, as it is important for defining fishery stocks and
maintaining sustainable fisheries (Riginos et al. 2016). However, since ocean conditions
vary intra- and inter-annually, it is important to consider temporal as well as spatial
scales, especially for marine species with longer PLDs. Several studies in addition to the
Dungeness crab (Jackson et al. 2017) have observed inter-annual genetic structure of
marine species, including the European eel (Anguilla anguilla; Pujolar et al. 2006), the
swimming crab (Liocarcinus depurator; Pascual et al. 2016), and the southern rock
lobster (Jasus edwardsii; Villacorta-Rath et al. 2017).
1.6 The Dungeness Crab, Changing Ocean Conditions, and the Future of the Fishery
Predictive fishery models are valuable to managers, conservationists, researchers,
and the fishing industry because the foresight they provide can help maintain a
sustainable fishery and prepare coastal communities for future fishery harvests. A
density-dependent relationship has been observed between annual Dungeness crab
megalopae recruitment and the total commercial harvest of Dungeness four years later
(Shanks et al. 2010; Shanks 2013; Shanks 2018). A better understanding of the genetic
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connectivity of Dungeness crab would inform this model by providing greater insight into
larval sources and larval transport within and between ecosystems.
A sustainable fishery means ensuring that the people who depend on the fishery
can maintain their livelihood now and into the future (Hilborn et al. 2015). With a
changing climate and subsequent changing ocean conditions, it is important to have a
strong understanding of the population connectivity of the species harvested from the
ocean. Knowledge of population dynamics, population connectivity, and genomic
diversity are a few quantifiable measures that are informative in efforts towards
maintaining sustainable fisheries (Bernatchez et al. 2017). Particularly for a fishery with
high socioeconomic value like the CCE Dungeness crab fishery, an understanding of how
future changes in ocean conditions may impact the population are sought after. However,
the complex issue of how changing ocean conditions will influence the Dungeness crab
fishery cannot be disentangled by one discipline alone and requires collaboration and
interdisciplinary approaches.
1.7 Objectives and Hypotheses
In Chapter 2, as a case study we examined the genomic variation among
Dungeness crab megalopae recruiting to Coos Bay, Oregon in 2014 using a GBS
approach. The genomic results were placed in the context of the 2014 ocean conditions
(i.e., positive PDO, later spring transition, and below average upwelling) as well as the
CCE commercial harvest during the 2018 fishery season. The primary objective was to
test for differentiation between expected-season and late-season megalopae recruits in
2014, using both neutral and putatively adaptive loci. We hypothesized that the expectedseason and late-season recruits would be genetically differentiated based on variation at
neutral and putatively adaptive loci because the late-season recruits originated from
outside the CCE, likely the SSE or the GOA.
In Chapter 3, we use the same GBS approach as in Chapter 2 to examine finescale spatial and temporal genetic differentiation among Dungeness crab megalopae
recruits, based on variation at neutral and putatively adaptive loci. Our first objective was
to test for genetic differentiation between expected-season and late-season recruiting
Dungeness crab megalopae at two sites, Coos Bay and Yaquina Bay, within the CCE.
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Based on findings from Chapter 2 and weak genetic differentiation observed between
Dungeness crab from different ecosystems in previous studies (Beacham et al. 2008;
O’Malley et al. 2017; Jackson and O’Malley et al. 2017; Jackson et al. 2017), we
hypothesized that expected-season recruits would be genetically differentiated from lateseason recruits based on variation at both neutral and putatively adaptive loci. Our second
objective was to test if intra-annual genetic differentiation among the recruiting
Dungeness crab megalopae at the two sites varied across years. We hypothesized that the
2018 megalopae recruits would exhibit greater intra-annual genetic differentiation than
the 2017 megalopae because there was a weaker positive PDO in 2018 than 2017, which
likely indicates greater southward transport of pelagic larvae from northern ecosystems
into the CCE in 2018. Our third objective was to test for relatedness among Dungeness
crab megalopae recruiting within the two CCE sites. We hypothesized that collections of
recruiting Dungeness crab megalopae would exhibit higher relatedness than expected by
chance and would contain full-siblings or half-siblings if cohesive larval dispersal
occurred during the 3-4 month PLD of the Dungeness crab.
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Chapter 2: Big fishery, big data, and little crabs: Using genomic methods to examine
the seasonal recruitment patterns of early life stage Dungeness crab (Cancer
magister) in the California Current Ecosystem
This chapter was done in partial fulfillment of the National Science Foundation Research
Traineeship (NRT) program at Oregon State University.

2.1 Abstract
The California Current Ecosystem (CCE) is a dynamic marine ecosystem from
which many socioeconomically important fisheries species are harvested. Here, a
genotyping-by-sequencing (GBS) approach was used to examine genomic variation in an
early life stage (megalopae) of the Dungeness crab (Cancer magister), which constitutes
the most valuable single-species commercial fishery in the CCE. The variation in
abundance and timing of megalopae recruitment has been extensively studied for over
two decades in Coos Bay, Oregon, USA. Within the CCE, the documented timing of life
history events indicates that coastal megalopae recruitment is expected to occur April
through July; however, the long-term studies in Coos Bay, Oregon have observed lateseason recruitment from August to October. Based on variation at 1,913 neutral loci,
evidence was found for weak, yet significant differentiation between the 2014 expectedseason recruits and late-season recruits collected in Coos Bay, Oregon. Based on
variation at two outlier loci, evidence was found for stronger differentiation, as estimated
by FST, between the expected-season and late-season recruits. These findings support the
hypothesis that late-season megalopae recruits to the Oregon coast may have originated
from outside the CCE. Understanding marine species connectivity between ecosystems is
important when considering how future changes in ocean conditions may impact fishery
harvests.

2.2 Introduction
Ecosystems are considered “the most basic units of nature” (Tansley 1935),
consisting of both the biotic and abiotic factors within a spatially defined area. From the
biological, geochemical, and physical processes occurring within and between factors,
arise ecosystem functions; functions beneficial to humans that are categorized as
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ecosystem goods and services (Likens 1992; De Groot et al. 2002; Cury et al. 2003).
Marine ecosystems (e.g., oceans, coastal waters, and estuaries) cover 71% of the Earth’s
surface (Hoegh-Guldberg and Bruno 2010). Across Earth’s biosphere, the greatest
interface between humans and marine ecosystems occurs within coastal waters, which are
divided spatially into 64 Large Marine Ecosystems (LME) by the United States National
Oceanic and Atmospheric Association (NOAA; Sherman 1991; Hennessey and Sutinen
2005; Sherman 2006; Pauly et al. 2008; Sherman and McGovern 2012).
The California Current Ecosystem (CCE) is a dynamic LME that spans from
Vancouver Island, British Columbia, Canada to Baja California, Mexico (Figure
2.1)(Fautin et al. 2010). This marine ecosystem exhibits spatial and temporal variations in
ocean conditions, such as sea surface temperature, sea surface height, timing of spring
transition, alongshore winds, and upwelling events (Guisan and Thuiller 2005). Ocean
conditions resulting from climate forcing are the primary drivers of fisheries harvest
variability within the CCE (Sherman 2006). The many fishery species annually harvested
within the CCE have socioeconomic importance to the adjacent coastal communities
(Field and Francis 2006; Poe et al. 2014; Fuller et al. 2017; Miller et al. 2017; Richerson
et al. 2018; Ritzman et al. 2018).

Figure 2.1. Location of the Dungeness crab megalopae sampling site within the
California Current Ecosystem, Coos Bay, Oregon, USA.
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The Dungeness crab (Cancer magister) is considered the most valuable singlespecies commercial fishery within the CCE, regularly earning the highest annual
coastwide ex-vessel value ($195.6 million during the 2018 commercial fishery season;
CDFW 2019; ODFW 2019; WDFW 2019). Dungeness crab landings within the CCE
have fluctuated annually, by an order of magnitude, since the establishment of the
commercial fishery in the early 1900s (Rasmuson 2013). At present, managers regulate
the CCE Dungeness crab commercial fishery by defining the opening and closing of each
annual season during which only male Dungeness crab with a carapace width greater than
160 mm can be harvested (CDFW 2019; ODFW 2019; WDFW 2019). Although methods
for aging adult Dungeness crab currently do not exist, catch models approximate that, on
average, the CCE crab reach legal size for commercial harvest at age four (Botsford,
1984; Johnson et al. 1986). Therefore, under the current management strategy, it is
estimated that greater than 90% of all age four male crabs are harvested annually;
indicating that the coastwide CCE Dungeness crab commercial fishery landings
(Washington, Oregon, and California, USA) are a reasonable proxy for the size of the age
four year class (Hackett et al. 2003). Furthermore, the CCE harvest variability has often
been attributed to degree of success during the pelagic larval period of each year class,
when the Dungeness crab are most vulnerable to ocean conditions (reviewed in Botsford
et al. 1989; reviewed in Botsford and Lawrence 2002; reviewed in Rasmuson 2013).
Although the Dungeness crab is characterized as benthos at harvest, its life history
begins with a long pelagic larval duration (PLD) of 3-4 months. Reproducing female crab
brood their eggs until hatching, at which time the first pelagic larval stage (zoea) are
moved offshore and dispersed along the coast by two main current systems within the
CCE. First, zoea are transported northward by the Davidson Current (pre-spring
transition; northern flowing coastal winds) and then southward by the California Current
(post-spring transition; southern flowing coastal winds; Wild and Tasto 1983; Shanks and
Roegner 2007; Shanks 2013). During the PLD, zoea develop through five stages before
metamorphosing into a final megalopae stage (Wild and Tasto 1983). Recruitment of the
megalopae from offshore back to the nearshore occurs during coastal upwelling, when
the megalopae migrate towards the coast with internal tides and then successfully settle in
the nearshore environment (Jamieson and Phillips 1988; Johnson and Shanks 2002;
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Rasmuson 2013). Migration is thought to be limited after the recruiting megalopae settle
(i.e., less than 20 km a year; Hildenbrand et al. 2011). Based on growth and survival rates
within the local nearshore habitat, male Dungeness crab reproduce at least once before
reaching harvestable size within the CCE fishery, four years later (McKelvey et al. 1980;
Hackett et al. 2003).
Dungeness crab inhabit a large geographic area, which extends northward from
the CCE to the Aleutian Islands, Alaska, USA, encompassing the Salish Sea Ecosystem
(SSE) and the Gulf of Alaska (GOA) LME (Figure 2.1)(Wild & Tasto 1983; Sherman
and McGovern 2012). Within and among these ecosystems, the timing of life history
events differs along a latitudinal gradient (Figure 2.2)(reviewed in Rasmuson 2013). For
example, within the CCE, SSE, and GOA, mating occurs March-June, April-September,
and June-July, respectively (Strathmann 1987; Fisher 2006). Likewise, subsequent egg
brooding and larval hatch timing differs latitudinally. Within the southern portion of the
CCE (coastal California), larval hatching occurs December-February and within the
northern portion of the CCE (coastal Oregon and Washington), larval hatching occurs
January-March. Furthermore, hatching occurs February-May within the SSE and much
later in the year (i.e., June-July) within the GOA (Strathmann 1987; Fisher 2006).

Figure 2.2. Documented timing of Dungeness crab early life history from mating to
recruitment of megalopae to the nearshore (data from Rasmuson 2013 review). Oregon
late-season Dungeness crab recruits indicated in gray. California Current Ecosystem
locations include: Washington, Oregon, and California. Puget Sounds is within the Salish
Sea Ecosystem, and Alaska is within the Gulf of Alaska Ecosystem. British Columbia
spans both the Salish Sea Ecosystem and the Gulf of Alaska Ecosystem.
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Documented studies of early life history of the Dungeness crab are spatially
limited across the species’ large geographic distribution, but the recruitment timing and
abundance of the Dungeness crab megalopae has been closely studied over the past two
decades in Coos Bay, Oregon (Shanks and Roegner 2007; Shanks et al. 2010; Shanks
2013). Throughout the species range, regional nearshore recruitment and settlement of
megalopae generally occurs 3-4 months after hatching; thus, matching the documented 34 month PLD of the species (Rasmuson 2013). However, research in Coos Bay, Oregon
has found that megalopae recruitment continues later into the year than expected with
recruits settling through August and into late October in some years (Shanks and Roegner
2007; Shanks et al. 2010; Shanks 2013). These late-season megalopae recruits do not fit
the documented life history timing for this species.
Ocean conditions play an important role in larval transport, dispersal, survival,
and overall population connectivity of marine species (Cowen and Sponaugle 2009). The
previous studies of Dungeness crab megalopae recruitment in Coos Bay, Oregon have
demonstrated that the Pacific Decadal Oscillation (PDO), physical spring transition, and
upwelling events are correlated with annual megalopae recruitment abundances of the
Dungeness crab. For instance, the abundance of megalopae recruits in Coos Bay, Oregon
is higher during years with a negative PDO, earlier spring transition, and stronger
upwelling (Shanks and Roegner 2007; Shanks et al. 2010; Shanks 2013). Accordingly,
annual megalopae recruitment abundances vary annually by orders of magnitude in Coos
Bay, Oregon. Interestingly, Shanks and colleagues also found a density dependent
correlation between the annual megalopae recruitment abundances in Coos Bay and the
total coastwide CCE Dungeness crab commercial fishery landings four years later
(Shanks et al. 2010; Shanks 2013), when the megalopae recruitment cohort is expected to
reach harvestable size (Hackett et al. 2003). The degree of population connectivity among
benthic stage Dungeness crab has also been shown to vary inter-annually. Jackson et al.
(2017) found evidence for genetic variation among benthic adults in 2012 but not in
2014. The authors hypothesized that the recruiting cohorts experienced different CCE
ocean conditions (i.e., spring transition and upwelling) during the larval stage, resulting
in an isolation by distance signal in one year but not in the other year.
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It has been hypothesized that the Dungeness crab megalopae recruiting to coastal
Oregon later in the year (late-season: August-September) than expected (expectedseason: April-July), are from the northern portion of the species distribution such as the
SSE or the GOA (Shanks 2013). This hypothesis is based on several observations of the
pelagic larval stage. First, higher abundances of Oregon late-season megalopae recruits
are observed in negative PDO years, when the southern flowing California Current is
stronger (Shanks 2013). During negative PDO years, more water is diverted from the
North Pacific Gyre to the California Current than to the Gulf of Alaska Current (Keister
et al. 2011; Shanks 2013). Second, the timing of the late-season megalopae recruitment in
coastal Oregon (August-September) aligns with the timing of megalopae recruitment in
the two northern ecosystems of the species range, the SSE and the GOA. Previous
genetics studies have found evidence for genetic differentiation among the Dungeness
crab from different ecosystems. For example, O’Malley et al. (2017) found evidence for
genetic differentiation between the benthic stage Dungeness crab in coastal Oregon
(CCE) and the benthic stage Dungeness crab in British Columbia (samples from both the
southern GOA and the northern SSE). Furthermore, Jackson and O’Malley (2017) found
evidence for genetic differentiation between the benthic stage Dungeness crab in coastal
Washington (CCE) and the benthic stage Dungeness crab in Puget Sound (southern SSE).
As a case study, we examined the genomic variation among Dungeness crab
megalopae recruiting to Coos Bay, Oregon in 2014, and then placed the findings in the
context of the 2014 ocean conditions (i.e., positive PDO, later spring transition, and
below average upwelling; Table 2.1) as well as the CCE commercial fishery landings
during the 2018 fishery season. The primary objective of this study was to test for
differentiation between expected-season and late-season megalopae recruits in 2014,
using both neutral and adaptive loci to inform inferences about the origin of late-season
recruits. We hypothesized that the expected-season and late-season recruits would be
genetically differentiated based on variation at neutral and adaptive loci because the lateseason recruits originated from outside the CCE, likely the SSE or the GOA.
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Table 2.1. California Current Ecosystem measured ocean conditions of 2014: Pacific
Decadal Oscillation (JIASO 2019), upwelling (PFEL 2019), and spring transition
(Bograd et al. 2009).
Mean
Ocean Condition
Measure Defined
2014
1998-2016
Pacific Decadal
Oscillation (PDO)

Sum of monthly PDO index
(January-July)

6.1

1.31

Upwelling

Sum of daily upwelling
(mtons/sec/100m of coastline)
(March-September) at 45oN

3,945

4,377

Spring Transition

Physical at 45oN
(day of year)

129

104

2.3 Methods
2.3.1 Larval Sample Collection
In 2014, a light trap was fished in Coos Bay, Oregon (43.34°N, 124.33°W)(Figure
2.1), spanning the expected-season (April-July) and late-season (August-September)
recruitment for Dungeness crab megalopae. The light trap design and methodology
followed Shanks et al. (2010). Briefly, daily counts of megalopae collected in the light
trap were recorded by Shanks and colleagues at the Oregon Institute of Marine Biology
(Figure 2.3). Each month, 50 megalopae were subsampled from one day within a threeday window of the largest daily count. The subsampled megalopae were preserved in
95% ethanol for genomic analyses. Despite a positive PDO, later spring transition, and
below average upwelling, recruits were observed in both the expected-season and the
late-season time periods.
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Figure 2.3. Daily Dungeness crab megalopae catch in the Coos Bay, Oregon light trap
during the 2014 recruitment season (April 10th - September 29th). Red asterisks (*)
indicate sampling points (May 7th and September 3rd)(unpubl data Shanks 2018).
2.3.2 Library Preparation and Sequencing
To investigate intra-annual genetic differentiation among Dungeness crab recruits,
47 megalopae were sampled during the peak of the expected-season (May) and 47
megalopae were sampled during the peak of the late-season (September)(Figure 2.3).
Each megalopae sample was homogenized using a TissueLyser II (Qiagen, Hilden,
Germany) and genomic DNA was extracted using the Qiagen DNeasy Blood and Tissue
Kit (Qiagen, Hilden, Germany).
A genotyping-by-sequencing (GBS) approach was used to sequence a set of loci
across the Dungeness crab genome. Libraries consisting of 96 samples (94 unique
megalopae individuals and two replicates) were constructed following the methods of
Elshire et al. (2011), with the modification of double digesting the samples with the highfidelity restriction enzymes SbfI and MspI for one hour at 37oC. Adapters with 96 unique
barcodes (5-10 base pairs in length) were ligated to the 96 samples before multiplexing,
to allow for individual sample identification in downstream analyses. Size selection was
not performed on the library before polymerase chain reaction (PCR) amplification with
Illumina sequencing primers. A Qiagen QIAquick PCR Purification Kit (Qiagen, Hilden,
Germany) was used to purify the library and an Agilent 2100 Bioanalyzer (Agilent
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Technologies, Santa Carla, California, USA) was used to assess the quality of the library.
The library was sequenced on an Illumina HiSeq 3000 (Illumina, San Diego, California,
USA) flow cell lane with 150 base pair (bp) paired-end sequencing chemistry. Raw,
unfiltered sequencing reads were recorded in a FASTQ format file (Cock et al. 2009).
2.3.3 Quality Filtering and Genotyping
The raw sequencing reads were filtered before conducting population genomic
analyses. The program FASTQC (v. 0.11.3, Andrews 2010) was used to assess the quality
of Illumina raw reads and CUTADAPT (v. 1.5, Martin 2011) was used to trim any Illumina
adapters from the raw sequences. The STACKS (v. 2.2, Catchen et al. 2011, 2013)
process_radtags program was used to further filter and demultiplex the paired-end reads
(-P) using the inline unique barcodes (-inline_null). The process_radtags parameters
were set to remove reads with an uncalled base (-c), correct barcodes and restriction
enzyme sites that were one mismatch different from a true barcode or restriction site
sequence (-r), and remove reads that dropped below an average quality score of 20 (-q
20) within a sliding window of 15% of the read length (-w 0.15).
Genotyping the individual megalopae using the filtered short-read sequences was
accomplished using the STACKS (v. 2.2, Catchen et al. 2011, 2013) software pipeline
(Rochette and Catchen 2017). The STACKS denovo_map.pl program was used to execute
each of the programs in the STACKS pipeline: ustacks, cstacks, sstacks, tsv2bam, gstacks,
and populations. Parameters for each program in the pipeline were optimized for the
Dungeness crab megalopae samples following the recommendations of Mastretta‐Yanes
et al. (2015) and Paris et al. (2017). The ustacks program (-M 2, -m 3, -N 4) was used to
de novo assemble matching reads within an individual to form a set of putative loci using
a maximum likelihood framework. The cstacks program (-n 1) was used compile a
catalogue of all loci within the samples. The sstacks program was used to match all
individuals to the complied catalogue. The tsv2bam program was used to transpose the
data. Finally, the gstacks program was used to assemble paired-end reads into contigs
using the catalogue of loci and then call single nucleotide polymorphisms (SNPs) within
each locus.
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2.3.4 Population Genomic Analyses
The STACKS (v. 2.2, Catchen et al. 2011, 2013) populations program was used to
compare loci between expected-season and late-season megalopae recruits (Rochette and
Catchen 2017; Pairs et al. 2017). The populations program identified loci found: in both
expected-season and late-season samples (-p 2), at least 70% of individuals in both
expected-season and late-season samples (-r 0.7), and with minor allele frequencies
greater than 0.05 (--min_maf 0.05). Only the first SNP in each locus was used for
downstream analyses to maintain independence of loci (--write_single_snp). Results of
the populations module were output as a Variant Call Format (VCF) file (Danecek et al.
2011). Putative Paralogous Sequence Variants (PSVs) were identified within the
expected-season and late-season samples as loci with >0.6 proportion of heterozygotes
and/or allele depth ratio deviation ± 5 (McKinney et al. 2017), and consequently removed
from the dataset. The program PLINK (v. 1.07, Purcell et al. 2007) was used to identify
loci in linkage disequilibrium (r2 > 0.80), and one locus of each pair was removed. Loci
were removed from the dataset using a blacklist (-B) in the STACKS populations program.
Each remaining locus was evaluated for departure from Hardy-Weinberg Proportion
within expected-season and late-season groups using the program VCFTOOLS (v. 0.1.13,
Danecek et al. 2011; Wigginton et al. 2005), and a false discovery rate (FDR) correction
was applied to account for multiple testing (Storey et al. 2004). The R package
HIERFSTAT (v.

3.5.0, Goudet 2005, R Core Team 2019) was used to calculate allelic

richness (AR), observed heterozygosity (HOBS), expected heterozygosity (HEXP), and
inbreeding coefficients (FIS) within expected-season and late-season sampling groups
(Nei and Chesser 1983; Nei 1987; El Mousadik and Petit 1996).

2.3.5 Identifying Outlier Loci
Two methods were used to identify outlier loci (i.e., putatively adaptive loci)
considered to be under selective pressure within expected-season and late-season
samples. Outlier loci with high FST values were identified using the program BAYESCAN
(v. 2.1, Foll and Gaggiotti 2008) using a priori of 100 and a false discovery rate threshold
(q-value) of 0.05. With the program OUTFLANK (v. 0.2, Whitlock and Lotterhos 2015),
loci outside an inferred neutral distribution of FST values were identified with a false
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discovery threshold (q-value) of 0.01. Outlier loci sequences were compared against the
National Center for Biotechnology Information (NCBI) database using BLASTN
(Nucleotide Basic Local Alignment Search Tool; Altschul et al. 1990) and the Somewhat
similar sequences program selection.
2.3.6 Testing for Differentiation
To test for differentiation between the expected-season and late-season megalopae
recruits, pairwise FST estimates were computed for presumably neutral and putatively
adaptive loci (i.e., outlier loci). The R packages ADEGENET (v. 3.5.0, Jombart 2008,
Jombart and Ahmed 2011, R Core Team 2019) and STAMPP (v. 3.5.0, Pembleton et al.
2013, R Core Team 2019) were used to calculate pairwise FST estimate using 10,000
bootstraps across neutral loci, outlier loci, and all loci to determine 95% confidence
intervals and p-values (Weir and Cockerham 1984). The R package ADEGENET was also
used for a Discriminant Analysis of Principle Components (DAPC) across all loci (v.
3.5.0, Jombart et al. 2010, R Core Team 2019).

2.4 Results
2.4.1 Larval Sample Collection
In 2014, 197,242 megalopae were caught in a light trap fished in Coos Bay,
Oregon (Figure 2.3)(unpubl data Shanks 2018). Megalopae were caught on the first day
the light trap was fished, April 10th. The trap was fished daily through September 23rd,
and the last day megalopae were caught was September 17th. During this time period,
daily megalopae catch abundances fluctuated from 0 to 47,600. A total of 170,833
megalopae recruits (87%) were caught within the expected-season (April-July) and a total
of 26,562 megalopae recruits (13%) were caught within the late-season (AugustSeptember). The largest peak in abundance was observed in May during expected-season
(maximum daily count of 47,600 on May 7th) and the second largest peak in abundance
was observed in September during the late-season (maximum daily count of 21,700 on
September 3rd). As stated in the Methods, 47 megalopae were collected for genomic
analysis during the peak of the expected-season on May 7th and 47 megalopae were
collected during the peak of the late-season on September 3rd (Figure 2.3).
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2.4.2 Library Sequencing, Filtering, and Genotyping
Genomic DNA was successfully extracted from all 47 expected-season and all 47
late-season megalopae and GBS libraries were constructed and sequenced. The
402,561,387 paired reads (805,122,774 total reads) that resulted from sequencing were
evaluated for read quality with FASTQC. Of these paired reads, 146,482,358 (36.39%)
were removed due to the presence of an Illumina adapter. Read quality was further
assessed using the STACKS process_radtags program. In total, 33,559,227 paired reads
without barcodes, 40,492,029 paired reads without a restriction enzyme cut site, and
14,828,129 paired reads with low quality were removed from the dataset. Demultiplexing
the reads with the sample barcodes revealed that the 94 individual megalopae were
adequately represented with a mean of 3,22,785 (± 80,967 SE) reads per individual.
Similar sequences for each of the 94 individuals were aligned into putative loci
with the STACKS ustacks program and combined into a catalogue of 354,735 putative loci
using the cstacks program. The catalogue of consensus sequences was compared against
each individual’s stacks with sstacks, tsv2bam was used to transform the data, and finally,
gstacks built contigs from the paired-end data and called 5,811 SNPs.

2.4.3 Population Genomic Analyses
The STACKS populations program identified 2,216 putative polymorphic loci
between expected-season and late-season recruits. After removing loci identified as
PSVs, 1,915 loci remained. There was no evidence of linkage disequilibrium between
pairs of loci within expected-season and late-season sampling groups. Of the 1,915 loci,
333 putative loci within the expected-season group and 322 putative loci within the lateseason group showed significant deviation from Hardy-Weinberg Proportion after
correction for multiple testing, but these loci were retained in the final set of 1,915 loci
because we were interested in examining intra-annual genetic structure and not the
genetic structure within each seasonal group.
The set of 1,915 loci were used for population genomic analyses. Allelic richness
for expected-season recruits and late-season recruits was 1.998 and 1.997, respectively
(Table 2.2). Observed heterozygosity was 0.2299 for expected-season recruits and
0.2321for late-season recruits (Table 2.2). Expected heterozygosity was higher for both
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the expected-season recruits (0.2726) and for the late-season recruits (0.2729)(Table 2.2).
The inbreeding coefficient (FIS) was slightly higher for expected-season recruits (0.1455)
than late-season recruits (0.1414)(Table 2.2) but the values were not significantly
different (p > 0.05; Kruskal-Wallis rank sum test). FIS was significantly different from
zero for both expected-season and late-season (p < 0.01; one-sample t-test) indicating that
individuals in each group are more related than expected under a model of random
mating.
Table 2.2. Population genetic measurements for 2014 expected-season and late-season
megalopae recruits in Coos Bay, Oregon.
Population Genetic Measure
Expected-season
Late-season
Allelic Richness (AR)
1.9998
1.9973
Observed Heterozygosity (HOBS)
0.2299
0.2321
Expected Heterozygosity (HEXP)
0.2726
0.2729
Inbreeding Coefficient (FIS)

0.1455

0.1414

2.4.4 Identification of Outlier Loci
Using the program BAYESCAN, two outlier loci were identified. The program
OUTFLANK

also identified these two outliers as well as seven additional outliers

(Appendix Table A1). The two outlier loci identified by both programs were categorized
as putatively adaptive loci for downstream analyses. Using BLASTN, one of the outlier loci
matched a hypothetical protein mRNA sequence of the Asian mud crab (Scylla
paramamosain) in the NCBI database with an e-value of 5e-28 (GenBank Sequence ID:
HM217907.1).
2.4.5 Differentiation Between Expected-season and Late-season Recruits
The expected-season megalopae recruits were significantly differentiated from the
late-season megalopae recruits based on variation at 1,913 presumably neutral loci (FST =
0.0011; p = 0.0262). The DAPC using the final 1,913 neutral loci and the two putatively
adaptive loci indicted that two groups (expected-season and late-season) could be
differentiated using five or more principle components (Figure 2.4). The degree of
differentiation between the two recruiting groups was much larger based on only the
variation at the two putatively adaptive loci (FST = 0.2036; p < 0.001). Accordingly, the
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expected-season and late-season megalopae were also significantly differentiated based
on variation at both the neutral and putatively adaptive loci (FST = 0.0013; p = 0.0109).

Figure 2.4. Discriminant Analysis of Principle Components (DAPC) for expected-season
(blue) and late-season (red) megalopae recruits in 2014 in Coos Bay, Oregon using both
neutral (1,913) and putatively adaptive (2) loci with Principle Components (PC) 1-10.

2.5 Discussion
2.5.1 Differentiation Between Dungeness Crab Megalopae Recruits
We found evidence for weak genetic differentiation, based on variation at 1,913
neutral loci, between the 2014 expected-season (May) and late-season (September)
Dungeness crab megalopae recruits in Coos Bay, Oregon, an estuary of the CCE. We
hypothesized that expected-season and late-season recruits would be different because
previous studies 1) suggest that the CCE late-season recruits originate from northern
ecosystems (GOA of SSE; Shanks 2013) and 2) provide evidence for genetic
differentiation between benthic stage Dungeness crab from the CCE and northern
ecosystems (Jackson and O’Malley 2017; O’Malley et al. 2017). Furthermore, we
identified and categorized two outlier loci as putatively adaptive. The pairwise FST
estimate based on variation at these two putatively adaptive loci was considerably higher
than that based on variation at the neutral loci. Taken together, these findings suggest that
late-season megalopae recruits may have originated from a northern ecosystem.
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Although differentiation between expected-season and late-season megalopae
recruits was significant based on variation at neutral loci, the FST estimate (0.0011) was
recognizably low, even for a marine species. Gene flow is expected to be high for marine
species given that few dispersal barriers exist and effective population sizes are typically
large. Accordingly, low FST estimates are often observed within and between populations
(Palumbi 1994; Ward et al. 1994; Waples 1998). However, significant yet low FST
estimates have been found to be biologically meaningful in several genomic studies of
commercially important marine species with lengthy PLDs. Low to moderate pairwise
FST estimates (FST range: 0.0062 - 0.0240) were observed in a spatiotemporal study of the
southern rock lobster larval recruits (Jasus edwardsii; 12-24 month PLD) off the coasts
of New Zealand and Australia (Villacorta-Rath et al. 2017). Based on variation at 558
neutral loci, the authors reported low, yet significant pairwise FST estimates when
comparing recruits between two locations across four years. Since genetic differentiation
was observed across both space and time, they attributed the finding to chaotic genetic
patchiness (CGP; Johnson and Black 1982) and concluded that inter-annual variation in
ocean currents influenced the annual sources of larvae, resulting in significant interannual genetic differentiation between years, within sites.
Studies of adult benthic marine invertebrates have found that low FST estimates,
similar to those observed in our Dungeness crab megalopae recruit study, can be used to
distinguish regional genomic variation when sample sizes are large. For instance,
Benestan et al. (2015 and 2016) observed low, yet highly significant FST values (mean FST
= 0.0019) among adult American lobster (Homarus americanus; 1-1.5 month PLD;
Lawton and Lavalli 1995) across a large portion of the species range. Despite low FST
values, Benestan and colleagues were able assign individuals to northern and southern
regions, using large regional sample sizes (n > 50) and 8,144 neutral loci. Similarly,
regional genetic differentiation was observed in the Giant California sea cucumber
(Parastichopus californicus; Xuereb et al. 2018), which is a benthic species with a 1-4
month PLD found in coastal waters from Alaska, USA to Baja California, Mexico
(Lambert 1997). Xuereb et al. (2018) sampled 24 locations off the coasts of southeast
Alaska and British Columbia at the convergence of the CCE, GOA, and SSE. Based on
variation at 2,719 neutral loci, the researchers observed weak differentiation (FST = 0.002)
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between northern and southern sites. The authors attributed the observed differentiation
to asymmetric ocean currents in this region, as the sampling locations spanned the
bifurcation of the North Pacific Current into the northern flowing Alaska Current and the
southern flowing California Current. This study demonstrates that species with a longer
PLD that span the divide between northern and southern ecosystems along the North
American west coast may exhibit lower, but biologically relevant FST estimates.
Heterozygote deficiency (positive FIS) is often observed in marine invertebrates,
and the reasoning for this deficiency is often population or study specific (reviewed in
Raymond 1997; Addison and Hart 2005). Positive FIS can be attributed to several
processes: selection, inbreeding, laboratory or data artifacts, null alleles, or the Wahlund
effect (i.e., unrecognized spatial or temporal structure within samples; Wahlund 1928;
Addison and Hart 2005). The Wahlund effect describes a situation in which the there is a
deficit of heterozygotes due to the pooling of several breeding groups into one sample
(Wahlund 1928). Since reproducing Dungeness crab are typically confined to a small
spatial area due to limited benthic movement (Hildenbrand et al. 2011), the Dungeness
crab recruitment cohorts may represent multiple groups of offspring from spatially
distinct breeding groups. The Wahlund effect has been observed often in marine species
(Planes and Lenfant 2002).
The GBS approach used in this study allowed for the identification of over a
thousand loci including outlier loci, where past genetic studies on Dungeness crab used
tens of neutral microsatellite loci (Jackson and O’Malley 2017; O’Malley et al. 2017;
Jackson et al. 2017). We observed strong genetic differentiation between the expectedseason and late-season recruits based on variation at the two putatively adaptive loci. This
finding may be attributed to differences in selective pressures between the CCE and the
more northern SSE and GOA, such as temperature and ocean chemistry. It is important to
emphasize that these loci are outliers with high FST values and may not truly reflect
regions of the genome under selection (Shafer et al. 2015). However, one of the outlier
loci exhibited similarity to a hypothetical mRNA sequence in the NCBI database for the
Asian mud crab (Scylla paramamosain), providing additional support that the identified
outlier loci may be adaptive. It is unsurprising that only one outlier matched the database
because, currently, there are a limited number of mapped and annotated crustacean
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genomes (Rotllant et al. 2018). Regardless, outlier loci are powerful in delineating
population structure in highly dispersive marine species. For example, a study on the
adult stage of the Eastern Rock Lobster (Sagmariasus verreauxi; 8-12 month PLD)
within the Tasman Sea did not observe population structure based on variation at 645
neutral loci, but they did observe population structure based on variation at 15 outlier loci
(Woodings et al. 2018). Similarly, a study conducted on the benthic Atlantic Macoma
Clam (Macoma petalum;1.5 month PLD) examined population genetic structure between
four geographic regions along the Northwestern Atlantic coast of North America.
Significant structure was observed based on neutral variation (1,089 loci), but also,
regional population structure was found to be 20 times higher based on variation at
outlier loci (93 loci; Metivier et al. 2017). Together, these studies highlight the advantage
of using both neutral loci and outlier loci to investigate population genetic structure in
marine species.
The benthic stage CCE Dungeness crab have exhibited inter-annual variations in
population genetic structure ranging from weak isolation by distance (IBD; 2012) to
panmixia (2014) based on variation at neutral microsatellite loci (Jackson et al. 2017).
Presumably, the 2014 panmictic population would have contributed to the 2014 larval
cohort; Dungeness crab reach sexual maturity at ~100 mm width carapace (Rasmuson
2013). With a panmictic reproductive population in the CCE, we would expect the larval
recruits of 2014 to be genetically homogenous if they all originated from within the CCE.
However, we observed weak differentiation between the expected-season and the lateseason megalopae recruits based on variation at neutral loci and stronger genetic
differentiation based on outlier loci. This observed differentiation between recruits
therefore supports the idea that the late-season megalopae recruits did not originate from
within the CCE.
Alternatively, the late-season recruits may have originated from within the CCE if
the Dungeness crab mating season or PLD are longer than previously assumed. The lateseason season megalopae recruits could be offspring from a group of CCE adults
reproducing later in the season than documented or the PLD may be longer than 3-4
months for some individuals within the CCE. Therefore, the megalopae recruit samples
would not need to be from different ecosystems (CCE vs. SSE or GOA) to observe
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genetic differentiation. These alternative scenarios could still represent a different
reproductive source of megalopae leading to weak, yet significant, intra-annual
differentiation.
GBS approaches utilizing both neutral and outlier loci can provide greater power
to detect fine-scale population structure than previous microsatellite studies (Vendrami et
al. 2017). Further evidence is needed to confirm the hypothesis that the source of the lateseason megalopae recruits are from ecosystems north of the CCE. Such evidence would
include a comparison of the late-season megalopae recruits to reproducing adult
populations in the SSE or the GOA, a reproducible pattern of differentiation across
multiple years, and/or a stronger FST value based on variation at the neutral loci.

2.5.2 Ocean Conditions and Megalopae Recruitment in 2014
In an effort to understand how ocean conditions allow for the exchange of
Dungeness crab larvae within and between ecosystems, we examined the 2014
megalopae recruitment abundance within the context of previous years (Shanks and
Roegner 2007; Shanks et al. 2010; Shanks 2013). The 2014 positive PDO suggests that
there was less southward transport, potentially reducing larval transport from the GOA
and the SSE to the CCE. However, the late spring transition and below average upwelling
in 2014 may suggest that larvae spent more time offshore in the southern flowing
California Current, potentially increasing the southern transport of the larvae (Shanks
2013). While abundances of late-season megalopae recruits vary inter-annually and are
often very low, late-season megalopae recruits (August-October) have been observed in
Coos Bay every year monitored prior to 2018 (1998-2001 and 2007-2017) (Shanks and
Roegner 2007; Shanks et al. 2010; Shanks 2013; unpubl data Shanks 2018). In 2014, the
abundance of late-season recruits was below average but above the median, ranking as
the ninth lowest year of megalopae recruitment in a 15-year dataset (1998-2001 and
2007-2017) of daily recruitment monitoring (Shanks and Roegner 2007; Shanks et al.
2010; Shanks 2013; unpubl data Shanks 2018). This observation was consistent with
predictions based on ocean conditions.
Based on models by Shanks and colleagues (Shanks and Roegner 2007; Shanks et
al. 2010; Shanks 2013), the lower abundance of recruiting megalopae in 2014 should
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have resulted in lower commercial landings during the 2018 Dungeness crab commercial
fishery season. However, the Dungeness crab commercial landings within the CCE
during the 2018 fishery season was above average and the sixth largest seasonal landings
in reported history (CDFW 2019; ODFW 2019; WDFW 2019). We are uncertain as to
why more Dungeness crab were caught in the 2018 commercial fishery than was
expected by megalopae inference; however, Shanks and colleagues have suggested that
the atypical ocean warming event from 2014 to 2016 (i.e., “the Blob”; Peterson et al.
2017) may have played a role in this discrepancy (Shanks 2018). This discrepancy
highlights the fact that researchers do not fully understand the relationship between
megalopae recruitment, adult population size, and, ultimately, the fishery harvest.
Therefore, a better understanding of how megalopae recruitment corresponds to adult
population size is needed to understand the implications of early life stage variations for
the fishery, especially in the face of changing ocean conditions.

2.6 Conclusion
We present and interpret genomic data of Dungeness crab megalopae recruits
collected from a site within the CCE where megaloape recruitment patterns have been
documented and studied for over two decades. Although there are still many uncertainties
surrounding the coupled natural-human system of the Dungeness crab fishery, this case
study demonstrates that utilizing genomic techniques to study the early life stage of the
Dungeness crab can improve our understanding of this important fishery species through
enhanced knowledge of the fine-scale genetic differentiation between expected-season
and late-season megalopae recruits. Furthermore, the laboratory and bioinformatic
methods provide a framework for future genomic studies of Dungeness crab megalopae.
We complete this case study of the 2014 Coos Bay, Oregon Dungeness crab megalopae
recruitment cohort by highlighting the importance of studying an early life stage of this
species, as it provides a four-year foresight into the socioeconomically important
Dungeness crab fishery.
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Chapter 3: Fine-scale spatial and temporal genomic variation among Dungeness
crab (Cancer magister) larval recruits in the California Current Ecosystem
3.1 Abstract
Dynamic marine environments can shape complex spatial and temporal patterns
in the population connectivity of marine species. A genotyping-by-sequencing (GBS)
approach was used to examine fine-scale spatial and temporal genomic variation among
Dungeness crab (Cancer magister) larval recruits (megalopae stage) sampled in the
California Current Ecosystem (CCE). Samples during expected- and late-season
recruitment time periods within two consecutive years (2017 and 2018) at two sites in
Oregon, USA (Yaquina Bay and Coos Bay) were compared. Evidence was found for high
gene flow among recruits within both years and at both sites based on 1,389 neutral loci.
In contrast, strong intra-annual genetic differentiation was observed among recruits based
on variation at two outlier loci, within both years and sites. This finding provides
evidence for putatively adaptive differences between the expected- and late-season
recruits in the CCE. Furthermore, the magnitude of genetic differentiation varied between
recruitment years when differences in ocean conditions were observed. This supports the
understanding that variation in ocean conditions influence the larval dispersal, and thus,
population connectivity of the species. Interestingly, we found no evidence for cohesive
larval dispersal among recruits based on genetic relatedness estimates. Given the high
economic and social value of the Dungeness crab commercial fishery along the west
coast of North America, it is important to understand the population connectivity of the
species in order to maintain a sustainable fishery in the face of climate change and
changing ocean conditions.
3.2 Introduction
Dynamic marine environments can produce complex spatial and temporal patterns
of population connectivity in marine species (Hellberg et al. 2002; Selkoe et al. 2008).
Population connectivity of a species can be defined by the movement of individuals
between groups or locations and can also be defined by gene flow between groups of
individuals (Cowen et al. 2007; Hedgecock et al. 2007; Kool et al. 2013). The
demographic and genetic connectivity of marine species is influenced by life history
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characteristics and ocean conditions (Lowe and Allendorf 2010; Dubois et al. 2016;
Selkoe et al. 2016). For benthic marine species with pelagic larval phases, population
connectivity is determined by both larval exchange throughout the species’ distribution
and the ability of migrants to survive and reproduce at recruitment locations (Palumbi
2003; Pineda et al. 2007; Hedgecock et al. 2007). Studying the complex interplay of these
biological factors and oceanographic conditions provides a greater understanding of
population dynamics for species with long pelagic larval durations (PLDs), which
informs conservation and management decisions.
The recent development of reduced-representation sequencing methods has
allowed for a shift from using mainly neutral loci to investigate the population genetics of
marine species to using both neutral and putatively adaptive loci (“outlier loci”; Angeloni
et al. 2012). In studies where genetic structure is weak based on neutral loci, adaptive loci
have been used effectively to identify biologically meaningful population differentiation
(Nielsen et al. 2009). Even a single locus of a known adaptive gene has been informative
in describing population structure when neutral loci indicate no genetic the differentiation
– for example, the Pan I locus in the Atlantic cod (Gadus morhua; Pampoulie et al. 2006)
and Hsc70 locus in the European flounder (Platichthys flesu; Hemmer-Hansen et al.
2007). In the age of genomics, studies of non-model species have benefited from the
identification of outlier loci that can detect population structure or provide population
assignment power, even when the function of the loci are unknown (Gagnair et al. 2015;
McKinney et al. 2017).
Genomic methods are informative towards inferences of larval dispersal. It is
difficult to study larval dispersal patterns of marine species with lengthy PLDs due to
spatial and temporal changes in ocean conditions (Pineda et al. 2007; Marko and Hart
2018). However, the dispersal of individuals and survival of migrants influence the scale
and rate at which genetic drift and natural selection occur (Grosberg and Cunningham
2001). Therefore, investigating the population genetic structure of a species provides an
evolutionary supported framework for organism-environment interactions occurring
within complex marine environments and provides insight into larval dispersal patterns
(Grosberg and Cunningham 2001; Hellberg 2009).
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The Dungeness crab (Cancer magister) is a valuable fishery species distributed
throughout several large marine ecosystems along the west coast of North America: the
California Current Ecosystem (CCE), the Salish Sea Ecosystem (SSE), and the Gulf of
Alaska Ecosystem (GOA; Wild and Tasto 1983; Rasmuson 2013; Figure 3.1). The North
Pacific Current, which stems from the North Pacific Gyre, bifurcates into the northern
flowing Alaska Current and the southern flowing California Current at the junction of
these three ecosystems (Checkley and Barth 2009; Figure 3.1). Reduced genetic
connectivity between these ecosystems has been observed in marine species with long
PLDs (e.g., Hemigrapsus nudus, Pagurus hirsutiusculus; Kelly and Palumbi 2010),
including the Dungeness crab (O’Malley et al. 2017). In the previous population genetic
studies of adult benthic stage Dungeness crab from the GOA, the SSE, and the CCE,
genetic structure was observed within and between ecosystems based on variation at
neutral microsatellite loci (Jackson and O’Malley 2017; O’Malley et al. 2017; Jackson et
al. 2017).

Figure 3.1. Location of study sites in the California Current Ecosystem: Yaquina Bay and
Coos Bay, Oregon, USA.
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Larval dispersal promotes population connectivity of the Dungeness crab because
movement of the benthic invertebrate is more restricted after larval recruitment (Diamond
and Hankin 1985; Hildenbrand et al. 2011; Rasmuson 2013). The PLD of the Dungeness
crab is documented as 3-4 months long (Wild and Tasto 1983). After hatching, the
Dungeness crab develop through five pelagic zoeal stages into a final pelagic megalopae
stage, which recruits to the nearshore benthic environment (Wild and Tasto 1983). The
influence of ocean conditions on larval success has been studied by monitoring
megalopae recruitment timing and abundance in Coos Bay, Oregon, USA for over two
decades (Shanks and Roegner 2007; Shanks et al. 2010; Shanks 2013; Rasmuson 2013).
The researchers observed that years characterized by stronger negative Pacific Decadal
Oscillation (PDO) indices, stronger upwelling, and earlier physical spring transitions
were correlated with higher abundances of megalopae recruitment.
Based on the current understanding of the Dungeness crab life history, megalopae
recruitment throughout the species distribution occurs 3-4 months after hatching
(Rasmuson 2013). However, the previously mentioned long-term studies of megalopae
recruitment in Coos Bay have consistently documented recruitment later into the year
than expected, based on the CCE life history timing (Shanks and Roegner 2007; Shanks
et al. 2010; Shanks 2013). The researchers hypothesize that the April through July
megalopae recruits originate from within the CCE, but the August through September
megalopae recruits originate from an ecosystem north of the CCE, such as the GOA or
the SSE (Shanks 2013). This hypothesis is supported by the finding that higher
abundances of late-season (August-September) recruitment were observed during years
with a stronger negative PDO index, which has been correlated with a stronger southward
transport in the California Current (Keister et al. 2011; Shanks 2013). Furthermore,
Dungeness crab megalopae recruitment timing varies across its large distribution due to
latitudinal differences in hatch timing (Rasmuson 2013). The timing of late-season
recruitment in Coos Bay matches the timing of recruitment in northern ecosystems (GOA
and SSE), rather than the timing in the CCE (Shanks 2013). To test the hypothesis that
late-season recruits in Coos Bay originate from an ecosystem north of the CCE, an intraannual study of the 2014 Dungeness crab megalopae recruits in Coos Bay was conducted
utilizing a genotyping-by-sequencing (GBS) approach (Chapter 2). This study found
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evidence for weak but significant genetic differentiation between expected-season
recruits (May) and late-season recruits (September) based on variation at 1,913 neutral
loci and strong genetic differentiation based on variation at two putatively adaptive loci.
To expand on the previous case study of the 2014 Dungeness crab megalopae
recruits in Coos Bay, we examined fine-scale spatial and temporal genetic differentiation,
based on variation at both presumably neutral and putatively adaptive loci, among
Dungeness crab megalopae recruits by incorporating an additional sampling site (Figure
3.1) and examining recruits over two consecutive years (Figure 3.2). Our first objective
was to test for intra-annual genetic differentiation between recruiting Dungeness crab
megalopae at two sites within the CCE, Coos Bay and Yaquina Bay. We hypothesized
that expected-season recruits would be genetically differentiated from late-season recruits
at both neutral and putatively adaptive loci. Our second objective was to test if intraannual genetic differentiation among the recruiting Dungeness crab megalopae at the two
CCE sites varied across years. We hypothesized that the 2018 megalopae recruits would
exhibit greater intra-annual genetic differentiation than the 2017 megalopae recruits
because the positive PDO in 2018 was weaker than in 2017 (Table 3.1), indicating a
stronger southern flowing California Current resulting in higher abundances of lateseason megalopae recruits. Our third objective was to test for relatedness among
individual Dungeness crab megalopae recruiting within the two CCE sites. We
hypothesized that collections of recruiting Dungeness crab megalopae would exhibit
higher relatedness than expected by chance and would contain full-siblings or halfsiblings if cohesive larval dispersal occurred during the 3-4 month PLD of the Dungeness
crab.
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Figure 3.2. Daily catch (log) of Dungeness crab megalopae from light traps fished in
Coos Bay and Yaquina Bay, Oregon in 2017 and 2018. Red dotted line indicates the
divide between expected-season and late-season (August 1st) recruits. The red asterisks
indicate the collection timepoints for genomic analysis within each year and site.

Table 3.1. Ocean conditions in the California Current Ecosystem in 2017 and 2018:
Pacific Decadal Oscillation (PDO; sum of monthly index January-July; JIASO 2019),
upwelling (sum of daily upwelling index March-September; units: mtons/sec/100m of
coastline; PFEL 2019), and physical spring transition (day of the year; Bograd et al.
2009).
Ocean Condition
Mean (1998-2016)
2017
2018
Pacific Decadal Oscillation
1.38
5.18
1.31
(PDO)
Upwelling
3,827
3,205
4,377
Spring Transition
104
115
104
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3.3 Materials and Methods
3.3.1 Sample Collection
In 2017 and 2018, Dungeness crab megalopae recruits were collected within Coos
Bay (43.34°N, 124.33°W) and Yaquina Bay (44.62°N, 124.05°W), Oregon, USA (Figure
3.1). At each site, a light trap was fished from April 1st through October 31st in 2017 and
from March 1st through October 31st in 2018 following the methodology of Shanks et al.
(2010). The daily abundance of megalopae caught in each trap was recorded. Megalopae
samples were preserved in 95% ethanol for genetic analyses.

3.3.2 Genetic Library Preparation and Sequencing
Based on the life history timing of the Dungeness crab in Oregon (CCE), the
expected timing of megalopae recruitment is April through July while recruitment from
August through September is considered late-season (Rasmuson 2013; Shanks 2013). For
each year and site, 47 Dungeness crab megalopae were randomly selected for sequencing
from the first collection timepoint when n>50 megalopae and the last collection timepoint
when n>50 megalopae (collection timepoints: n=8; Figure 3.2, Table 3.2). Individual
megalopae were homogenized using a TissueLyser II (Qiagen, Hilden, Germany) and
genomic DNA was extracted from each megalopae sample using a DNeasy Blood and
Tissue Kit (Qiagen, Hilden, Germany).
A modified version of the Elshire et al. (2011) genotyping-by-sequencing (GBS)
method was used to construct four libraries, each composed of 96 barcoded individual
megalopae samples (Chapter 2). Each sample was double digested with two high-fidelity
restriction enzymes, SbfI and MspI. Samples were then ligated to unique barcodes and
pooled into groups of 94 samples and two sample replicates. The multiplexed DNA was
amplified with Illumina sequencing primers using polymerase chain reaction (PCR). No
size selection was performed on the libraries. The libraries were purified using a
QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). Prior to sequencing, an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Carla, California, USA) was used
to assess the library fragment sizes and infer the quality of the libraries. After quality
assessment, each GBS library was sequenced on a single lane of an Illumina HiSeq 3000
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(Illumina, San Diego, California, USA) using 150 base pair (bp) paired-end sequencing
chemistry.
Table 3.2. Number of megalopae sampled at each collection timepoint: year, site, month,
day, and season.
Year

Site
Coos Bay

2017
Yaquina Bay
Coos Bay
2018
Yaquina Bay

Month
April
August
April
August
April
June
April
August

Day
4
26
4
26
6
20
6
27

Recruitment Season
Expected
Late
Expected
Late
Expected
Expected
Expected
Late

n
47
47
48
48
47
44
45
45

3.3.3 Filtering and Demultiplexing Sequences
The raw sequence reads were assessed and filtered for quality before downstream
genetic analyses were conducted. First, the program FASTQC (v. 0.11.3, Andrews 2010)
was used to assess the quality of the Illumina raw reads. Next, the program CUTADAPT (v.
1.5, Martin 2011) was used to trim any Illumina primers from the reads. Then, the
program KRAKEN (v. 2.0.6-beta, Wood and Salzberg, 2014) was used to identify and
remove any reads that matched bacterial sequences in the standard KRAKEN (V. 2)
database (NCBI RefSeq, O’Leary et al. 2015). Finally, the STACKS (v. 2.2, Catchen et al.
2011, Catchen et al. 2013) program process_radtags was implemented to demultiplex the
paired-end (-P) reads based on the unique barcodes (-inline_null) while filtering for
quality. In filtering for quality with process_radtags, sequences with an uncalled base
were removed (-c), barcodes and restriction enzyme sites with one mismatch difference
from a true barcode or restriction enzyme site sequence were corrected (-r), and
sequences with an average quality score below 20 within a sliding window of 15% of the
read length were removed (-s 20, -w 0.15, -q).
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3.3.4 Assembling and Filtering Loci
Since there was no reference genome for the Dungeness crab at the time of the
study, the STACKS (v. 2.2, Catchen et al. 2011, Catchen et al. 2013) denovo_map.pl
pipeline was used to de novo assemble the filtered reads into putative loci (Rochette and
Catchen 2017). The ustacks program (-M 2, -m 4, -N 4) was first executed to identify
putative loci within each sample. The cstacks program was then executed to compare
putative loci across all 2017 and 2018 megalopae samples and compile a catalogue of
consensus loci. The sstacks program was used to match the loci from each individual to
loci within the compiled catalogue of loci. Finally, the tsv2bam program was used to
transpose the loci data and the gstacks program was used to assemble contigs and call
single nucleotide polymorphisms (SNPs) within each locus.

3.3.5 Identifying and Calling SNPs
To test for intra- and inter- annual genetic differentiation across both sampling
sites in 2017 and 2018, the STACKS populations program was used to produce a curated
set of high quality loci across all collection timepoints. Loci were retained if they were
present within >70% of individuals (-r 0.7) from each collection timepoint (n=8): both
sites, both years, and both collection timepoints within each year (-p8). The SNPs
retained had minor allele frequencies >0.05 (--min_maf 0.05) and only the first SNP of
each locus was selected for use in downstream analyses to maintain independence (-write_single_snp). The program PLINK (v. 1.07, Purcell et al. 2007) was used to determine
if any loci were in linkage disequilibrium (LD; r2 > 0.80). The loci with a proportion of
heterozygotes greater than 0.6 or an allele depth ratio deviation greater than ±5.0 were
identified as putative paralogous sequence variants (PSVs; McKinney et al. 2017). Using
the program VCFTOOLS (v. 0.1.13, Danecek et al. 2001), loci with read depths less than 10
were identified and removed, and further loci were removed if they had a read depth
mean or read depth standard deviation (SD) greater than 1.5 times the interquartile range
above the upper quartile (i.e., outlier read depths). One locus from each pair of loci in
LD, all loci identified as putative PSVs, and all loci with low or high read depths were
compiled into a blacklist, and the STACKS populations module was rerun to exclude the
blacklisted loci. Individuals missing >25% of data across all loci were removed. The final
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set of polymorphic loci with corresponding single SNP genotypes were compiled with the
populations program and output as a variant call format (VCF) file.

3.3.6 Calculating Summary Statistics
Population genetic summary statistics were calculated among megalopae within
each collection timepoint. Expected heterozygosity (HEXP), observed heterozygosity
(HOBS), inbreeding coefficient (FIS), and allelic richness (AR) were calculated using the R
package HIERFSTAT (v. 3.5.0, Goudet 2005; R Development Core Team 2019). To test if
FIS was significantly different from zero (excess or deficit of heterozygotes) within each
collection timepoint, a 95% confidence interval was calculated with 10,000 bootstraps
across all loci. The R package WHOA (Anderson 2018) was used to examine the loci and
estimate heterozygote miscall rate. The R package PEGAS (Paradis 2010) was used to
determine if any loci within each collection timepoint departed from Hardy-Weinberg
Proportions (HWP) with an exact test (Wigginton et al. 2005), and p-values were
adjusted for multiple testing by applying a false discovery rate (FDR) correction (q-value
< 0.05).

3.3.7 Estimating the Effective Number of Breeders (Nb)
The effective number of breeders (Nb) of each collection timepoint and each year
was estimated using NeESTIMATOR (v. 2.1, Do et al. 2014) with the single-sample linkage
disequilibrium method (Waples and Do 2010). A p-critical value of 0.02 was used for
analysis of collection timepoints and a p-critical value of 0.01 was used for analysis of
each year.

3.3.8 Identifying Outlier Loci
We tested for potential adaptive differences between the expected-season and
late-season megalopae recruits by combining collection timepoints across years and
testing for outlier loci. All April collection timepoints (n = 4) were grouped together to
represent expected-season recruits and all August collection timepoints (n = 3) were
grouped together to represent late-season recruits. Since the second 2018 collection
timepoint in Coos Bay did not fall within the late-season time period, this June collection
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timepoint was removed from the dataset when testing for outliers. Three outlier detection
programs were used to identify loci with high FST (fixation index) estimates. The program
BAYESCAN

(v. 2.1, Foll and Gaggiotti 2008) was used with a priori of 100 and an FDR

threshold of 0.05 (q-value). The program OUTFLANK (v. 0.2, Whitlock and Lotterhos
2015) was used with an FDR threshold of 0.01 (q-value). The program FSTHET (v. 1.0.1,
Flanagan and Jones 2017) was used with a 95% confidence interval. Only loci identified
by all three programs were categorized as outlier loci and incorporated in the downstream
analyses. However, the consensus sequences of all outlier loci were compared to the
National Center for Biotechnology Information (NCBI) database using BLASTN and the
Somewhat similar sequences parameter (Altschul et al. 1990). Moreover, BLASTN was
also used to compare the consensus sequences of these outlier loci to the consensus
sequences of the outlier loci identified in Chapter 2.

3.3.9 Genetic Differentiation Analyses
The R package STAMPP (Pembleton et al. 2013) was used to calculate pairwise FST
estimates (Weir and Cockerham 1984) between collection timepoints and sites within
each year and across both years using: presumably neutral loci, outlier loci, and
combined neutral and outlier loci. Significance of the pairwise FST estimates based on
neutral loci were quantified using 10,000 bootstraps across all loci to determine 95%
confidence intervals and associated p-values. The p-values were adjusted for multiple
testing with an FDR correction (q-value < 0.05).

3.3.10 Relatedness Analyses
To test for evidence of cohesive larval dispersal among the Dungeness crab
megalopae recruits, relatedness (r) among individuals within each collection timepoint
was measured. Both the neutral and outlier loci were used in the relatedness analyses. All
seven relatedness estimators included in the COANCESTRY (v. 1.0.1.9, Wang 2011)
program were implemented with 1,000 pairs of simulated dyads and six defined
relationships types using 100 simulated datasets. For each method, a Pearson’s
correlation coefficient was calculated between the simulated data and the observed
kinship to determine the accuracy of each method (Table 3.3). The Milligan (2003)
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dyadic likelihood estimator was chosen as the best estimator to test for relatedness among
Dungeness crab megalopae recruits because it had the highest Pearson’s correlation
coefficient. Based on the simulations, it was determined that an r value greater than 0.25
between dyads was the appropriate threshold for identifying true half-siblings and fullsiblings with 0 ± 0 (mean ± SD) false-positives and 1.2 ± 2.7 (mean ± SD) falsenegatives per 100 datasets simulated. Using the empirical data, relatedness values were
estimated for every dyad within each collection timepoint. Any dyads with r values
indicating half-siblings or full-siblings (r > 0.25) were reported. Additionally, the overall
relatedness values of each collection timepoint were calculated, and significance of
values were determined using 1,000 permutations.
Table 3.3. Reported Pearson’s correlation coefficient for each relatedness estimator tested
with simulated Dungeness crab megalopae dyads and implemented in COANCESTRY
(1,000 dyads per 100 datasets).
Relatedness Estimator
Pearson’s Correlation Coefficient
Li et al. (1993)
0.960
Lynch and Ritland (1999)
0.959
Milligan (2003)
0.972
Queller and Goodnight (1989)
0.963
Ritland (1996)
0.945
Wang (2002)
0.958
Wang (2007)
0.971

3.4 Results
3.4.1 Intra-annual Variation in Megalopae Recruitment within Coos and Yaquina Bays
The abundance and timing of megalopae recruitment during 2017 and 2018 varied
inter-annually, and also varied spatially across the two sites: Coos Bay and Yaquina Bay
(Figure 3.2; Table 3.4). In 2017, the Coos Bay recruitment season lasted 17 days longer
than the Yaquina Bay recruitment season. The highest daily recruitment in 2017 occurred
in early April at both sites and smaller peaks in recruitment were observed throughout the
remainder of the season. Over ten times more total megalopae were trapped in Coos Bay
(117,359) than Yaquina Bay (11,690). Similarly, more late-season megalopae were
trapped in Coos Bay (7,376) than Yaquina Bay (575). However, at both sites similar
proportions of total recruits were expected-season and late-season (Table 3.4).
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In 2018, the lengths of the recruitment seasons differed between Coos Bay and
Yaquina Bay. At both sites, the first megalopae recruits of the year were observed on
March 30th, and similarly, the highest daily abundance of the year was May 8th at both
sites. However, the Coos Bay recruitment season ended on August 9th, whereas the
Yaquina Bay recruitment season extended through September 13th (35 days longer). A
total of 1,501,314 megalopae were trapped in Coos Bay and 635,485 megalopae were
trapped in Yaquina Bay (Figure 3.2; Table 3.4). In contrast to 2017, only one late-season
megalopae recruit was observed in Coos Bay and 306 late-season recruits were observed
in Yaquina Bay.
Table 3.4. Historic mean megalopae abundances recorded in past years (1998-2001 and
2007-2016) in Coos Bay (Shanks 2013; Shanks upubl data) and megalopae abundances in
Coos Bay and Yaquina Bay in 2017 and 2018.
ExpectedLateTotal
Season
% of
Season
% of
Year
Site
Megalopae
Megalopae
Total
Megalopae
Total
Historic
Coos Bay
719,182
677,493
94.20
41,689
5.80
Mean
Coos Bay
117,359
109,983
93.72
7,376
6.28
2017
Yaquina
11,960
11,385
95.19
575
4.81
Bay
Coos Bay
1,501,314
1,501,313
100.00
1
0.00
2018
Yaquina
635,485
635,179
99.95
306
0.05
Bay

3.4.2 Inter-annual Variation in Megalopae Recruitment within Coos and Yaquina Bays
Ocean conditions differed between 2017 and 2018 (i.e., PDO, upwelling, and
spring transition; Table 3.1). Although both years were characterized by a positive PDO
(defined by the sum of the monthly PDO index from January through July), there was a
stronger positive PDO in 2017 and a weaker positive PDO in 2018. Also, annual
upwelling (defined by the sum of the daily upwelling index from March through
September) was lower in 2017 than 2018. Lastly, the physical spring transition was 11
days later in 2017 than in 2018.
An order of magnitude less megalopae were trapped in both Coos Bay and
Yaquina Bay in 2017 than in 2018 (Table 3.4). Moreover, inter-annual comparisons of
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megalopae abundances within each site showed differences in recruitment patterns. In
Yaquina Bay, fewer megalopae were trapped in 2017 (11,960) than in 2018 (635,485),
but in 2017 the number of late-season megalopae (575) was slightly higher than in 2018
(306). The length of the Yaquina Bay recruitment season was 17 days shorter in 2017
than in 2018. In Coos Bay, fewer total megalopae were trapped in 2017 (117,359) than in
2018 (1,501,314); however, more late-season megalopae were trapped in 2017 (7,376)
than in 2018, when only one late-season megalopae was trapped. The length of the Coos
Bay recruitment season was 47 days shorter in 2017 than in 2018.
3.4.3 Genetic Sampling
Megalopae samples sequenced from 2017 were collected on the same days at both
sites: April 4th (expected-season) and August 26th (late-season). Since the length of the
recruitment seasons differed between the two sampling sites in 2018, only the expectedseason collection timepoints were from the same day at both sites: April 6th. The lateseason collection timepoint from Yaquina Bay was on August 27th. Late-season
megalopae were not available from Coos Bay in 2018; instead, a second expected-season
collection timepoint was sequenced from Coos Bay on June 20th.

3.4.4 Filtering and Demultiplexing Sequences
Sequencing the four GBS libraries containing 378 unique samples resulted in a
mean of 375,329,320 (± 16,841,901 SD) read pairs per library. A mean of 240,520,948 (±
30,997,035 SD) read pairs remained after removing sequences that contained Illumina
adapters (library inserts less than 150 bp) and a mean of 227,282,896 (± 28,137,115 SD)
read pairs remained after removing reads containing bacterial sequences. After
demultiplexing and further filtering the raw reads with STACKS process_radtags, a mean
of 3,310,501 (± 921,916 SD) reads per sample were retained (Figure 3.3). Eight samples
were removed due to poor sequencing. When the reads were assembled with STACKS, a
catalogue of 259,928 loci was formed.
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Figure 3.3. The number of sequencing reads retained for each individual megalopae
sample after demultiplexing and filtering reads through STACKS process_radtags.
Collection timepoints are separated by color.
3.4.5 Calculating Summary Statistics
After filtering, 1,391 loci remained for analysis (Table 3.5). Three individuals
were removed from the datasets due to >25% missing data. Overall, the dataset had a
mean estimated heterozygote miscall rate of <10%. Minimal differences were observed in
genetic measures among the eight collection timepoints (Table 3.6). The range of allelic
richness was 1.491 to 1.501. Furthermore, HEXP (range: 0.268 - 0.274) was greater than
HOBS (range: 0.238 - 0.249), and all collection timepoints were significant for
heterozygote deficiency with a 95% confidence interval (FIS range: 0.084 - 0.105). With
the exception of the Yaquina Bay samples from 2017, the expected-season collection
timepoints had a lower FIS value than the late-season collection timepoints. A range of 54
to 90 loci were found to deviate from HWP (Table 3.7). However, these loci were not
removed from the dataset because substructure may be present within collection
timepoints; adult reproduction occurs among groups of individuals within limited
geographic areas, but the larvae mix offshore prior to recruitment and sampling. Filtering
the sequence data and loci reduced the chance that deviations from HWP were a result of
genotyping errors or null alleles.
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Table 3.5. The number of loci removed at each filtering step.
Filtering Step
Original number of loci identified with STACKS
Removed based on linkage disequilibrium (LD)
Removed based on presence of Paralogous Sequence Variant (PSV)
Removed based on low read depth
Removed based on high read depth
Final number of retained loci**
**Mean read depth = 171

Number of
Loci
1,767
0
340
11
25
1,391

Table 3.6. Genetic summary statistics for the 2017 and 2018 expected-season and lateseason megalopae samples from Coos Bay and Yaquina Bay based on variation at 1,391
loci. Number of individuals genotyped (n), expected heterozygosity (HEXP), observed
heterozygosity (HOBS), inbreeding coefficient (FIS), and allelic richness (AR) are listed for
the expected-season and late-season megalopae samples at each site for each year.
Recruitment
Year
Site
Month
Season
n
HEXP
HOBS
FIS
AR
47
April
Expected
0.2697 0.2451 0.0877 1.494
Coos
Bay
47
August
Late
0.2689 0.2377 0.1047 1.492
2017
48
Expected
0.2712 0.2415 0.1022 1.496
Yaquina April
Bay
48
August
Late
0.2682 0.2400 0.0962 1.491
47
April
Expected
0.2724 0.2474 0.0909 1.498
Coos
Bay
44
June
Expected
0.2731 0.2461 0.0950 1.499
2018
45
Expected
0.2732 0.2490 0.0837 1.499
Yaquina April
Bay
45
August
Late
0.2745 0.2481 0.0946 1.501

Table 3.7. Reported number of the 1,391 loci identified through the STACKS assembly of
sequence reads which deviated from Hardy-Weinberg Proportions (HWP) within each
collection time point. The number of loci with observed heterozygote (Het) deficiency or
excess are reported.
Recruitment
HWP
# Het
# Het
Year
Site
Month
Season
n Deviation Deficiency Excess
April
Expected
47
57
57
0
Coos
Bay
August
Late
47
63
63
0
2017
April
Expected
48
82
82
0
Yaquina
Bay
August
Late
48
90
89
1
April
Expected
47
58
58
0
Coos
Bay
June
Expected
44
60
60
0
2018
April
Expected
45
54
54
0
Yaquina
Bay
August
Late
45
69
69
0
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3.4.6 Effective Number of Breeders (Nb)
The estimated effective number of breeders (Nb) was high within each year and
across all eight collection timepoints with the exception of the Coos Bay expected-season
collection timepoints in 2017 (Table 3.8). Overall, megalopae recruits in 2017 had a
lower Nb (12,894) than the megalopae recruits in 2018 (48,268). In 2017, the Coos Bay
collection timepoints had lower Nb than the Yaquina collection timepoints; the Coos Bay
collection timepoints had Nb of 2,984 (expected-season) and 9,665 (late-season), as
opposed to an infinite Nb in Yaquina Bay. Although the Nb of the 2018 late-season
collection timepoint from Yaquina Bay and the June (expected-season) collection
timepoint from Coos Bay were high (Nb = 13,488 and 19,957, respectively), these values
were lower than the Nb calculated for the two April 2018 (expected-season) collection
timepoints (Nb = Infinite and 2,354,345, respectively).
Table 3.8. Estimates of effective number of breeders (Nb) with range of 95% confidence
interval (CI) for each collection timepoint and year. Estimates based on the Waples and
Do (2010) single-sample linkage disequilibrium method with a p-critical value of 0.02 for
collection timepoints and a p-critical value of 0.01 for years.
Recruitment
Year
Site
Month
Season
Nb
95% CI
Nb
95% CI
(1,744April
Expected
2,859
7,850)
Coos
Bay
(2,902August
Late
9,087
Infinite)
(7,6972017
12,946
40,330)
(6,891Expected
Infinite
Infinite)
Yaquina April
Bay
(9,021August
Late
Infinite
Infinite)
(9,145April
Expected
Infinite
Infinite)
Coos
Bay
(3,230June
Expected
14,452
Infinite)
(12,8482018
48,752
Infinite)
(3,944Expected
Infinite
Infinite)
Yaquina April
Bay
(3,529August
Late
17,991
Infinite)
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3.4.7 Identifying Outlier Loci
In comparing all pooled expected-season megalopae recruits to all pooled lateseason megalopae recruits, two outlier loci (CLocus_24 and CLocus_3063; Table 3.9)
were identified by all three outlier detection programs (Table 3.10). These two loci did
not align with the outlier loci identified in Chapter 2. The remaining 1,389 loci were
categorized as presumably neutral. One of the two outlier loci (CLocus_24) aligned to a
sequence in the NCBI database with a low e-value (2e-8): a sequence of a predicted
transcription factor, SOX-1-like, of the Pacific white shrimp (Penaeus vannamei; NCBI
Sequence ID: XM_027382823.1). A total of 41 outlier loci were identified with one or
more of the outlier detection programs (Table 3.10; Appendix Table A2).
Table 3.9. Consensus sequences of the two outlier loci identified by all three outlier
detection programs (BAYESCAN, OUTFLANK, and FSTHET).
Outlier Loci Consensus Sequence
CLocus_24

TGCAGGAAAAAAGAATAAAAAAAATTTTTTTTTTTCATGAGTCTT
CATCCAATCCTTCTTCCAAACCATTAATATCTGCTTGTGTTGCATG
GTATTCTGTGCGCTGAAAATTGCTGTAATATACTAAGACTTGAAC
CGCCGCTGGTACGTACTGTTGAAGGCNNNNNNNNTGAGGTTGGT
AGTAGCCGTCAGCACCGTTCATGTAGTCGGAATACTCGTAGGCG
TGCGGCGGGTAGGACATGTTTGGATAGAAGCTCGGGTACCCTTG
CTGCGTTGGGGAGAAGTAGTGAAGCATCTTGGAAATGCCATTGG
GGACATCCGGAA

CLocus_3063 TGCAGGACTTTCGCGGCCACACCTGAAAGCAGCACGCAACACAC

TGGTCCAAAATATCCCTACCTTTCGACCTTCAACTTTATCTTTCCT
CAACCTCGATTCTTGGTAGTGGAAGGTCATCTAGCCTGGGAATAA
AGGATTGTTTNNNATTGTCAGTTTTCTTTGACATTGGTTTACGGCA
AGGCTCTCAACTCTTATAAGGTGTTCGTCGACGTCTATGCTTTTGG
AGTACCCG

Table 3.10. Number of outlier loci identified with three outlier detection programs:
BAYESCAN, OUTFLANK, and FSTHET.
Number of Loci
Total Loci
1,391
Loci identified by BAYESCAN
2
Loci identified by OUTFLANK
21
Loci identified by FSTHET
41
Final Outlier Loci**
2
Final Neutral Loci
1,389
**Loci identified by all three outlier detection programs
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3.4.8 Genetic Differentiation Based on Neutral Loci
Across both years and sites, the FST estimates based on variation at neutral loci
were low and ranged from zero to 0.0011. None of the pairwise FST estimates were
significant after applying an FDR correction (q-value < 0.05; Table 3.11). Similarly, no
significant FST estimates were observed when calculating FST with both presumably
neutral and putatively adaptive loci (Table 3.12).
Table 3.11. Pairwise FST estimates based on variation at the 1,389 neutral loci identified
within the 2017 and 2018 Dungeness crab megalopae samples. No comparisons were
significant after false discovery rate (FDR) correction. Intra-annual FST estimates are
shaded blue and inter-annual FST estimates are shaded green.
2017

April
August
2017
Yaquina April
Bay
August
April
Coos
Bay
June
2018
April
Yaquina
Bay
August
Coos
Bay

Coos Bay
April August

Yaquina Bay
April August

2018
Coos Bay
Yaquina Bay
April
June
April August

0.0011
0.0004
0.0009
0.0000
0.0008
0.0000
0.0000

0.0004
0.0007
0.0000
0.0004
0.0007

0.0000
0.0000 0.0007
0.0008 0.0000 0.0000

0.0006
0.0005
0.0009
0.0009
0.0012
0.0007

0.0005
0.0003
0.0008
0.0000

Table 3.12. Pairwise FST estimates based on variation at the 1,391 neutral and putatively
adaptive loci identified within the 2017 and 2018 Dungeness crab megalopae samples.
No comparisons were significant after false discovery rate (FDR) correction. Intra-annual
FST estimates are shaded blue and inter-annual FST estimates are shaded green.
2017

April
August
2017
Yaquina April
Bay
August
April
Coos
Bay
June
2018
Yaquina April
Bay
August
Coos
Bay

Coos Bay
April August

Yaquina Bay
April August

2018
Coos Bay
Yaquina Bay
April
June
April August

0.0021
0.0004
0.0021
0.0000
0.0008
0.0000
0.0000

0.0018
0.0006
0.0000
0.0004
0.0009

0.0000
0.0000 0.0007
0.0010 0.0000 0.0000

0.0017
0.0004
0.0018
0.0019
0.0022
0.0014

0.0017
0.0015
0.0021
0.0004
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3.4.9 Genetic Differentiation Based on Outlier Loci
FST estimates based on variation at the two outlier loci varied across years and
sites (Table 3.13). In 2017, FST estimates between expected-season and late-season
recruits ranged from 0.3411 to 0.4209. The FST estimate between expected-season and
late-season megalopae recruits in Coos Bay was lower (FST = 0.3411) than in Yaquina
Bay (FST = 0.4209). However, there was low genetic differentiation (FST range = 0.0000 0.0048) between sampling sites within each collection timepoint (expected-season and
late-season).
In 2018, the FST estimate between expected-season and late-season recruits in
Yaquina Bay was 0.2071 (Table 3.13). Due to low late-season recruitment in Coos Bay
there was not a late-season collection timepoint from this site; however, a comparison of
the Coos Bay expected-season recruits to the Yaquina Bay late-season recruits resulted in
a lower FST value of 0.1333. When comparing the two 2018 expected-season collection
timepoints from Coos Bay (April and June), the FST value was zero. Similar to 2017,
there were no spatial differences in genetic differentiation within collection timepoints
(expected-season and late-season); a comparison of the Coos Bay and Yaquina Bay
expected-season (April) collection timepoints resulted in a low FST value (FST = 0.0024).
The FST estimates observed between expected-season and late-season recruits in
2017 were higher (FST range: 0.3411 - 0.4209) than the FST estimates observed in 2018
(FST range: 0.1124 - 0.2971; Table 3.13). Furthermore, higher FST values were observed
inter-annually between 2017 and 2018 collection timepoints (FST range: 0.0687 - 0.3978)
than intra-annually within the 2018 collection timepoints (FST range: 0.1124 - 0.2971).
Comparisons between expected-season recruits across years produced low FST values
(FST range: 0.0000 - 0.0399), and comparisons between late-season 2017 recruits and
late-season 2018 recruits were higher (FST range: 0.2776 - 0.3352).

54
Table 3.13. Pairwise FST estimates based on variation at the two outlier loci identified
within the 2017 and 2018 Dungeness crab megalopae samples. Intra-annual FST estimates
are shaded blue and inter-annual FST estimates are shaded green.

April
August
2017
Yaquina April
Bay
August
April
Coos
Bay
June
2018
Yaquina April
Bay
August
Coos
Bay

2017
Coos Bay
Yaquina Bay
April August April August

2018
Coos Bay
Yaquina Bay
April
June
April August

0.3411
0.0048
0.3896
0.0000
0.0000
0.0399
0.0687

0.0000
0.0024 0.0000
0.1124 0.1333 0.2071

0.3777
0.0000
0.3273
0.3381
0.3569
0.2776

0.4209
0.0000
0.0000
0.0000
0.1590

0.3736
0.3833
0.3978
0.3352

3.4.10 Relatedness Analyses
Using the Milligan (2003) dyadic likelihood estimator, neither full-siblings nor
half-siblings were observed between all megalopae dyads within collection timepoints.
Relatedness among megalopae dyads never exceeded r = 0.0208; the mean r across all
collection timepoints was 0.0177 (Table 3.14). However, when comparing overall
relatedness between collection timepoints, the relatedness estimates of the 2017 lateseason (August) recruits from Coos Bay (r = 0.0208) and Yaquina Bay (r = 0.0193) were
significantly greater than (95% confidence interval) all other collection timepoints (r
range: 0.0164 - 0.0177).
Table 3.14. Estimated relatedness (r) of Dungeness crab megalopae within each
collection timepoint using the Milligan (2003) dyadic likelihood estimator. Significance
indicated by * (95% confidence interval).
Year

Site
Coos Bay

2017
Yaquina Bay
Coos Bay
2018
Yaquina Bay

Month
April
August
April
August
April
June
April
August

Recruitment Season
Expected
Late
Expected
Late
Expected
Expected
Expected
Late

r
0.0169
0.0208*
0.0177
0.0193*
0.0167
0.0168
0.0164
0.0168
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3.5 Discussion
We found evidence for spatial and temporal genetic homogeneity among
Dungeness crab megalopae recruits in the CCE based on variation at neutral loci.
However, based on variation at two outlier loci, genetic differentiation was observed
between expected-season recruits (April and June) and late-season recruits (August) that
persisted across sites and years. In contrast to our original hypothesis, the magnitude of
intra-annual variation in genetic differentiation based on outlier loci was greater in 2017
than 2018. Furthermore, no pairs of megalopae exhibited relatedness measures high
enough to indicate the presence of siblings or half-siblings; however, the 2017 lateseason megalopae in both Coos and Yaquina Bays were significantly more related than
would be expected by chance.

3.5.1 Genetic Differentiation Between Expected- and Late-season Megalopae Recruits
Low FST estimates based on variation at neutral loci were observed in both this
study and previous 2014 study (Chapter 2). The low FST estimate between expectedseason and late-season recruits in Coos Bay was the same in 2014 and 2017 (FST =
0.0011); however, significant FST estimates were observed in the 2014 study and not in
this two-year study. This lack of significance in this second study is due to expanding
sampling to include more sites and timepoints (two sites and two years), which required
the implementation of a multiple testing correction (FDR). The strong genetic
differentiation based on variation at outlier loci was similar to findings from the 2014
study (Chapter 2). Additionally, similar observations of genetic differentiation were
observed between Coos Bay and Yaquina Bay. The outliers identified in the 2014 study
were different from the outliers identified among the 2017 and 2018 megalopae recruits.
The various outlier loci identified could be located in the same region of the genome, but
this cannot be confirmed without a reference genome or additional sequencing.
Furthermore, the difference in outlier loci between the studies may be due to the use of
reduced-representation sequencing (GBS) and STACKS de novo alignment. While this is a
cost-effective method of SNP discovery in species with limited genome information, the
method is not specifically designed to identify the same SNPs among different
experiments (Andrews et al. 2016).
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With reduced-representation sequencing methods that allow for the analysis of
both neutral and outlier loci, it is not unheard-of for marine species to demonstrate
genetic homogeneity based on variation at neutral loci while demonstrating genetic
differentiation at outlier loci. Within the southern portion of the CCE, a restriction siteassociated sequencing (RAD-seq) study was conducted on an intertidal snail
(Chlorostoma funebralis; 5-12 day PLD), and despite the potential for divergence
between northern and southern sites, there was no genetic differentiation at neutral loci
(Kelly and Palumbi 2010). However, genetic variation was observed based on outlier
loci, and the researchers hypothesized this was a result of the large population size of the
species. A similar finding of genetic differentiation at outlier loci was observed in a
RAD-seq study of adult eastern rock lobster (Sagmariasus verreauxi; 12-month PLD),
and the researchers concluded that although one gene pool contributed to the recruits at
all sampling sites, selection may have occurred at a local level after settlement
(Woodings et al. 2018). When genetic differentiation was observed based on outlier loci
in a study on the summer flounder (Paralictys dentatus), which was estimated to have a
high enough dispersal rate to form one panmictic population, researchers concluded
adaptive variation was maintained by spatial balancing selection from environmental
heterogeneity across the sampling sites (Hoey and Pinsky 2018). These studies exemplify
that the reasoning for genetic variation at outlier loci is species and site specific.
We suggest that regular exchange of Dungeness crab larvae between the CCE and
northern ecosystems (GOA or SSE) may explain the genetic homogeneity at neutral loci
between expected-season and late-season megalopae recruits, while post-settlement
selection may result in adaptive differences between the eventual breeding populations
within each ecosystem. Environmental differences such as water temperature or dissolved
oxygen concentration could result in adaptive differences between the Dungeness crab in
the CCE and the Dungeness crab in northern ecosystems. In the CCE, a greater number
of megalopae recruit to the nearshore than can be supported by the ecosystems; therefore,
only a portion of the total annual megalopae recruits survive to reproductive age
(Galloway et al. 2017). If the late-season recruits are adapted to northern environments
(e.g. growth rate, physiological tolerances), the late-season megalopae recruits may be
maladapted to the CCE environment and have a reduced chance of surviving to
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reproductive age. Reduced survival of maladapted migrants would preserve adaptive
genetic variation between ecosystems, since population connectivity is determined by
both larval exchange and the ability of migrants to survive and reproduce at recruitment
locations (Palumbi 2003; Pineda et al. 2007; Hedgecock et al. 2007).
3.5.2 Examination of Outlier Loci
Outlier loci identified in genome-wide scans do not necessarily represent adaptive
loci (Shafer et al. 2015), and the lack of annotated genomes for crustaceans makes it
difficult to confirm the adaptive potential of the outlier loci identified in our study
(Rotllant et al. 2018). However, one of the two outliers (CLocus_24; Table 3.9) matched
a SOX-1-like transcription factor in the Pacific White Shrimp (Penaeus vannamei; Zhang
et al. 2019). In humans, SOX-1 is a transcription factor involved in regulating embryonic
development (Gene ID: 6656; NCBI 2019). Considering this potential function, we note
that development timing differs between Dungeness crab larvae in the CCE and larvae in
the northern ecosystems (the GOA and the SSE; Wild and Tasto 1983; Rasmuson 2013).
Genetic variation based on a genome region associated developmental timing differences
supports the conclusion that late-season recruits originate from a northern ecosystem with
different developmental timing than the CCE.
At the megalopae stage in the Dungeness crab life history, sex cannot be
determined morphologically. Therefore, it is unknown if the sex ratios in our samples
were balanced, and there is the potential that the outlier loci represent genetic variation
associated with sex (Benestan et al. 2017). Our sampling method does not account for the
potential of an uneven sex ratio between expected-season and late-season megalopae
recruits. However, by using large sample sizes, randomly sampling megalopae at two
sites and across two years, and then combining data into an inter-annual analysis, we
reduce the potential of an uneven sex ratio influencing genetic differentiation
measurements.
3.5.3 Inter-annual Variations in Megalopae Recruits
Although intra-annual genetic differentiation based on variation at outlier loci was
observed within Dungeness crab megalopae recruits in both 2017 and 2018, the
magnitude of genetic differentiation varied inter-annually. Our results did not support our
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original hypothesis that stronger intra-annual genetic differentiation would be observed in
2018 than in 2017 due to ocean conditions. To the contrary, the intra-annual genetic
differentiation observed between the 2017 megalopae recruits (FST range = 0.3411 0.4209) was stronger than the intra-annual genetic differentiation observed between the
2018 megalopae recruits (FST = 0.1124 - 0.2971), based on variation at outlier loci. This
finding diverges from ocean condition observations, which indicated there was greater
potential for southward larval transport in 2018 than 2017.
Across years (2014, 2017, 2018), the magnitude of genetic differentiation varied
and might be attributed to fluctuating ocean conditions across the three different years
examined in this study and the Chapter 2 study. When comparing ocean conditions, 2014
had the strongest positive PDO, weakest upwelling, and latest spring transition, followed
by 2017 and then 2018 (Table 3.1). These three ocean condition measures have been
correlated with lower overall abundances of megalopae recruits in Coos Bay (Shanks and
Roegner 2007; Shanks et al. 2010; Shanks 2013). True to the correlations, the total
abundances of megalopae recruits in 2014 and 2017 were below average and the total
abundance of megalopae recruits in 2018 was extremely above average. Under these
ocean conditions we hypothesized that years with stronger positive PDOs would have the
weakest intra-annual genetic differentiation due to a weaker southern flowing California
Current in positive PDO years, which would reduce southward larval transport of
Dungeness crab. However, the year with the strongest positive PDO (2014) had the
greatest intra-annual genetic differentiation and the year with the weakest positive PDO
(2018) had the lowest genetic differentiation. Since only years with positive PDOs were
examined, future studies should examine negative PDO years to test for genetic
differences between positive and negative PDO years. Furthermore, other ocean
conditions beside PDO likely influence larval dispersal, such as El Niño/Southern
Oscillation (ESNO) events, which can strengthen the northward California Undercurrent
and Davidson Current (Lynn and Bograd 2002). Strong northward larval transport during
ENSO events have been detected in the pelagic red crab (Pleuroncodes planipes;
Longhurst 1967), the green crab (Carcinus maenas; Tepolt et al. 2009; Yamada et al.
2015), and the Pacific sand crab (Emerita analoga; Wonham and Hart 2018).
Very few late-season Dungeness crab megalopae recruits were observed in Coos
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and Yaquina Bays in 2018. Less late-season CCE recruits matching the recruitment
timing of northern ecosystems suggests that less larvae were transported into the CCE
from northern ecosystems, which provides support for the differences in intra-annual
genetic variation between 2017 and 2018. Prior to 2018, the lowest number of late-season
megalopae recruits recorded in Coos Bay, Oregon (16-year dataset) was just over 3,000
megalopae in 2016 (Shanks and Roegner 2007; Shanks et al. 2010; Shanks 2013; Shanks
upubl data). In 2018, only one late-season megalopae recruit was observed in Coos Bay,
and a few hundred were observed in Yaquina Bay. This not only limited the genetic
sampling of 2018 late-season recruits in Coos Bay, but also suggests that local ocean
conditions may have differed between the two sites, or that regional ocean conditions
(i.e., PDO) limited the southward transport distance of pelagic larvae via the California
Current (Coos Bay is further south than Yaquina Bay).
The lack of late-season recruits in Coos Bay provided the opportunity to further
assess the hypothesis that biologically meaningful genetic differentiation between
expected-season and late-season recruits can be observed based on outlier loci. Not only
should the April recruits be genetically differentiated from late-season recruits, but any
megalopae recruits sampled from April through July should be genetically similar to each
other and genetically different from the late-season recruits. The April 2018 and June
2018 megalopae recruits were not genetically differentiated based on variation at outlier
loci, but they were both genetically differentiated from the August 2018 recruits in
Yaquina Bay. This provides evidence against the alternative hypothesis that any two
groups of megalopae sampled throughout the season are genetically differentiated.
Moreover, despite differences in megalopae recruitment abundances between Coos Bay
and Yaquina Bay, the magnitude of genetic differentiation between expected-season and
late-season recruits within each year based on outlier loci did not different (Coos Bay vs.
Yaquina Bay).
We conclude that the observed variation in the magnitude of intra-annual genetic
differentiation between megalopae recruits based on outlier loci may be due to lateseason recruits originating from an ecosystem north of the CCE in some years, but not all
years. The late-season recruits in 2017 (strong genetic differentiation) may be from
outside the CCE, but the late-season recruits in 2018 (weak genetic differentiation) may
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not be from outside the CCE. However, further evidence is needed to confirm the origin
of the late-season recruits, such as assigning CCE megalopae recruits to adult samples
from northern ecosystems, examining genetic variation of cohorts across life stages, or
developing biophysical models. Alternatively, it is possible that the late-season recruits
represent megalopae with an extended PLD, as the length of the Dungeness crab PLD has
been shown to vary with water temperature in laboratory tests, or that mating occurs later
in the year than documented among a subset of adults (Wild and Tasto 1983). Jackson et
al. (2017) observed panmixia in one year and weak isolation by distance in another year
among adult Dungeness crab sampled within the CCE, based on variation at neutral loci.
The inter-annual difference in spatial genetic structure indicates that megalopae recruits
within the CCE do not necessarily need to originate from outside the CCE to exhibit
genetic differentiation.
3.5.4 Relatedness of Megalopae Recruits
We hypothesized that Dungeness crab pelagic larvae would exhibit cohesive
larval dispersal, since higher than expected relatedness has been observed among adult
Dungeness crab at several locations within the CCE (Jackson et al. 2017). Furthermore,
kinship aggregation has been documented in several other marine species using genetic
relatedness measures (Iacchei et al. 2013; Riquet et al. 2017; Adrian et al. 2017).
However, the relatedness analysis of the 2017 and 2018 megalopae samples indicated
that Dungeness crab megalopae recruits did not exhibit cohesive larval dispersal. Despite
not identifying any siblings or half-siblings among the megalopae recruits, higher
relatedness estimates than would be expected by chance were observed at some collection
timepoints.
The late-season 2017 megalopae recruits were more related (r = 0.0193 - 0.0208)
than the expected-season megalopae (r = 0.0169 - 0.0177). Furthermore, considering
inter-annual variations in both ocean conditions and genetic variation of megalopae
recruits between 2017 and 2018, it is interesting to note that none of the 2018 megalopae
recruits were highly related. These observations provide further explanation for the
observed inter-annual variation in genetic differentiation between the 2017 late-season
recruits and the 2018 late-season recruits. In 2018 there was a weaker positive PDO,
suggesting stronger southward transport of Dungeness crab megalopae. This situation
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could allow more larvae from different geographic breeding locations to mix thoroughly
before recruitment, therefore resulting in lower relatedness among late-season recruits in
2018.
The higher than expected relatedness within the late-season collection timepoints
may be due to the density (or abundance) of the late-season recruits (Allendorf et al.
2013). High abundances of megalopae were observed during the expected-season
recruitment events (Figure 3.2). However, lower abundances of megalopae were
observed during late-season recruitment events. Therefore, there is a greater probability
that related individuals were sampled in the low abundance group (i.e., late-season) than
the high abundance group (i.e., expected-season).
Despite the minimal differences in relatedness, the effective number of breeders
were not notably reduced within collection timepoints or years. Overall, the effective
number of breeders for expected-season and late-season recruits was high. However, the
Nb was lower for the expected-season recruits in 2017 than late-season recruits; this
indicates that less adult breeders contributed to the 2017 expected-season megalopae
recruits than to the 2017 late-season megalopae recruits. The 2018 megalopae recruits
showed a different pattern, the April expected-season recruits had a higher Nb than both
the June expected-season recruits and the August late-season recruits. When considering
all recruits within each year, 2017 had a lower overall Nb than 2018.
3.5.5 Changing Ocean Conditions
The Dungeness crab megalopae recruitment abundance and timing patterns in
2018 were anomalous. Considering data collected over the past two decades, 2018 had
the highest number of recruits ever observed and was the first time a negligible number
of late-season recruits were observed in Coos Bay (Shanks and Roegner 2007; Shanks et
al. 2010; Shanks 2013; unpubl data Shanks 2019). Lower abundances of late-season
megalopae recruits are often observed in years with stronger positive PDOs, and it is
hypothesized this is due to weaker southward transport via the California Current (Shanks
2013). However, 2017 had a stronger positive PDO than 2018, but more late-season
recruits. Moreover, greater intra-annual genetic differentiation was observed in 2017 than
2018, contrary to the observed ocean conditions. Considering the life history timing of
the Dungeness crab, the megalopae recruiting within the CCE during the marine
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heatwave (i.e., “the Blob”; Peterson et al. 2017) and ENSO events from 2015-2016
composed a majority of the breeding population for the 2018 megalopae recruits, which
may have impacted the recruits and caused atypical patterns. The complex relationship
between megalopae larval transport and ocean conditions during the PLD is still poorly
understood. Future studies combining genetic analysis with physical transport models or
oceanographic models may be informative to understanding why both intra-annual and
inter-annual differences in Dungeness crab megalopae were observed based on variation
at outlier loci (Segura-Garcia et al. 2019). With changing ocean conditions, it is likely
that atypical patterns in larval transport and ocean conditions will be observed more
often. Larger or smaller numbers of larval recruits will eventually impact the abundance
of the Dungeness crab fishery harvests, once the crab grow to legal size. Therefore,
studying variation at this early life history stage is important because it provides a greater
understanding of the population connectivity in marine species, especially for taxa such
as Dungeness crab with high socioeconomical value among coastal communities.
Changing ocean conditions may positively or negatively affect the Dungeness crab
industry and fishery reliant communities.
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Chapter 4: General Conclusion
4.1 Genetic Connectivity of Dungeness Crab Megalopae Recruits to the Oregon Coast
In this thesis, we present the first studies utilizing a reduced-representation
sequencing approach, genotyping-by-sequencing (GBS), to concurrently examine both
neutral and putatively adaptive genetic variation across the Dungeness crab (Cancer
magister) genome. We expand upon previous population genetic studies of adult benthic
stage Dungeness crab (Jackson and O’Malley 2017; O’Malley et al. 2017; Jackson et al.
2017) by examining the last pelagic larval stage of the species life history, the megalopae.
Megalopae recruitment has been extensively studied in Oregon by biological
oceanographers working to understand how the ocean environment impacts larval
dispersal, but this life stage had yet to be studied using genomic tools. The aim our finescale temporal and spatial genetic analyses of megalopae recruits was to better
understand how ocean conditions influence larval transport and population connectivity
of the Dungeness crab within and between the marine ecosystems along the west coast of
North America: the California Current Ecosystem (CCE), the Salish Seas Ecosystem
(SSE), and the Gulf of Alaska Ecosystem (GOA). By genetically examining megalopae
recruits across three years and two sites along the Oregon coast, we observed a pattern of
high genetic connectivity among Dungeness crab megalopae recruits with evidence for
inter-annual variation at putatively adaptive loci influenced by ocean conditions.
Despite having little information available on the Dungeness crab genome, we
present an effective genetic method for the de novo assembly of a set of informative loci
that can be expanded upon on in future Dungeness crab studies. Overall, the GBS
approach (a modified version of Elshire et al. 2011) allowed for the identification of over
1,000 loci and was appropriate for examining genetic variation among Dungeness crab
megalopae recruits. Moreover, both presumably neutral and putatively adaptive loci (or
“outlier loci”) were identified within the genomic datasets of each study (Chapter 2 and
Chapter 3). Neutral loci provide information about gene flow, genetic drift, and migration
processes, whereas adaptive loci provide more information about natural selection
processes (Allendorf et al. 2013). Using both types of loci together provides a greater
understanding of the genetic connectivity within a species, which can be informative
towards conservation and management decisions. (Funk et al. 2012). However, only two
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loci were identified as outlier loci within each study, and the outlier loci did not overlap
between studies; four different loci were identified in total. The difference in outlier loci
between the studies may be due to the GBS and de novo alignment approach utilized.
While this is a cost-effective method to identify loci and analyze genetic variation within
a species with limited genome information, the method is not specifically designed to
identify the same loci between different studies (Andrews et al. 2016). Reference
genomes are available for other important fishery species, but an annotated reference
genome does not exist for the Dungeness crab (Rotllant et al. 2018). Development of an
annotated reference genome for the Dungeness crab would be valuable. Without a
reference genome or additional sequencing, we cannot confirm that the outlier loci are
truly from adaptive regions of the genome, nor can we determine whether the four
different loci are from the same region of the genome. However, these outlier loci are still
informative for distinguishing genetic differences between megalopae recruits.
The magnitude of genetic differentiation between expected-season and late-season
megalopae recruits to the Oregon coast was quantified using FST (fixation index)
estimates based on variation at neutral and outlier loci. The FST estimates based on the
neutral loci did not provide consistent support for our hypothesis that there would be
intra-annual genetic differentiation between expected-season and late-season megalopae
recruits, but the FST estimates based on variation at the outlier loci did provide consistent
support for our hypothesis over space and time. When examining one site (Coos Bay) and
one year (2014) in Chapter 2, we identified weak, yet significant genetic differentiation
based on variation at neutral loci between expected-season and late-season recruits. Yet
when expanding the analyses to include two sites (Coos and Yaquina Bays) and two
years (2017 and 2018) in Chapter 3, no significant intra-annual genetic differentiation
was observed based on variation at neutral loci. However, we observed the same FST
estimate (low; FST = 0.0011) between expected-season and late-season recruits in Coos
Bay in 2014 and 2017. Additionally, in both the 2014 case study (Chapter 2) and the
multi-site, multi-year study (Chapter 3), strong intra-annual genetic differentiation was
consistently observed based on the limited number of outlier loci. Interestingly, the
magnitude of genetic differentiation (based on FST estimates) at outlier loci varied across
years. Inter-annual variations in ocean conditions during the three years studied is a
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possible explanation for the observed intra- and inter-annual genetic differentiation in
Dungeness crab megalopae recruits at outlier loci.
Several ocean conditions have previously been related to variation in Dungeness
crab megalopae recruitment abundances along the Oregon coast: Pacific Decadal
Oscillation (PDO), upwelling, and physical spring transition (Shanks and Roegner 2007;
Shanks et al. 2010; Shanks 2013). According to the observed relationships between
megalopae recruitment abundances and ocean conditions, stronger negative PDO, more
upwelling, and earlier spring transition are correlated with higher megalopae recruitment
abundances (Shanks and Roegner 2007; Shanks et al. 2010; Shanks 2013). Within the
years studied in this thesis, the PDOs were positive; however, the weakest positive PDO
was in 2018, followed by 2017, and then 2014. Similarly, 2018 had the strongest
upwelling and earliest spring transition, followed by 2017, and then 2014. We
hypothesized that in years where the ocean conditions predicted greater megalopae
recruitment, there would be greater intra-annual genetic differentiation between
megalopae recruits; since such ocean conditions suggest that larvae could be transported
further south in these years, resulting in the transport of larvae from northern ecosystems
(SSE or GOA) into the CCE. Contrary to our original hypothesis, during years when the
observed ocean conditions predicted greater megalopae recruitment (first: 2018, second:
2017, and third: 2014), there was weaker genetic differentiation between expected-season
and late-season recruits. The year with the most megalopae recruits (2018) had the lowest
genetic differentiation based on variation at outlier loci. Interestingly, the total number of
Dungeness crab megalopae recruits in 2018 was the highest ever recorded in Coos Bay,
but also, 2018 was the first year in the two-decade dataset of Coos Bay where negligible
numbers of late-season megalopae recruits were observed. However, 2018 late-season
megalopae recruits were observed in Yaquina Bay and sampled for genetic analysis. The
anomalous lack of late-season recruits in Coos Bay may explain the lower genetic
differentiation observed between expected-season and late-season recruits in 2018, when
ocean conditions predicted that there should be higher abundance of late-season recruits.
Our genetic findings, paired with published observation of genetic differentiation
in adult benthic stage Dungeness crab between marine ecosystems (Jackson and
O’Malley 2017; O’Malley et al. 2017; Jackson et al. 2017), add evidence to the
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hypothesis suggested by Shanks (2013) that late-season megalopae recruits originate
from northern ecosystems (SSE or GOA) and are transported into the CCE with southernflowing ocean currents (i.e., California Current). However, inter-annual differences in the
magnitude of genetic differentiation (2017 FST was much greater than 2018 FST) indicate
the larvae may be originating from northern ecosystems in some years, but not all years.
However, we emphasize that the results of these studies are not conclusive in terms of the
source of the larvae. Further evidence is needed, such as: genetic comparison of the
megalopae recruits to samples from reproducing adult populations in the SSE or the GOA
or comparison to a biophysical model.
High relatedness can indicate cohesive larval dispersal during the pelagic larval
stage. Jackson et al. (2017) observed higher than expected relatedness among adult
Dungeness crab at some sampling sites in the CCE. By examining the relatedness among
megalopae recruits, we tested the hypothesis that Dungeness crab exhibit cohesive larval
dispersal. However, neither siblings nor half-siblings were identified within the 470
megalopae analyzed in these studies. This finding suggests that megalopae recruits to the
Oregon coast do not exhibit cohesive larval dispersal. The past observations of high
genetic relatedness among adult populations could also be a product of local larval
retention, which is possible considering the two counter flowing ocean currents in the
CCE. Genetic comparison of the Oregon megalopae recruits to the benthic adult
population within Oregon would allow for the examination of this possible process.
4.2 Implications for Management and Future Ocean Conditions
To utilize the findings of this thesis in future research, conservation, and
management projects, the informative loci identified through GBS approaches could be
used to design a single-nucleotide polymorphism (SNP) panel appropriate for examining
megalopae samples and adult samples from across the Dungeness crab distribution. SNP
panel methods like Genotyping-in-Thousands by sequencing (GT-seq; Campbell et al.
2015) are cost effective in large-scale research and monitoring studies and they can
utilize both neutral and adaptive loci. Moreover, SNP panels use the same loci across
various studies and projects, unlike GBS methods. Our findings provide evidence for
putatively adaptive differentiation across the species range, therefore, genetic approaches
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using both neutral and putatively adaptive loci capture the genetic variation of the species
across its large distribution. The monitoring of Dungeness crab megalopae recruits with
Shanks et al. (2010) light trapping methods is expanding throughout the Dungeness crab
distribution (Northwest Treaty Tribes 2019). Therefore, megalopae monitoring studies
could be paired with SNP panel methods to further examine spatial and temporal genetic
patterns in megalopae recruits, which would provide information on population
connectivity and dispersal patterns of Dungeness crab. Such information is can be
utilized in fishery prediction models, which would benefit from including larval sources
in the models. Moreover, by establishing a long-term baseline of genetic connectivity
(similar to how Shanks and colleagues have established a long-term baseline of
megalopae recruitment abundances), correlations could be made be made between
megalopae abundances, ocean conditions and intra- and inter-annual genetic
differentiation. Such correlations could eventually evolve into a less time-intensive
method (compared to daily light trapping) for monitoring annual larval recruits for
predictions about the commercial Dungeness crab fishery. Additionally, if studying larval
genetic differentiation over multiple years improves our understanding of the relationship
between larval transport distance and ocean conditions, one light trapping site (e.g., Coos
Bay) can be used more effectively to predict spatially variable, coastwide commercial
fishery harvests.
With the presentation of this thesis, we emphasize the importance of studying the
early life stages of Dungeness crab, since the harvestable adult population is initially
shaped by larval dispersal and successful megalopae recruitment. An accurate four-year
foresight into the fishery would be beneficial to the many stakeholders within the
Dungeness crab fishery (e.g., fishermen, coastal community members, fishery managers,
and fisheries scientists). The density-dependent relationship observed between the
abundance of annual megalopae recruits and the total CCE commercial harvest four years
later (Shanks et al. 2010; Shanks 2013) suggests that future fishery predictions can be
made by monitoring megalopae. However, with changing ocean conditions, more
uncertainty has been observed in the fishery predictions from this model (i.e., the 2018
fishery harvest; Shanks 2018). With the 2014 case study (Chapter 2), we considered
intra-annual genetic differentiation between Dungeness crab megalopae recruits within
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the context of the predictive potential of megalopae recruitment abundances for
commercial harvest four years later when the recruits have grown to harvestable size. The
megalopae recruitment abundances in 2014 predicted that the total commercial harvest in
2018 should have been average compared to historical harvests; however, the Dungeness
crab commercial harvest in 2018 was above historical average, and one of the highest
recorded annual harvests in the CCE (CDFW 2019; ODFW 2019; WDFW 2019). In the
CCE, a marine heatwave was observed from 2014 to 2016 (i.e., “the Blob”; Peterson et
al. 2017), and these ocean conditions may have contributed to the discrepancy in the
megalopae recruitment model (Shanks 2018). Interestingly, the 2014 megalopae recruits
that contributed to this extremely abundant adult harvest exhibited intra-annual genetic
differentiation. Future comparison of intra-annual genetic differentiation of the 2017 and
2018 megalopae recruits (Chapter 3) to the respective harvest years four years later (2021
and 2022) will provide additional data for understanding of the relationship between
intra-annual differences in megalopae recruits and commercial harvest of the adult
population.
When considering a socioeconomically valuable species like the Dungeness crab,
genomic methods are most informative when combined with the methods and findings of
other disciplines (Otto et al. 2016; Galla et al. 2016). Such interdisciplinary or
transdisciplinary approaches can help researchers understand larval dispersal of
Dungeness crab, the connectivity of Dungeness crab populations throughout the species
distribution, and how larval dispersal and successful recruitment is related to the
fluctuations in Dungeness crab commercial harvests. Dungeness crab biology, ocean
conditions, and the fishery harvests comprise a complex coupled natural-human system.
The interconnectedness of the systems denotes that changes in ocean conditions, which
are already occurring and are predicted to continue, will be felt within the human system,
including coastal communities. Although there are still many uncertainties surrounding
this coupled natural-human system, utilizing genomic techniques to understand the
connectivity of the Dungeness crab improves our understanding of the species, and
subsequently, the valuable fishery.
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Appendices
Table A1. Consensus sequences of outlier loci identified by BAYESCAN and OUTFLANK
within the 2014 megalopae samples (Chapter 2).
Loci #
1

Program(s)
Identified By
Bayescan &
Outflank

Consensus Sequence
TGCAGGTGCTATGATATGTTAGG
AAGGCTCGGCTGACACAGACTTA
CCTTCATGAAAAAAAACGTGTGG
TGAGGCTGCAAACACGTGATAAG
TTCAAGTCAACACTCATCTTACAG
TCACTCAACACGTGGTCTCAATG
TTTACGTTCGTCGTCTATCCG

BLAST Match

2

Bayescan &
Outflank

TGCAGGTTCCCCGCCGCCCTCCTCA
CATCCTCCTTAACGACAGCATTTTG
ATGCATTTACCCACGACGCATCGTA
TGACTTCGCCGATGCCGATGGGTCT
GCATCCTGGCTTCTTGTCAAGAGGA
ATGAGGCGGCAGGCAGTGANNNNN
NNNNNGCTCAGTAGGCGACGCCAC
CCTCTCGCATCCAGGCCTGAGGGAC
CAGCACTGCCATGTGTCTGGAGGG
ATTTCTTCCACACCATTTCCCCCGT
GATCATCTCGTAGATGACACTATTC
GGGGGTATGTGCGGGCCCTGCAGT
CTGAGTCCGGTTAAGTCGCTGGGA
GGAGGATGTTTTTCCTCCAGCTGAC
TGATGGTTTCCCTTCTAAAGGGCAA
CACACCACCG

Scylla
paramamosain
(Mud crab)
hypothetical
protein mRNA,
partial cds

3

Outflank

TGCAGGATGTGCAGGATAAGGAT
CTCGACAATGTGGATTGGATGTGT
CGCCCATGCAGGAAAAAAAGTGA
TGCGTGTCTATCAGGAGCATGGAA
AGCTAGCTAGTGGATGGATGAGCT
GGGTAAACAGGTAGAGAGGCTAA
ACAAGGAAAANNNNNNNNNNCGG
TCACCCTTTTTAGGGACAGGTTGA
ATGTGAGCAAACTTCCAGCAAGAA
GGATAGGTAGAAGTAGAGAGACA
CAGACGAAAGAGTTTGACCAGGCA
GTGAGCGAGTTCGGAAGCACAGT
TTTTGAGAACAACAGGAGGGACTC
CATCCG

Eriocheir
sinensis
(Chinese mitten
crab) DNA
damage-binding
protein 1
(DDB1) gene,
complete cds
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4

Outflank

TGCAGGGAAAGACCACGATTGAA
AAACACAACACAATATATCCTTTA
CTTTCTTTACAGACGATTCTCTGAA
CACTCCAGCGTGGTCATCGGTTTC
TAAGCCTCCATTTACCTTGAAAAT
TGAACACCGATAAAAAAAACAAT
GGTTGNNNNNNNNNNAATAACAA
GAGGGTGGCAACGGGAGGGTGAA
AATGGCAGGGCAAGAGAGGGAGA
GTGGCAGGGCGTTGAGCGGCACT
GAAGGGAGGGTTTATTGCATCAGT
TGGACTCCCTTTGTTGTCTGTCCC
AGTATTAGCGGCTGCCTCTGATCC
CG

5

Outflank

TGCAGGCAAAGTCCAGCAAGCAA
GAAATATATAGCAAGTGTCGCTGT
TATGTAGTGCCTCGCGGCGTGTAA
TCCAAGGTGTTGCCCTTTTAATAT
GTCCTCTGATTACTGTTGGCACTG
AGGTATGTAGTGTGTGTGTCAGTC
AGAACTCGCAGCTCATCCAGCAG
CCATGTCGCCG

6

Outflank

TGCAGGACTGAAAGATGCTCGAGG
TGGGAGAAGGAAGTGCTTAATGGA
TGTAATGGTCGTGGATGCTGCTGC
TGTGTGGAGGAGAAAACACCGTG
TGAGTGTGTGTGTGTGTGTGTGTG
TGTTTATTTATTCTTTTGTTGTTGTT
GTTATTCCTACTCCNNNNNNNNNN
GGAGTCTGCAGGTCTAAGTGCTCT
CAATGGGAGTTCCCGAAGGGTAA
CAACCTTTGTTCCACCTCGGGTTGT
ATCTGCTGCGCCCCCAACCAACAG
AGTAAGTCAAAAAAAGGGTGGAT
GTATCATTTTTTTCTATGCTATTTG
GGAACCG

PREDICTED:
Tachysurus
fulvidraco
(Yellow catfish)
ryanodine
receptor 2
(ryr2),
transcript
variant X23,
mRNA

7

Outflank

TGCAGGAAAACACACATCGCATCA
ACCTCATTTTTTTATGTTAATGTTA
TACACACTGATATTCACAGATGAA
ACAAACATGAATTATGGATTCGGG
ATCGTAAATAATATTAATTTCTTAT
AACAGTGACCAAAGAACATGGAC
TGATACTAGGANNNNNNNNNNTGT

Callinectes
sapidus (Blue
crab) trehalose
6-phosphate
synthase 1
(TPS) mRNA,
complete cds
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GGCTCTGTCAGGCATGGAGTGGAA
GAGTGGCCAGAAGGTGGCGTTGC
AGCAACCATTGTAGTAATCATTGA
ACATTTTCTTGGGTACTGTGACGG
GCAGCACCTGAAGAAAAAAATTTT
CATTAATGCTCAAAAAGCAAGTTA
AGCCG
8

Outflank

TGCAGGTAATTAGGGAGGAGAGAG
AGGTTAGTCCTTACACCTGAAGCA
CTCCTATTAGAAGGCTGCTCCACTC
CCTCTACTCCAACATAATGAGAAG
TAAATTATAAAGGAAATAATAACG
TGAAAGAAAATTACACACCTACGC
AAGAATNNNNNNNNNNAACACATA
TGAGAACTTGATAAAAATAAGAA
AACCTTCAACTCCACCAGGAAATA
TTTAGAAAGTTCCTGCTTCTAAGAG
CCAATTAACTCCTTGAAGCGAGGT
TAGACGAGGAGGGAGGGCAAGCAC
GCTATCCATGCTTGAAGATCCCG

9

Outflank

TGCAGGACACCAAGGCATAAACAC
ACACACACACACACACCATCGTCT
AGTCCTCCCTATCATGTTATCATAT
ATATATTCAGCGTTGTGTTTCCCCT
CAAAACAGCATCACTCACCTCGGC
CGCTGGAGGGGGCTTGGGTGGGCC
TGGCCGAGATCG

Chanos chanos
(Milkfish)
genome
assembly,
chromosome: 7
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Table A2. Consensus sequences of outlier loci identified by BAYESCAN and OUTFLANK,
and FSTHET within the 2017 and 2018 megalopae samples (Chapter 3).
Locus Name Consensus Sequence
BLAST Match
CLocus_24
TGCAGGAAAAAAGAATAAAAAAAA
TTTTTTTTTTTCATGAGTCTTCATCC
AATCCTTCTTCCAAACCATTAATATC
TGCTTGTGTTGCATGGTATTCTGTGC
GCTGAAAATTGCTGTAATATACTAA
GACTTGAACCGCCGCTGGTACGTAC
TGTTGAAGGCNNNNNNNNTGAGGTT
GGTAGTAGCCGTCAGCACCGTTCAT
GTAGTCGGAATACTCGTAGGCGTGC
GGCGGGTAGGACATGTTTGGATAGA
AGCTCGGGTACCCTTGCTGCGTTGG
GGAGAAGTAGTGAAGCATCTTGGA
AATGCCATTGGGGACATCCGGAA

CLocus_3063

TGCAGGACTTTCGCGGCCACACCTG
AAAGCAGCACGCAACACACTGGTCC
AAAATATCCCTACCTTTCGACCTTC
AACTTTATCTTTCCTCAACCTCGATT
CTTGGTAGTGGAAGGTCATCTAGCC
TGGGAATAAAGGATTGTTTNNNATT
GTCAGTTTTCTTTGACATTGGTTTAC
GGCAAGGCTCTCAACTCTTATAAGG
TGTTCGTCGACGTCTATGCTTTTGGA
GTACCCG
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CLocus_38

TGCAGGNNNNNNNNNNTGACGAGG
ACAGAGGACGATGGAGAGTAGAAA
CGTCTTTGTTACCAGATACGACCAC
AGACGCTCCTTAATGTGTTAATAAG
GCAACTACGATGACCAAGCGTTGCC
AATGGATGCGAGACCTACCACCTCT
TCTTCTTCCTCNNNNNNNNNNTGGT
ATGATCTGAAACCGATAATGTTACC
GACCAAATGACTTGCTATTAACGAG
TGACAAAGGGAAGCAAAGGGCAAG
ACCTCCTATAGCCTCAGTAGGTCAG
CGAGGACGCGACGCCCTTGGCTGGC
CGCTGCAAACTCGACCCTCGCCG

CLocus_77

TGCAGGGGTGTAGACTTAGAATTAC
GTATCACCACATAATTAAGACCCCG
TTGACAGAGAGAGAGAGGAGAGTT
TTGCATCTAGTGTCACGTGAGGTGT
CTTGCGGCTGGCAGCGCTGGGCTGC
CCGCGCGTGGGTGAGGNNNGTTGG
AACTGGTGTCTCCCAACTCTCTCAC
AGTCAGTCAGGAGCTGGCAGCCGTA
GTAGTCATATCTCCG

CLocus_347

TGCAGGGGCGGGACGCAAGGGTTT
GTGTTTAGTGGTTAATACGGCGGCT
CCAGACATGCGAATCGTGACTAAAA
TTTTTATTAGGGTAATTGAAATTTGA
GATAGATAGATAGAGAGAATGAAT
GAATAGATAAAAAGAGAGAAACTA
AAAGAAACGTCCGTATATGCATAGA
AGTGATGGAATTGTGCCCTTCGACC
TTCAAGTAGTGAACCATCACCG

CLocus_101

TGCAGGTATGTGTATGTATATGTAT
GTCTCTTTGTGCTCTCTTTGACATAG
CCGCTGAGAGGCTGAAAGTGAGATT
TGGACAAAGTGCAACTCAGCGCACG
GAACAAGGCATAACAAAGGACATA
TTATGTTTGTCTGTTTGAAGTAGAG
ACGTGGCAAGCATGGCCAGTGTGTC
TGACGCCCTATCCGCCG
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CLocus_29

TGCAGGAGACTATGATTGGTTCGTC
CTCCCATCCTCCACCCAGGGGTTAC
TCTGGGCTTTTACTCTCCTCATGATC
GCGCGCAAGGCCATCATGGTGGAAC
AGCAATTTTTTTTAGATAACTCACG
AGGCATTGCTTTTCACCTCTTTTAAT
ATTGNNNNNNNNNNATTCTCCAGTA
GACAGAGAGGACTTCGTTTCCCTAG
TCCAGCAATTGCCTTCCCCGTTTATT
GTTTTAGGAGATTTTAATGGTCGGC
ACACCCTGTGGGGAGATACACTTAT
CAACCCCAGGGGAGCAATGATTGCC
ACTGTGGTTGAAGCCTTAGATCTAG
GTATTTTTAACACCGG

CLocus_15

TGCAGGATGGGACACAGCGGGGGC
GCTGCGGCTGAGCTCGGCCAAACTG
AGTGCCACGGTGGGTGCGCCGCCTC
CACCCAGCGGCTGCTCGTCAACCTG
AGTCTGTTGTCACTACTTTGCTTTGT
ACTGTGTTTATCGGGAGTGNGAGCA
NNNNNNNNNNGTGGTGCCCGCTGT
GGGGCAGCACAGGGCGTGGCAGAC
CCGCCATCAGCCTGGCTAGGGAGGT
GACACAGCTTCTTTGATGTTTGCTGC
CAGCTTGAATCACTGCCGCACCGCG
CTGCTCACGCCGCTGCAGGCTGGAG
GCGGCGCCGCCG

CLocus_65

TGCAGGTTGTCATACGCACACCTAA
TAATTGTTTGATACCCCAATTATATA
GTTTTACAACTGGCTTGAGATCACC
GTTTAACCACGACTCACACCCATAA
AGTACGGTCGGCATTAGCGCGGCAT
CAAACACTCGTCTTTNNNNNNNNNN
CACAGGAAGCGAACTTTAGAATCTG
GCACATTCGCGTCTGTGCGTGGGCA
GCAACAGCTGATGAGACAGACCCGT
CGCTGGTGAATACACTGCCCAGGTA
CGTATATCGGTCACACCATTCCACT
GTCAGGTCGCCCACATGTAAAGCCC
G
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CLocus_88

TGCAGGGAATATGTTGGTAGTACTC
TTGCAGTCCCCGCCACAGGGCTACC
TATATACTCAGCTTATCACCCTTAA
AGGTGGATAGCCGAGACAAGGCAT
CTACGGGGCCACTTTAGCGTACAGT
CTATTTGTCCACTTATACTAGCATGC
GGTCTACCTAAACCTTTACTTCAGC
GTGCAGTCTACCCCCACTACAAGAA
CTTAACTAAACCTAATATAGCATTA
TAATGGGTAGAATGTGTTACACTGA
TGTTATCGGCTTCAATTTGAGGAAG
ATACTGATGTGGGTGTTCGTTCATT
GCCCTTTTACATAGACCG

CLocus_47

TGCAGGATGAAGAGTAAGAGTAGG
CGGGGAGTGAAAGGAATGGTTAGG
TTACACAATAATGTTTTTCCTTCTTA
AATACGGGTTCTGTTCCTACTGATG
GATGGATGGATGGATGGATGGATG
GATGGATGGATGGAAAAAG

CLocus_178

TGCAGGACGACTGTGCGTGAGCCGC
GTGGTGGGGACGGCGAGGCGTGCT
GTCACAATAAATACCTTGAGAACAC
AAACAAACAAATCAGGCAGAATTG
GTGATAGCTTCGATGAATTCCAATG
AAAGGAAAAAAAACATTTTTAAGGT
ATTCTCTTAAGGCAGGCTTCGTCAC
CCCGCCACCCCCACCCCCACCCCCA
CCCCCTCTACAAGAGTGCGGTAAAG
CCACACATGTGAGTGTTGGTGAAGG
GTGGTGAAGCCTGCCTCGCGAGGCT
GCCGG

CLocus_104

TGCAGGGTTTCGGGGCTGCGATGTT
GTGGGGCTTCAGGGCTGTAGGGTTG
CAGGGCAGAGGGGCAGAGGGGCTG
CGGGGTAAAGAGGTTGCGGGACCTC
GGAGCTGCGGGGCTGCGGGGCTGC
GAGGCTGCGAGGCTGCGGGGCTGC
GGGTCACGGGGATTGCAGGGCTGCC
G

Oryzias latipes (Japanese
rice fish) strain HNI
chromosome: 7
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CLocus_244

TGCAGGAAATTGTATAATAAAATTG
GATAAACTGTGGGCGGACATCGTCT
GTGGGCGGGTCGGCCGTGACCCCTG
ATGGCGGGGTAATAATTCGGTAATG
GCAGGGCGCGCGGCGGTAAAGAAG
GCGAGTTAGGAGGCGCGCGGCCAA
AATATTTGTTTAGAATAATGTACTG
CAGACGAGGATCTTTGAAAGTGATG
CTAGCGGTCAATGTGCTGCACCG

CLocus_76

TGCAGGTGGTCAAACGTTTTTTCCT
GTGTATATAATCTACTTCCCTCCTCT
CCCTCCCTCCGTCTTTCCCTTCTACC
TCCCTCCCTCTCTCCACCACACAAG
CACTTAATGAGCTGCTAATACATGG
GTTGCGAGTACCAATGTGATGCTGA
AACCG

CLocus_75

TGCAGGACCCACCAAATTGGATAAG
ACCACAGGCAGTGTACAAGATCCAA
TACATGCTACCAAAACCTTGAAATG
AATTTCAATATAATGGAGATCACAT
CATGATATTCTGTTAATTTCAGTTCA
ACCTTGTGTTGGCAATNNNNNNNNN
NAGGAGGGGCTTCCTAGACCCCTCA
CTCCATCCCTTTTCTTACCTTTTATG
AACCACAGGAATTACAGTAACATTC
TTGTAACCCCATCACAGAGCTAGAT
CTTTTTTTTATATACTAAATAAAATA
TCTATATCTATCAATCTATATACCCG
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CLocus_193

TGCAGGTTGTTGAGGCAGTGACGGT
TCGTCCTGGAAAGTGACGGTGCATC
GTGGCAAGTGGCGGCAGGAGTCGCT
TGGCTGGGCCCTGAAGCGACAGGG
AAATAAAACGAAGCCTCAGCACGC
CACCTGGAACAGAGAAGTGNNNNN
NNNNCCACATGTAAATTTCTTGAAC
TTGCATTAATGAAAAGAGGAATTTA
CATGAGGTTCAGATGGGATGTTCTT
GTATCTATATCTTGTCATCGGTCACT
TCTTAAATCGAAGTAGACGTTGTGT
GAGTGTAATCACCACAATTTTCTTA
ACCG

CLocus_33

TGCAGGAGCTGGCACGCAGGGTAAT
AGTAGTCATGGCAGAAGGTGAAGA
CAAGTCAGACTCCCCTGCTGATTCT
GCTTCCAATGACGTCAATAATAAGG
TTGAGGCTTCTGTTGCTAAGTAGCT
ACCTTGCCACGTCCAAGCTCTT

CLocus_45

TGCAGGACCTCACCAGTTTCATGGC
CGCGACATTTGACAATATATATCAG
TTGGTTTGTGAATTAAATTTGTGTAT
CGAATTTATTTTTCTGACCACCCTTT
TGATTTGTATCTGTTTGCGTTTAATC
TGGTGGCACAAGCCTATCATGTTGC
G

CLocus_150

TGCAGGAAATGCAAAAATATGCCAT
CATAGGACAGCTTGAAGGTGAGTGG
TGGGGAGGGCGGATGCAACACCCA
GGCACGTGTGGAAGTCATCTGCACT
TAGCAAAGAATTATTTTCGTAACAC
AAGTGAAATTTGCAGCANNNNNNN
NNNCTTACGTGACCTTAATAAACAA
TCTTCTCTCTCTACCACAGCAAACG
ATTGGCTCAACTCCTGACCCTGAAC
TGGCAAAGGTCACGTCACAGCGGCC
AGAACAGCCAACCACAGCCTTCTGG
ACCCTAGTGTACATACATCCTGAGC
GCCG
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CLocus_22

TGCAGGAACATCCACAACACTATCG
AACACTTGTTGGTGTAGTGTGCACG
CTTCCAGTCAAGGATCTTATACAGA
AGGATATGCGAATCCAATGTAGATT
GCCGAGGAAAAAGTGTGTCACAGCT
GTATCCTGTCAGCTGGCGCCACCCT
CATCAAAACAATCCCTTGGTGGCCG

CLocus_42

TGCAGGGCCTCCTCCTCCAGACGCT
CTACCCCCATCGCAAGACTGTGCAG
ATCGAGATATCGAGCCGAATGGTGG
AGACGGGGAAGCTCCTCCAGACCTG
GCTGGGCATTGCCGAGGTCGACGTG
GAGTGGCGGGTCGGCGNNNNNNNN
NNNNNNNNNNNNNNNN

CLocus_36

TGCAGGCCGTGCGCGAACGCGATCT
GGACGGCGATCCGCGCGGACCTGGC
CCTTTGGATGTGCTGTGCCAGCATA
TCCTGCTGACCGCCTGCGCTGGCCC
CTTCGACCCTGATGATCTGTTCCGC
GAGGTGCGCGAGGCTGGCCCCTATC
GCCACCTGACCCGCGATGATTTCGA
CGCCTGTCTGGATTTCGCAGCGACC
G

CLocus_17

TGCAGGCTGTTGTTCTACCCTTCACG
TATTTGGTATTAAGGCGTGTAGGGG
TTATTTTTATCTCGGTGCTGCTGTTG
TTGTTGTTNNNACTGTTGATAGTCTG
AAGGGATCTCTCTCACTTGCTGCTTC
CTCCTTTTTCACCTCATGGGTAGNN
NNNNNNNNTTTTTTTTTATAGTCTG
AAGGGATCTCTCACTTGCTGCTTCTT
TCTCCTCTTGGGTAGTTTTTTTTTAG
TCCTCATTCTACACAATACAGGAAA
GAGCCAAAAGAAATCCACTGACTAT
TAATATTCCG
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CLocus_32

TGCAGGAACACACAAGGGTCGTCCT
ATACCACTCACGAGGATTCTCAGAG
CACGCCTCCTAAGTCTTCAGTGTTTT
TTTCCAGCTATCACCACCACCACCA
CCACCACCANNNTCACCATCACTAT
ACCTCTGCCAGTATGATAAGACCTT
CTCTCCCACCCACCCNNTTCACCAC
CGTTACTTCCTGCCACCG

CLocus_102

TGCAGGGATTATTGGTCTATTAACT Cancer magister clone
GACCTGTACTTCGGGATTGAGAGTG Cma78 microsatellite
CTGTAAATTGTTGGGGGGGGGGGGG sequence
GGGGCGTGTCCAGCTTCTTTTCACT
GAATACCAGGTGAGGCAGGGATGC
GTCCTTGCTCCATCGCTTTTCAATAC
ATGTATGGACTGGGTACTGAGCAGA
GTTGTGAACCAAAGTCACTGTAGAG
CATCTGTCAGCAACACCAAGATCAC
TGATCTTGTTTTTGCCGATGATGCAG
TAATCTTTGCTGAGTCACCG

CLocus_64

TGCAGGTTCGTACTTGGCGGAGTGG
GGCGAAGAGGGAAGAGGGAAGAGG
GAGGGAGGGAGGGAGGGAGGGAGG
GGAGGAGGGGNNNNNNNNNAGGAA
GGTGAAAGAGAAAAGAGTAGGAGG
TGGGAGATGAAGGAGTGTTTCTTTG
ATAAGGATGGCCATGGANAAGGAG
GAGAAGGAGGGAGGNNNNNNNNNN
ATACAAAGGAATACAAAGGAATAA
CAGGCAACAACAGCCCTGGTGGGCC
TTACAAGGTTGCCTGTGTAGCTACT
CTACTTCTATATTCTCTACAAGTCTG
AGGTAAAGGATAGTAAAGTGGAAG
GCTCCTCCCCACCCACCTCTCCCTCC
GGCAAACGCCG
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CLocus_64

TGCAGGACAAAAACCTCTTCCAATC
TTTTCCACTCATAGGTACAAAAATA
CAGTCACAAGAGGTACACATGCACA
CACATGAACAAATGCAATGGTGTTT
CCAAGGTCAGAATGCGGACGAGGA
GGAAGAGACGGCGGACGGAAATCT
TTGGGAAATTAACAATAGGAATAAT
AACACTATTTGTACATTCTCCGTATC
ATTACATCCGGCTAGGAAAGGGACT
ATGGTGGTGCCCTCTATCGGGCCGC
TCTTCACCTTCCGCAGACACCCAAC
AGCAACCCG

CLocus_84

TGCAGGATTAAGAACAACACACTTG
CAATGGTGGAAGTGTCTGAAGGAG
AGTTGTCCCTGGTCGCCTTGGATTTC
GTAAAGGGTCTAGAGACAGCCCTGG
TGGTGCCTGACTCCGCCTGCGCCCT
CAGGAACCTGTCGTGAGGTGAACCG
AGCTGCTGTGAGTCACGNNCACTGG
ATTGCAGTGCCACCCATCCTGACTG
TCCCGACACCACTTGGCAGCACCAT
GTCTCCTTTCTGGACCTGTTGAGGG
ACACGACGGAGGGCACTCACCTGAC
GCAGACACTGAGGCTGACGCTGACG
GGTTATGGTTTTCATGGCTTCCCG

CLocus_7

TGCAGGAAATCTATCGAAGTAAGAG
GCTAATGTTAGACTCATTTTAGGTC
GTGAAATGCATCAAGCTAACACGTG
GAGGTGTGTGCGTGTATATGTGTGT
GTGTGTGTGTGTGTGTGTATGTGTGT
GTGTAAGTGTGTGTTCAGCGTGAAG
GTAAGGCC
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CLocus_61

TGCAGGANNNNNNAGGAAGGAAGG
TAAGGTAAGGTAAGGTAAGGTAAG
GTAAGGTANAGTAGGTAGGAAGGT
AAGGGTTCATTCAGGTAAGGTAAGG
TACGGACTCCATTATTGGTTGCAGG
TAATTGCCTTCCTTGTACAATGTTGA
AGAAGTCATCACTGAAACGCATAGG
NNNAANNNNNNNNNNTATAATTTTT
TTTGTATCATATGAAGCACCATGAT
CTACTTCAAATATTTAAGTGAAGCA
ATAGGATGTAAAAGCACTCCTGTAA
ATCCAAATAAGTTATATAAACACAC
ATTCAATTCAGATTAGTAGTAGTAG
TAGTAATTAGGAGCCGG

CLocus_73

TGCAGGAATAATGGTACTTAAGTTC
CTGGAGACATGGTCAATTAATGATA
TCCCCACAGGTGGCTCTAATGGCTA
CAGTCAGGCAGACGAGCTCACAGTC
CCGAGTTTGAATCCTGGCACGGGCT
GGCCATTTTTTCTTTGGTAANNNNN
NNNNNTATCCTCGACAGGACTGCAA
AGTTATATGCACAAGGAGCTTCTGC
GGGCAACATGAGCCTCTCAACAAGA
AACAAAGTGCCACTTGAAAGATCTA
ACCTGCGCTACTAACGGGTGGAGGC
CGACCATCTAACGCCTCCACCAAGC
CTACCGGCGCCACAAGTTAAGGACA
TAGACTAAGCAAGCTTGTCCTTAAC
CTGTGCCGCCG
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CLocus_33

TGCAGGAGAGTAGAGAGAGAGTGT Cancer magister 18S
AGCGACAAAACACAATGGTTAAGT
ribosomal RNA gene,
ACTAGTACTACTACTACTACTACTCT partial sequence
GCTGCGGTGGTAACAAAGCCGATGT
ATTGGATTTGATATCCGACCCTCGT
GTAGGAGTGACGGCAGCACATGAG
AGTGCCGCCGCCGCAATGTGNNNNN
NNNNNGAGTTGTGATTTTTGTAATT
ACGTCAGACTCAATTGCCGACTTTC
AAGACTTCCTCCATCTCTGCCTCGG
GAGACGATAGTGGGAAGACGTAGT
TTTATGGGTTTAAAAAGAGATAGTC
ACAGGTTTGTGAGAGTACCTCGTTA
CCAGCCG

CLocus_76

TGCAGGGCTGGCCACAACAGAACA
GTTTCCACTTATTCCTGTCCTTACAT
TCCTTCCTTGCATGCTCTAATCTTTT
ACATGGTTATTTTAAGGAAACTTAA
CTGTTCACCTTTTTTTTCTAATTCAA
GTTAAGTCACAATGGATGTGACGGA
TAATGAAGACTACTCCGATGGTGAC
AGCGCCGGTGGTGATGTGAGGAACC
G

CLocus_139

TGCAGGAAAAACACACATCGCATCA
ACCTCATTTTTTTATGTTAATGTTAT
ACACACTGATATTCACAGATGAAAC
AAACATGAATTATGGATTCGGGATC
GTAAATAATATTAATTTCTTATAAC
AGTGACCAAAGAACAGGACTGATA
CTAACCTCCCATTTGTTGTGGCTCTG
TCAGGCATGGAGTGGAAGAGTGGC
CAGAAGGTGGCGTTGCAGCAACCAT
TGTAGTAATCATTGAACATTTTCTTG
GGTACTGTGACGGGCAGCACCTGAA
GAAAAAAATTTTCATTAATGCTCAA
AAAGCAAGTTAAGCCG
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CLocus_79

TGCAGGGCGTGGGGAGGGGGGGGG Mastacembelus armatus
GGGGAGAGGGAAACCAATTGCATT
genome assembly,
ACAAGTCATAATTTCACGCATATCA chromosome: 11
CTCTTTATCCAAACTCAATGATGTC
ATTATATAAACATAAAACAAGGGCA
GCAGTGGGGTGAGGCGTGGGCGTG
GTAGNNNNGGNNNNNNNNNNGTAT
GGGAGTGGAACGTCATCAACAAGG
TGTGTGTGTAGTTAGTAGTAAGGGT
AACATGCTTCCACTACAAAGATACC
CTACACCCTACATAACCATCCAAAG
TCCACATTAGTTATCGCTTAACTAC
GACTGACAAGGTATAATTGACCCCG

CLocus_25

TGCAGGCTACCACCACAGCTCAAGT
CGGGGGAGTCAAGCCTCGTGGCTCC
CCCTCACACATCATTCACCATCTCC
AGGCTCTCTGTCCACTGTACAAGCT
ACTTGTGTGTACAACCAACGCGTGC
AGCAATAAACTAACAAAACCAAGT
CAGGGTGTTGTTCCAATCCTTACGT
AGCCGACAACCTCCGCTACAATTGG
TAACACCCG

CLocus_88

TGCAGGAGGAGTAGTCACCTCAACT
CTCGGTGGAGTGTCTGCGTCGGGCT
TTGTGGGGATAACATAACCATACCT
AACAGGAGAGAGAGAGAGACACAC
ACACACACACACACACACACACAC
ACACATACATTAGTCACTGTAAATG
TAGGTATTACAGAATATATACAT

Salmo trutta genome
assembly,
chromosome: 15

100
CLocus_58

TGCAGGGGAAACCATGGTTTTTTTT
TTNCTCTCATTGGTACTCTTGTTATG
CATTTTTCCCTTCAATTTTCCTGAAA
AANGTAAATTTTGTCTCAACATCGT
TAAACGTCAAGATGCTAAGATTAGA
AACGTGCAGGTTCATGCGAGTCTTG
TCTTGCTTTGTGATGTATTTGTCTAC
ATAATTGTCTGTCATGTGTTTTAGAT
ATCCAGTGTTGCGTAAGAAAGCGAT
GCTGCGTGAGGCGGACGAGGCGAC
AGCTGAAAGTGCTATATTTGGTGCT
GGATTTCCG

CLocus_58

TGCAGGGGTCTCATTTGCAGAGGGG Gadus morhua genome
GCGCGCATGCATACACCCACACACC assembly,
CACACACACACACACACACACCCAC chromosome: 13
ACCCACACACACACACACACACACA
CACCCACACACCCACACGTTCCTCA
TTTGTGCTACACGTTGTGGAATATA
ACTTTCTTAGTGAAANNNNNNNNNN
TACAATCACAATCACAATCACATTA
ACACAAGCCTCGATCTTTGGTTAAA
ATCACCTCCACGACCAGCAAAGTTT
CAGTCGGTCGTCTCTTCCTCATATCA
GCCGACCCCATCATTGACAACAGTT
GTAAGCCTCAAGTGTCCTCTCTCCG
G

CLocus_53

TGCAGGCGGGACAACACCATCCTCT
CGGCAATTTTTGGCGGCACAGCTGG
TGAGGGAAATGGGCCTCAGCTTGGC
GGGTTNCCCGAGGCTTGGGGATTGG
CTGGATGTCCGCCTCCTTCCACGAC
GGGCGGCAGGCGGCCCGCCAGCCA
GGACGCATTAATCAGGGACAGCAGT
GCGGCACTCCCG
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CLocus_66

TGCAGGATAGCCGAGCCGTGCTTTG
TTTTCATGTACTCTTCCTTCCCTTTT
GGTGTTGTTCCTCTCAATACGATGTT
GGTGCAACTGTGTCACATAAACATG
AATTATGAAGCAAATGACTTATTTT
CTGGTAGGATAAATTTTTNNNNNNN
NNNGGGGCTTTCCAAGGATAAAAG
CTGGAGAATTACAGATAACACAAAC
CATACATCAACTTTTCTGTCTTTCCA
CTATTTCAAAGTGTTTCGGTCACTTT
CGTCGGTGATAAATTGACCGTATAA
GAAAAACCGAAGGCGAGTGGTCAT
TCCG

CLocus_94

TGCAGGCGCGTGCAGGCGTGGCTTC
GTAGCTGGCACTCATTATCGTAATC
CTGTCCATCGGAGCCACACACAGGT
AGGGGAGCCAAGGCCACCTCCATAC
ACGCGGCACTCCGTTGGGCACTCAC
ACCTGGCACTTCGTCCGTCCTCAGA
GGCCANNNNNNNNNNCAAGCGTGG
TTCACAGGGCCATGACGGGGTAGTG
AAGGCCATGGCACTTAGGGTGACAA
TCAGACTCAAGCAACACACGGCACA
TGACACACGAAGACCAGCTGTCACT
TCTGCTGCAGCGACACTTTCGTTAG
GTTATGTTATGTTACCG

