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Abstract

Understanding the factors that influence larval dispersal and connectivity among mar-

ine populations is critical to the conservation and sustainable management of marine

resources. We assessed genetic subdivision among ten populations of copper rockfish

(Sebastes caurinus) representing paired samples of outer coast and the heads of inlets

in five replicate sounds on the west coast of Vancouver Island, British Columbia, using

17 microsatellite DNA loci. Overall, subdivision (FST) was low (FST = 0.031, P < 0.001),

but consistently higher between paired coast and head of inlet sites (mean FST = 0.047,

P < 0.001) compared to among the five coast sites (mean FST = �0.001, P > 0.5) or

among the five head of inlet sites (mean FST = 0.026, P < 0.001). Heterozygosity, allelic

richness and estimates of effective population size were also lower in head of inlet

sites than in coast sites. Bayesian analysis identified two genetic groups across all sam-

ples, a single genetic group among only coast samples, two genetic groups among head

of inlet samples and two genetic groups within each sound analysed separately. Head

of inlet copper rockfish tended to be shorter with lower condition factors and grew

more slowly than coast sites fish. Reduced physical connectivity and selection against

immigrants in contrasting outer coast–head of inlet environments likely contribute to

the evolution of population structure of copper rockfish. Based on genetic connectivity,

coast sites appear to be better served by existing marine protected areas than are head

of inlet sites.

Keywords: connectivity, dispersal, marine protected areas, population structure, Scorpaenidae,

seascape genetics
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Introduction

The study of landscape genetics focuses on the role of

habitat features (topography, distance, environmental

gradients) in structuring patterns of genetic variation

within and among localities (e.g. Manel et al. 2003;

Holderegger & Wagner 2010). While the same pro-

cesses (drift, differential selection and barriers to

migration) influence genetic variation in all habitats,

the study of seascape genetics has lagged behind

genetic studies in the terrestrial realm (Selkoe et al.

2008; Manel & Holderegger 2013). From the limited

studies in seascape genetics, it is evident that in addi-

tion to history (e.g. McCusker & Bentzen 2010) and

natural selection (e.g. Nielsen et al. 2009), contempo-

rary features of the seascape such as coastline shape,

bathymetry and circulation can heavily influence the

structure of natural populations (e.g. Banks et al.

2007). Such factors, however, need not act indepen-

dently. For instance, physical features of coastlines or

island chains can create physical retention zones that
Correspondence: Eric B. Taylor, Fax: +1 604-822-2416; E-mail:

etaylor@zoology.ubc.ca

© 2013 John Wiley & Sons Ltd

Molecular Ecology (2014) 23, 575–590 doi: 10.1111/mec.12630



influence connectivity and also, through their influence

on water temperature and salinity, help to create envi-

ronmental gradients that generate distinct selective

regimes that may influence population structure (e.g.

Johanessonn & Andr�e 2006; Schmidt et al. 2008).

The scorpionfishes or rockfishes (Pisces: Scorpaeni-

dae) are a group of teleost fishes with about 418 spe-

cies, most of which are found in the Indian Ocean and

North Pacific Ocean (Nelson 2006). The genus Sebastes

consists of about 107 species, all but six of which are

part of a species flock endemic to the North Pacific

Ocean (Johns & Avise 1998; Hyde & Vetter 2007).

Sebastes range from the intertidal zone to several thou-

sands of metres in depth, are generally long-lived and

slow to mature (some may exceed 200 years of age)

and are viviparous (i.e. live-bearing). Juveniles settle in

rocky areas after a variable period of larval drift (gen-

erally one to a few months, Love et al. 2002). The cop-

per rockfish (S. caurinus) is found in the eastern North

Pacific Ocean and ranges from the Gulf of Alaska

south to the Baja Peninsula where it is a common

member of the inshore rockfish assemblage from shal-

low subtidal areas to depths of about 180 m. The

inshore distribution of the copper rockfish, its docu-

mented site fidelity, apparent preferences for areas of

complex rocky substrate coupled with its viviparous

mode of reproduction and relatively short larval dura-

tion (two-three months) may predispose it to develop-

ment of substantial population subdivision due to

limited gene flow. In fact, Buonaccorsi et al. (2002)

examined microsatellite DNA variation at six loci

across six localities and documented significant popula-

tion subdivision, particularly between the semi-

enclosed waters of Puget Sound, Washington, and

coastal samples from British Columbia (BC), Oregon

and California, where FST was about ten times higher

than among all coastal samples. Similarly, a major

genetic distinction at microsatellite loci occurred

between samples taken from the semi-enclosed waters

of the Strait of Georgia and outside waters (west coast

of Vancouver Island) in the yelloweye rockfish (S. rub-

errimus, Siegle et al. 2013). Taken together, these and

related studies suggest that coastline complexity and

the potential for local retention zones to form owing to

the interaction between topography, circulation and life

history may be a major factor driving population sub-

division in nearshore marine fishes and in rockfishes

in particular (e.g. see also Burford et al. 2011; Hess

et al. 2011). If this is true, then marine fish population

structure may be predictable based on geographical

features that influence dispersal. In addition, under-

standing how the seascape influences connectivity,

dispersal, and population structure and demography

has implications for the design of marine protected

areas (and, in particular, Rockfish Conservation Areas

in Canada, DFO 2007; Segelbacher et al. 2010).

One of the prominent features of the coast of BC,

unlike most other areas of the range of copper rockfish,

is the abundance of deeply incised inlets or fjords, of

which about 79 have been documented (Thomson

1981). These inlets, especially on the west coast of Van-

couver Island in southwestern BC, have a characteristic,

deep U-shaped basin, with a glacially derived mud bot-

tom. There is usually a river at the head of the inlet

and an underwater ridge, or sill, at the mouth (Thom-

son 1981). The mouths of such inlets empty onto the

continental shelf where there is typically a seasonally

variable longshore current (Thomson 1981). Together,

the shelf area and inlet constitute a series of ‘sounds’

along the west coast of Vancouver Island. The topogra-

phy of the inlets creates unique circulation and environ-

mental gradients from the head to the mouth. For

instance, freshwater flows from rivers help to create a

surface outflow and a low to high surface salinity gradi-

ent from head to mouth (Thomson 1981). A deeper

inflow of high-salinity water typically occurs across the

sill up towards the head of the inlet. These circulation

patterns, coupled with the partial depth constriction

created by the sills, and the longitudinal environmental

gradients within the inlets, may have a large influence

on the extent of genetic exchange between populations

of marine organisms whose distributions encompass

both the inlets themselves and the adjacent continental

shelf. In addition, differential selection pressures at

the head and the mouth of inlets may present the possi-

bility for local adaptation to also promote genetic

isolation.

In this study, we conducted a test of the idea that the

inlet—outer coast seascape transition influences rockfish

population structure by sampling copper rockfish from

paired head of inlet and outer coast sites in five repli-

cate sounds on the west coast of Vancouver Island, BC

(Fig. 1). Owing to the major physical and environmental

differences between head of inlet sites and their adja-

cent outer coast (continental shelf) areas, we predicted

that genetic differentiation would be most pronounced

between these areas, followed by differences among

samples from the heads of different inlets. Further,

given the pronounced longshore currents that occur

along the continental shelf, we expected that fish sam-

pled from adjacent outer coast areas would be much

less genetically differentiated from one another. We also

measured length, weight and age of fish to assess

growth rates in copper rockfish in different habitats.

Differences in growth may reflect differences in the

selective environments of the outer coast and the heads

of inlets, or among sounds, which could also promote

population differentiation.

© 2013 John Wiley & Sons Ltd
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Materials and methods

Samples

Copper rockfish were collected from five regions on the

west coast of Vancouver Island: Barkley Sound, Clayo-

quot Sound, Nootka Sound, Kyuquot Sound and Quat-

sino Sound (Fig. 1). Within each region, two sites were

selected for sampling: a ‘head of inlet’ site at the termi-

nal end of the longest inland inlet and a ‘coast’ site on

the exposed coastline, immediately adjacent to the

opening of the sound. Sampling locations were paired

in this fashion to allow for comparisons between proxi-

mate head of inlet and coast collections, which were

separated from each other by an average of 48.0 km

(range = 29–70 km). The average distance between adja-

cent coast sites was 70.5 km (range = 63–84 km), and

between adjacent head of inlet sites was 129.5 km

(range = 119–140 km). All sites were named using the

first letters of the sound (e.g. B, C, N, K, Q) and loca-

tion (e.g. HI, C). For example, the Barkley Sound head

of inlet site was named BSHI.

Six hundred and five copper rockfish were collected

between June 1 and November 18, 2009 (Table 1). Two

localities [Clayoquot Sound head of inlet (CSHI), Kyu-

quot Sound coast (KSC)] were also sampled in 2010. All

fish were caught by hook and line from a small rigid-hull

inflatable boat. Fishing effort occurred over relatively

small geographical areas, typically on the order of 0.5–

1 km2. Due to low catch per unit effort at the Barkley

Sound head of inlet site, the sampling area was broad-

ened to approximately 2 km2. All fishing took place at

depths between 8 and 20 m over rocky-bottom habitats.

Copper rockfish were landed, euthanized immedi-

ately and placed in a cooler with ice for processing. All

other species were released immediately. At the end of

each day of fishing, all copper rockfish were measured

(total length) to the nearest millimetre and weighed to

the nearest centigram. Fin clips were taken from the

anal fins, washed in deionized water and placed in

1.5-mL vials with 95% ethanol.

Otolith analysis

Otoliths, small calcareous structures within the inner

ear of fishes and used in maintaining equilibrium and

sound reception, were removed and stored dry. Subse-

quently, the largest (sagittal) otoliths were cleaned with

deionized water and prepared for ageing by counting

annular growth rings. As the otolith grows in size, it ac-

cretes layers of calcium carbonate, the rate of which

varies with the growth rate of the fish. Otoliths, there-

fore, contain a record of an individual fish’s growth

(Weatherly et al. 1987). In fishes such as copper rockfish

that live in seasonally variable thermal environments

(colder in winter, warmer in summer), ‘tree-ring’-like

growth increments are formed in the otoliths that reflect

this seasonality. To count these rings and estimate the

age of copper rockfish, we used the otolith burnt sec-

tion technique (MacLellan 1997; Andrews et al. 2007).

Briefly, the otoliths were snapped approximately in half

along the short axis, and the exposed surface gently

burned to a uniform light brown colour. At this point,

the annuli become dark brown and are easily distin-

guished from the surrounding matrix, which retains a

lighter colour. The number of annual rings was counted

using digital images obtained using a JVC 3-CCD

camera mounted on an inverted transmission light

microscope and the digital imagery software Auto-

Montage Pro (version 5.03, Syncroscopy, Beacon House,
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Fig. 1 Copper rockfish (Sebastes caurinus)

collection locations along the west coast

of Vancouver Island, British Columbia

(BC), Canada. BS, Barkley Sound; CS,

Clayoquot Sound; NS, Nootka Sound;

KS, Kyuquot Sound; QS, Quatsino

Sound. Inset shows position of Vancou-

ver Island (boxed area) within British

Columbia.
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Cambridge, UK) after applying a drop of mineral oil to

the burnt surface to increase clarity. In age estimation of

fishes, it is important to validate that annual rings actu-

ally represent approximately 1 year of growth (Beamish

& MacFarlane 1983). Although age validation has not to

our knowledge been completed for copper rockfish, the

burnt section technique has been validated for several

closely related Sebastes in the North Pacific (e.g. see Kerr

et al. 2005; Andrews et al. 2007). Furthermore, the age–

length relationships of our samples (see below) were

consistent with that reported for copper rockfish

collected in Puget Sound, suggesting that our ageing

techniques are valid (see Washington et al. 1978).

Microsatellite assays

Total genomic DNA was extracted from fin clip tissue

using a standard phenol–chloroform extraction proce-

dure. The polymerase chain reaction (PCR) was used to

amplify seventeen microsatellite loci developed for

Sebastes maliger, S. pinniger and S. rastelliger: Sma2,

Sma3, Sma4, Sma5, Sma10 and Sma11 (Wimberger et al.

1999); Spi4, Spi6, Spi10, Spi12 and Spi18 (Gomez-Uchida

et al. 2003); and Sra5-9, Sra7-7, Sra7-25, Sra11-103, Sra15-

8 and Sra16-5 (Westerman et al. 2005). All loci have

been previously tested on S. caurinus and have been

shown to be polymorphic (Wimberger et al. 1999;

Gomez-Uchida et al. 2003; Westerman et al. 2005).

Forward PCR primers were fluorescently labelled and

amplified in multiplex reactions using the QiagenTM

Multiplex PCR Kit following the manufacturer’s proto-

cols, with approximately 150 ng template DNA in

15 lL total volume. Typical cycling conditions included

an initial denaturation at 94 °C for 2 min, followed by

30 cycles of 94 °C for 1 min, 56 °C for 30 s and 72 °C
for 1 min. Final extension was carried out at 72 °C for

10 min.

The PCR products were analysed using a CEQTM 8000

Genetic Analysis System (Beckman CoulterTM). Internal

DNA size standards were included in each well, and

fragments were sized using CEQTM 8000 software

(Beckman CoulterTM).

Statistical analyses

Condition factor (CF) was determined for each fish as

100[weight/length3] (Ricker 1975). We tested for differ-

ences in mean length and CF between sounds and

between coast and head of inlet sites within sounds

using a two-way analysis of variance with ‘Sound’

(N = 5) and ‘Habitat’ (coast, head of inlet, N = 10) as

factors in the analyses. In a few cases, distributions

departed from normality and homogeneity of variances

was detected using Shapiro–Wilks and F-ratio tests,

respectively. Log transformations of the data eliminated

these situations, but results (i.e. probability levels) of

the ANOVAs were identical to those when using non-

transformed data so we report statistical results using

the nontransformed data. Size at age was modelled

using the von Bertalanffy growth equation (Ricker

1975):

LðtÞ ¼ L1�½1� exp ð�K�ðt � t0ÞÞ�

in which L(t) is total length (cm) at age t (years), L∞ is

the theoretical asymptotic length or the length at

which growth approaches 0 in older fish, K is the

growth curvature parameter (i.e. the rate at which a

fish reaches L∞) and t0 is the theoretical estimated

time at which a fish has 0 length, which can be used

to estimate the length at birth. To test for differences

in growth rate between head of inlet and coast collec-

tions, the von Bertalanffy growth model was fitted

separately to length–age data for inlet fish and coast

fish using the iterative method described by Schnute

(1981). Resulting growth functions were compared

using likelihood ratio tests, as described by Kimura

(1980). Tests were implemented in R (R Core Team,

2013).

Table 1 Locations and sample sizes for collections of copper rockfish (Sebastes caurinus) collections from the west coast of Vancouver

Island, British Columbia

Region Location Abbreviation Latitude Longitude N

Barkley Sound Head of inlet BSHI 49°11′26″ N 124°49′24″ W 30

Coast BSC 48°47′35″ N 125°13′00″ W 51

Clayoquot Sound Head of inlet CSHI 49°13′32″ N 125°35′55″ W 105

Coast CSC 49°07′29″ N 125°58′05″ W 60

Nootka Sound Head of inlet NSHI 49°38′03″ N 126°04′30″ W 49

Coast NSC 49°34′45″ N 126°40′15″ W 52

Kyuquot Sound Head of inlet KSHI 50°11′00″ N 127°18′05″ W 53

Coast KSC 49°59′20″ N 127°25′11″ W 100

Quatsino Sound Head of inlet QSHI 50°38′02″ N 127°56′54″ W 52

Coast QSC 50°27′04″ N 128°03′45″ W 53

© 2013 John Wiley & Sons Ltd
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Genetic diversity within sampling locations was char-

acterized using expected heterozygosity (HE; Nei 1987)

and allelic richness. Allelic richness was calculated for

each locus at the smallest collection size (2N = 60),

using the rarefaction index approach computed in the

program FSTAT version 2.9.3 (Goudet 2002) to account

for the tendency for larger samples to exhibit more

alleles. Differences in expected heterozygosity, allelic

richness and FST between coast and head of inlet sites

were tested for statistical significance by permutation

analyses in FSTAT.

Genetic divergence within and among sampling loca-

tions was characterized using Weir and Cockerham’s

(1984) unbiased F-statistics as implemented in the pro-

gram GENEPOP version 4.2 (Raymond & Rousset 1995;

Rousset 2008). Estimates of FIS were calculated for each

locus–population combination to measure deviation

from conformance to Hardy–Weinberg equilibrium

(HWE). Estimates of FST were calculated for: (i) all sites

combined (global FST); (ii) the five coast sites; (iii) the

five head of inlet sites; and (iv) the five head of inlet–

coast site combinations (pairwise FST).

Exact probability tests were used to evaluate confor-

mance to HWE and linkage equilibrium and to assess

the homogeneity of spatial distributions of genetic vari-

ance. Estimates of exact significance probabilities were

obtained using the Markov chain algorithm as imple-

mented in GENEPOP (1000 batches and 5000 iterations

per batch). Significance probabilities over multiple loci

were combined using Fisher’s method (Sokal & Rohlf

2012). In cases where loci did not conform to Hardy–

Weinberg equilibrium, the program MICRO-CHECKER

was used to assess the presence of nonamplifying (null)

alleles or dropout of large alleles as reasons for depar-

tures from equilibrium (Van Oosterhout et al. 2004).

MICRO-CHECKER was also used to assess any poten-

tial scoring errors or failure to detect large molecular

weight alleles. To assess the assumption of selective

neutrality of our microsatellite loci, the data were analy-

sed using the program LOSITAN (Antao et al. 2008),

which implements the FST outlier approach of FDIST

(Beaumont & Nichols 1996). We employed 50 000 simu-

lations under the infinite alleles model, 95% confidence

intervals, a neutral mean FST and a false discovery rate

of 0.1; tests were conducted for all populations together

as well as by sound. We also employed the hierarchical

population structure model-based tests for selection

using ARLEQUIN (version 3.5.1.2, Excoffier et al. 2005)

with the population structure defined as two groups:

coast sites and head of inlet sites.

The genetic clustering program STRUCTURE version 2.3

(Pritchard et al. 2000) was used to determine the

number of distinct genetic clusters (K) among the sam-

pling locations. STRUCTURE uses a Bayesian clustering

method to assign individuals to genetic clusters based

on their genotypes. An individual may be assigned to

more than one cluster if its genotype indicates admix-

ture of two or more genetic groups. A Markov chain

Monte Carlo method (MCMC) is used to estimate pos-

terior probability distributions for each possible number

of clusters. Simulations in STRUCTURE were per-

formed using values of K between 1 and 15 for analyses

of all 10 localities, between 1 and 10 for analyses exam-

ining all coast sites or all head of inlet sites separately

and between 1 and 5 for analysis of each individual

sound. Each analysis used parameters that allowed

admixture, correlated allele frequencies and did

not include a location prior. Each run consisted of a

500 000-step burn-in followed by an additional

1 000 000 steps. Ten iterations were run for each value

of K. In cases where the highest likelihood value was

for a value of K > 1, we used the method of Evanno

et al. (2005), which calculates the second-order rate of

change in the log probability of successive K values

(ΔK), to evaluate different solutions for K. We also used

factorial correspondence analysis (FCA) as a multivari-

ate measure of population differentiation to visualize

samples in ‘allelic space’ with GENETIX (Belkhir et al.

2004).

We employed GENECLASS (Piry et al. 2004) to test

for potential migration between populations by calculat-

ing the likelihoods of individuals being first-generation

migrants in a modification of the basic assignment test

procedure (see Hansen et al., 2001). Using variation

across loci, the likelihood score was calculated as Lh:

the likelihood of drawing a particular individual’s

genotype from the population residing in the locality

from which it was sampled given the observed allele

frequencies. This approach is the most appropriate

when not all possible source populations have been

sampled (Paetkau et al. 2004). To identify putative

immigrants to a locality, we used the genotype resam-

pling procedure; an individual fish was rejected as a

member of the population from which it was sampled

if the observed likelihood of population membership

was represented by <1% of 10 000 genotypes simulated

randomly from allele frequencies within the sample

population (Paetkau et al. 2004).

We quantified variation in allele frequencies attribut-

able to each sound (five levels) and location within

sound (coast or head of inlet) using the hierarchical

approach in the analysis of molecular variance (AMOVA)

of ARLEQUIN. Given the relatively small spatial scale

of study and relatively low levels of genetic divergence,

no isolation by distance (IBD), identified as a significant

correlation between FST and geographical distance, was

apparent among coast localities (data not shown). Fur-

thermore, given the structural complexity of the head of

© 2013 John Wiley & Sons Ltd
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inlet localities relative to coast localities, we did not

attempt to derive IBD relationships across all locations,

as distance would likely be confounded by the geomor-

phological complexity of the coastline.

We derived estimates of effective population size (Ne)

using the linkage disequilibrium (LD) method using

LDNe (Waples & Do 2008) because our samples con-

sisted largely of single time points. The LD method

operates on the principle that departures from random

association between alleles across loci (linkage disequi-

librium) will be inversely proportional to Ne. Because

our samples consisted of multiple cohorts (generations),

the estimates derived are more properly referred to as

the effective number of breeders (Nb) rather than Ne per

se. (see Waples 2005). In addition, to minimize the effect

of admixture between coast and head of inlet samples

in each sound, we removed individuals that had admix-

ture coefficients >0.20 (i.e. those individuals in one

genetic group that STRUCTURE analysis suggested had

at least 20% of their genome from the other genetic

group). Finally, significance levels for any multiple

simultaneous tests were adjusted following Narum

(2006).

Results

Microsatellite diversity

Across the 605 individuals assayed, each of the 17 loci

was polymorphic. The average number of alleles per

locus was 13.1, with a range of 3–36 (Table S1, Support-

ing information). A total of 223 alleles were detected

across all loci and localities. Expected heterozygosity

ranged from 0.08–0.94, and the average over all loci

was 0.72 (Table S1, Supporting information). MICRO-

CHECKER found no evidence of scoring error due to

stutter or large allele dropout.

Average expected heterozygosity over all collections

was 0.61, with a range of 0.57–0.94 (Table S1, Support-

ing information). Expected heterozygosity was lower

for head of inlet collections (mean (�SD) = 0.60 � 0.01)

than coast collections (mean = 0.64 � 0.01, P = 0.025).

Allelic richness calculated at a minimum sample size

of 2N = 60 was also lower for head of inlet collections

(mean = 6.8 � 0.4) than coast collections (mean = 8.0 �
0.1, P = 0.02). Average allelic richness over all collec-

tions was 7.4 (Table S1, Supporting information).

Three single-locus departures from HWE were signif-

icant after corrections for multiple tests: the Spi4 locus

in the BSC collection (FIS = 0.121, P = 0.0018); the Sma10

locus in the Kyuquot Sound head of inlet (KSHI)

collection (FIS = 0.362, P = 0.0004); and the Sra16-5 locus

in the Quatsino Sound head of inlet (QSHI) collec-

tion (FIS = 0.088, P = 0.0029). When probabilities were

combined over all collections for each locus (Fisher’s

method), the Sma10 locus displayed a significant depar-

ture from HWE (FIS = 0.047, P = 0.001). When probabili-

ties were combined over all loci for each collection,

there were no significant departures from HWE. The

global P-value for all loci in all collections was low, but

significant (FIS = 0.015, P = 0.014).

MICRO-CHECKER results suggested that the three

single-locus departures from HWE may be the result

of null alleles. Allele frequencies at these loci were

adjusted using the Brookfield (1996) null allele estima-

tor 1 model because at least one allele was observed in

all samples (i.e. we observed no null-null homozyg-

otes). The results of allele frequency-based analyses

(i.e. FST and significance of FST) were very similar

between the corrected and uncorrected data sets, so all

analyses were performed using the uncorrected data

set.

Allele frequencies at all loci conformed to linkage

equilibrium after corrections for multiple tests. Results

from LOSITAN indicated that in only one comparison

was selection suggested to act on any of the loci, diver-

gent selection at Spi18 between the KSC and KSHI sam-

ples. Using the hierarchical population model, a single

locus, Sma11, was identified as a locus potentially under

stabilizing selection (P < 0.006). As no locus was consis-

tently identified as potentially the target of selection

between all pairs of populations or population groups,

we retained all loci in subsequent analyses.

Effective population size

The linkage disequilibrium method produced estimates

of Nb from about 100 in the BSHI and Nootka Sound

head of inlet samples to over 2800 in the Clayoquot

Sound coast sample (Table 2). Several localities pro-

duced negative estimates of Nb owing to insufficient

linkage disequilibrium with the sample. Point estimates

of Nb averaged 1,181 (SD = 1,418) for the coast samples

and 401 (SD = 526) for in the head of inlet samples. The

only coast vs. head of inlet comparison without over-

lapping confidence intervals, however, was that involv-

ing Kyuquot Sound (Table 2).

Population structure

Genetic variance was strongly partitioned among sam-

pling locations. Comparisons between sample years

(2009 and 2010) were not significant either for the CSHI

sample (FST = 0.0023, P > 0.10) or for the KSC locality

(FST = 0.0018, P > 0.15). Consequently, both years’

samples were pooled for each locality. When all ten col-

lections were contrasted, sixteen of the seventeen loci

exhibited significant heterogeneity in allele frequencies
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(Table S2, Supporting information). The global FST for

all loci in all populations was 0.031 and highly signifi-

cant (P < 0.001; Table S2, Supporting information).

When only the coast collections were contrasted, allele

frequencies were homogeneous at all loci; overall FST
was small and not significant (FST = �0.001, P = 0.737;

Table S2, Supporting information). By contrast, among

the head of inlet collections, significant heterogeneity in

allele frequency was detected at thirteen of the seven-

teen loci; overall FST was significant (FST = 0.026,

P < 0.001; Table S2, Supporting information) and higher

than that among the coast collections (P = 0.026). The

largest values of FST were found between paired coast

and head of inlet collections (Table 3); pairwise FST val-

ues for the five coast–head of inlet comparisons ranged

from 0.042 to 0.054 (mean = 0.047), and all were highly

significant (Table 4).

The pronounced differentiation between coast and

head of inlet samples was evident in the FCA plot of

allelic variation (Fig. S1, Supporting information) as

well as in the STRUCTURE analysis. Across all samples,

the most likely number of populations was K = 2

(Fig. 2; Table S3, Supporting information). The coast

and head of inlet samples were dominated by strikingly

different proportions of the two genetic groups across

individuals with little apparent structure either within

the coast group or the head of inlet group (Fig. 2).

When the coast group of localities were examined by

themselves, the most likely number of populations was

K = 1. By contrast, when the head of inlet localities

were analysed by themselves, K = 2 was the most likely

populations structure; the CSHI sample was distinct

from all others (Table S3, Supporting information). In

each of the analyses conducted separately by sound, the

most likely number of populations was also K = 2; in

each sound, head of inlet and coast localities had strik-

ingly distinct frequencies of fish dominated by one

genetic group or the other (Fig. 3; Table S3, Supporting

information).

Analysis of molecular variance also suggested that

the most significant axis of genetic divergence was

between populations grouped into head of inlet and

coast localities. Here, variation between the head of

inlet and coast groups was significant (3.5%, P = 0.006)

and higher than variation between samples within these

two groupings (1.0%, P < 0.001), with the majority of

variation residing within individual localities (95.5%,

P < 0.001, Table S4, Supporting information). An alter-

native arrangement where coast and head of inlet sam-

ples were grouped into the five distinct sounds resulted

in nonsignificant variation among groups (�1.8%,

Table 2 Estimates of the effective number of breeders (Nb) in

coast and head of inlet localities across five sounds in copper

rockfish (Sebastes caurinus) assayed at 17 microsatellite DNA

loci. Estimates were derived using the linkage disequilibrium

method with the lowest allele frequency class of 0.01 used in

the calculations. An estimate of ∞ denotes that insufficient link-

age disequilibrium was present to estimate Nb

Locality Nb 95% CI

Barkley Sound head of inlet ∞ 210.6–∞
Barkley Sound coast 305.1 161.6–1809.0
Clayquot Sound head of inlet 1601.4 442.6–∞
Clayquot Sound coast ∞ ∞–∞
Nootka Sound head of inlet 221.1 67.9–∞
Nootka Sound coast 391.7 177.2–∞
Kyuquot Sound head of inlet 194.5 119.8–459.4
Kyuquot sound coast ∞ 971.2–∞
Quatsino Sound head of inlet 742.0 199.8–∞
Quatsino Sound coast 1912.5 355.7–∞

Table 3 Genetic differentiation (FST, h) estimates for all pairwise comparisons across ten samples of copper rockfish (Sebastes cauri-

nus) assayed at 17 microsatellite DNA loci

Comparison BSHI BSC CSC CSHI KSC KSHI NSC NSCI QSC

BSC 0.044

CSC 0.045 �0.002

CSHI 0.044 0.036 0.043

KSC 0.046 �0.001 �0.001 0.041

KSHI 0.012 0.041 0.046 0.033 0.042

NSC 0.050 0.001 0.000 0.045 �0.001 0.045

NSHI 0.019 0.049 0.051 0.032 0.045 0.003 0.051

QSC 0.051 �0.002 �0.002 0.048 �0.003 �0.003 �0.001 0.054

QSHI 0.020 0.044 0.048 0.030 0.048 0.048 0.050 0.016 0.054

BSHI, Barkley Sound head of inlet; BSC, Barkley Sound coast; CSC, Clayoquot Sound coast; CSHI, Clayoquot Sound head of inlet;

NSC, Nootka Sound coast; NSHI, Nootka Sound head of inlet; KSC, Kyuquot Sound coast; KSHI, Kyuquot Sound head of inlet; QSC,

Quatsino Sound coast; QSHI, Quatsino Sound head of inlet. Italicized values are not significantly different from 0 (at P < 0.0114).
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P = 0.9), but significant variation between coast and

head of inlet samples within sounds (4.7%, P < 0.001),

with the majority of variation residing within individual

localities (97.1%, P < 0.001, Table S4, Supporting infor-

mation).

Eighteen of 605 fish (2.9%) had less than a 1%

chance of being from the genetic population with

which they were sampled and, consequently, were

inferred to be migrants to the sample locality. Ten of

these 18 putative migrants were inferred in the coast

populations [with the exception of Quatsino Sound

coast (QSC)], and eight were inferred to occur in the

head of inlet populations. Only five putative immi-

grants, however, could be inferred to have originated

in only one of the other populations with a probability

of at least 0.9; three of these involved fish sampled

from coast sites that were inferred to have originated

in other coast sites and two were inferred to have

moved between coast and head of inlet sites.

Length, condition factor, age and growth

Our samples of copper rockfish averaged 30.5 cm

in length (range = 13.2–49.8 cm), 583 g in weight

(range = 20–2100 g) and 1.7 in condition factor

(range = 1.05–2.28). Inlet fish were on average 9.7 cm

shorter and showed 7.3% lower body condition factor

than those from the outer coast. There was a significant

effect of sound (P = 0.0004) and habitat (outer coast vs.

head of inlet; P < 0.0001) on mean length, as well as a

significant sound*habitat interaction (P < 0.0001). Fish

sampled from the Barkley Sound coast site tended to be

the longest fish, and fish from coastal sites tended to be

longer than head of inlet sites, especially for Clayoquot,

Kyuquot and Quatsino sounds (Fig. 4; Table S5, Sup-

porting information). As with mean length, fish from

coast sites tended to be heavier than head of inlet fish,

especially for Clayoquot and Quatsino sounds (Table

S5, Supporting information). By contrast, average condi-

tion factor did not differ by sound (P = 0.718), but there

was a significant effect of habitat (P < 0.0001) as well as

an interaction between sound and habitat (P < 0.0001;

Fig. 4, Table S5, Supporting information).

Ages of 274 copper rockfish were determined from

the otoliths and fish ages averaged 10.4 years (range 2–

43 years, Table S6, Supporting information). The youn-

gest fish collected were from the Nootka Sound coast

site (mean = 8.4 years, no head of inlet fish were aged),

and the oldest were from the QSC and QSHI sites

(mean = 11.3 years). We calculated an overall von Ber-

talanffy growth equation that produced an asymptotic

total length of 38.2 cm (95% CI = 36.0–40.8) and

estimated the growth coefficient (K) at 0.17 (95%

CI = 0.15–0.21). The size-at-age curve consisted of two

groupings of points; fish collected from coast sites were

consistently larger at a given age than were fish from

head of inlet sites (Fig. 4). The same pattern of faster

growth in coast site fish was consistent across the four

sounds for which we had comparable data (Fig. S2,

Table S6, Supporting information). For inlet fish, L∞
was estimated to be 30.7 cm (95% CI = 28.4–33.7 cm)

Table 4 Pairwise genetic differentiation estimates (FST) for

coast–head of inlet comparisons of copper rockfish (Sebastes

caurinus) assayed at 17 microsatellite DNA loci. Also shown

are the distances in kilometres between paired coast-head of

inlet sites (distance in km)

Pairwise comparison FST P Distance (km)

BSHI vs. BSC 0.044 <0.001 57

CSHI vs. CSC 0.043 <0.001 36

NSHI vs. NSC 0.051 <0.001 48

KSHI vs. KSC 0.042 <0.001 29

QSHI vs. QSC 0.054 <0.001 70

Average 0.047 <0.001 48

BSHI, Barkley Sound head of inlet; BSC, Barkley Sound coast;

CSC, Clayoquot Sound coast; CSHI, Clayoquot Sound head of

inlet; NSC, Nootka Sound coast; NSHI, Nootka Sound head of

inlet; KSC, Kyuquot Sound coast; KSHI, Kyuquot Sound head

of inlet; QSC, Quatsino Sound coast; QSHI, Quatsino Sound

head of inlet.

Q

BSHI BSC CSC CSHI NSC NSHI KSC KSHI QSC QSHI

Fig. 2 Analysis of population structure in copper rockfish (Sebastes caurinus) sampled from five sounds along the west coast of

Vancouver Island, British Columbia, and assayed at 17 microsatellite DNA loci. Each fish’s genotype is represented by a thin vertical

line, the grey and white portions of which represent the proportional contribution of each of two genetic groups to the admixture

coefficient, Q (varying from 0 to 1.0 along the vertical axis), from STRUCTURE analysis (Pritchard et al. 2000). BSHI, Barkley Sound

head of inlet; BSC, Barkley Sound coast; CSC, Clayoquot Sound coast; CSHI, Clayoquot Sound head of inlet; NSC, Nootka

Sound coast; NSHI, Nootka Sound head of inlet; KSC, Kyuquot Sound coast; KSHI, Kyuquot Sound head of inlet; QSC, Quatsino

Sound coast; QSHI, Quatsino Sound head of inlet. The thick vertical black lines separate each locality from one another.
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compared to 42.2 cm (95% CI = 41.2–43.3 cm) for coast

fish. Values of K were estimated to be 0.18 (95%

CI = 0.15–0.23) for inlet fish and 0.20 (95% CI = 0.19–

0.22) for coast fish. Likelihood ratio tests comparing the

two growth curves confirmed that coast fish grow more

quickly (P = 0.021) and reach a larger maximum size

(P = 0.003) than inlet fish. Differences in t0, the theoreti-

cal age when a fish has 0 length, were not significant

(P = 0.06). Overall, the difference between the two

growth curves was highly significant (P < 0.0001).

Discussion

Factors influencing population structure in marine
environments

The tremendous growth in the study of population

genetics of marine organisms in the last 30 years (see

review by Hedgecock et al. 2007) coupled with recent

behavioural and life-history studies have illustrated that

marine fishes from diverse regions may have substan-

tial and previously unrecognized diversity (e.g. Bowen

et al. 2001) including extensive population subdivision

(Cowen et al. 2000; Gerlach et al. 2007). Our study dem-

onstrated repeated divergence between copper rockfish

collected from coast and head of inlet sites across rela-

tively small spatial scales in five sounds along the west

coast of Vancouver Island. Further, different head of

inlet sites were distinct from one another, while no

detectable genetic differentiation was found among

coast sites at the mouths of the five sounds. In particu-

lar, we have demonstrated a strong association between

genetic differentiation and habitat structure (open coast

sites vs. more enclosed head of inlet sites) as one com-

ponent of seascape genetic structure. Further, our data

suggest that outer coast fish experience a more favour-

able growth environment; they were larger, had higher

condition factors and grew faster than head of inlet fish.

Our analyses across the coast–head of inlet habitat tran-

sitions suggest that genetic structure in some marine

fish may result from a combination of restricted gene

flow driven by limitations on physical movement

(through the influence of coastal topography and

hydrography) and selection against immigrant pheno-

types in contrasting environments.

Historical and contemporary oceanographic and sea-

scape factors are increasingly recognized for their role

in structuring current patterns of population subdivi-

sion in marine species exposed to natural selection,

migration, drift and their interactions across both space

and time (e.g. Planes et al. 2001; Hellberg et al. 2002;

Galindo et al. 2006; Hedgecock et al. 2007; Hess et al.

2011). In particular, oceanographic factors influencing

the ability and direction of movement during dispersive

phases of the life cycle of marine species (e.g. upwell-

ing, currents and gyres) are potentially important

Q

Q

Q

Q

Q

KS

CS

BS

NS

QS

BSHI BSC

NSC NSHI

CSC CSHI

KSC KSHI

QSC QSHI

Fig. 3 Analysis of population structure in

copper rockfish (Sebastes caurinus) sam-

pled from five sounds along the west

coast of Vancouver Island, British Colum-

bia, and assayed at 17 microsatellite DNA

loci. Each fish’s genotype is represented

by a thin vertical line, the grey and white

portions of which represent the propor-

tional contribution of each of two genetic

groups to the admixture coefficient, Q

(varying from 0 to 1.0 along the vertical

axis), from STRUCTURE analysis (Prit-

chard et al. 2000) of each individual

sound. BS, Barkley Sound; CS, Clayoquot

Sound; NS, Nootka Sound; KS, Kyuquot

Sound; QS, Quatsino Sound; BSHI, Bark-

ley Sound head of inlet; BSC, Barkley

Sound coast; CSC, Clayoquot Sound coast;

CSHI, Clayoquot Sound head of inlet;

NSC, Nootka Sound coast; NSHI, Nootka

Sound head of inlet; KSC, Kyuquot Sound

coast; KSHI, Kyuquot Sound head of inlet;

QSC, Quatsino Sound coast; QSHI, Quat-

sino Sound head of inlet. The thick verti-

cal black lines separate coast and head of

inlet sites from one another within each

sound.
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influences on marine connectivity and the evolution of

population structure (Sinclair & Iles 1989; Stepien 1999;

White et al. 2010; but see Benzie & Williams 1997).

Ocean circulation patterns and connectivity, however,

may be heavily influenced by physical landform either

in the form of depth profiles, islands, the continental

shelf or continental coastline complexity (e.g. Farmer &

Freeland 1983; Maier-Reimer et al. 1990; Ridgway &

Dunn 2003). Thus, physical features of the seascape

may be important drivers in the evolution of population

genetic structure (e.g. Banks et al. 2007; Fontaine et al.

2007; Schultz et al. 2008) and other aspects of diversifi-

cation in the marine environment (e.g. Avise 1992;

Bernardi et al. 2003; Jacobs et al. 2004; Banks et al. 2007).

Our study of copper rockfish illustrates these principles

by showing that longshore ocean currents are probably

the dominant process linking copper rockfish popula-

tions at outer coast sites of sounds. By contrast, physical

constrictions on exchange, such as the presence of sills

and narrow channels, are associated with much stron-

ger divergence between head of inlet sites and adjacent

coast sites within sounds as well as among head of inlet

sites across sounds.

Several species of marine fishes have been shown to

exhibit substantial differentiation in phenotype and in

genetic traits between populations located in coastal

areas and those within and among inlets. In Norwe-

gian Atlantic cod (Gadus morhua), Atlantic herring

(Clupea harengus) and pearlside (Maurolicus muelleri),

morphological and biochemical and molecular data

have demonstrated significant differentiation among

fjords and between fjords and adjacent coastal areas

(e.g. Jørstad & Nævdal 1989; Girever & Stien 1998;

Suneetha & Nævdal 2001). In the North Pacific Ocean,

Cunningham et al. (2009) reported greater genetic dif-

ferentiation when samples of Pacific cod (Gadus macro-

cephalus) from fjord-like areas in the inner Strait of

Georgia and Puget Sound were compared to open

coast samples than when open coast samples, sepa-

rated by comparable or even much greater distances,

were compared to each other. Siegle et al. (2013) also

noted marked differentiation between Strait of Georgia

and outer coast samples of yelloweye rockfish (Sebastes

ruberrimus). In fact, a previous study on copper rock-

fish in this same area (Buonaccorsi et al. 2002) also

identified heightened divergence between the Strait of

Georgia and Puget Sound and open coastal areas of

the northeastern Pacific Ocean (FST of ~ 0.025–0.098

for Puget Sound/Strait of Georgia vs. coastal com-

pared to �0.001–0.022 for coastal comparisons). By

contrast, Cunningham et al. (2009) reported that differ-

entiation between Puget Sound samples of Pacific cod

and outer coast samples was less than that between

Strait of Georgia and outer coast samples (although

the Puget Sound sample was small, N = 18). Our

analyses by replicating comparisons between five pairs

of adjacent open coast and head of inlet samples of

copper rockfish provide compelling evidence of diver-

gence across this environmental gradient occurring in

parallel and strongly implicate the role of coastal

topography and hydrography on the evolution of pop-

ulation structure.
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(B) Fig. 4 Variation in (A) total length (cm),

(B) condition factor (CF, weight/length3)

and (C) Von von Bertalanffy growth in

copper rockfish (Sebastes caurinus) col-

lected from five sounds along the west

coast of Vancouver Island, British

Columbia. Grey bars are coast sites, and

black bars are head of inlet sites within

each of the five sounds (Barkley, Clayo-

quot, Kyuquot, Nootka, and Quatsino).

Small open circles are outliers, heavy

horizontal line indicates the median,

dashed vertical lines represent the range,

and the box represents the second (upper

box border) and third (lower box border)

quartiles. In C, grey line and letters rep-

resent fish from coast sites, and black

line and letters are fish from head of inlet

sites; and B, Barkley Sound; C, Clayoquot

Sound; K, Kyuquot Sound; Q, Quatsino

Sound.
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Genetic divergence within and among sounds

The degree of divergence between coast and head

of inlet populations in our study is comparable to

that reported by Buonaccorsi et al. (FST = 0.063, 2002)

although their analysis included some localities that

were separated by far greater distances (>2000 km) than

in our study. Our paired comparisons between coast

and head of inlet sites within individual sounds were

also remarkably consistent with one another, varying

by a maximum of only about 11% from the maximum

pairwise comparison. This argues that the processes

influencing genetic divergence between head of inlet

and coastal sites are relatively consistent among the five

sounds since the inlets were colonized postglacially.

The absence of divergence among the coastal collec-

tion sites in the five sounds is consistent with studies of

copper rockfish over even larger distances in coastal

environments. For instance, Johansson et al. (2008)

reported slight, but significant IBD and an FST of only

0.0042 among 12 localities spanning more than 2000 km

of coastline in Washington, Oregon and California.

Over a small range (450 km, seven localities) in Oregon,

FST, although statistically significant, was only 0.001 and

IBD was not detected (Johansson et al. 2008). The

inshore, shallow-water nature of copper rockfish habitat

use, the sedentary nature of adults, behavioural attri-

butes of larvae and habitat breaks along the Oregon

coast (rocky vs. sandy areas) may reduce offshore

advection of larvae and help generate some population

structure despite a larval duration period of two to

three months (Buonaccorsi et al. 2002; Johansson et al.

2008). These processes appeared to act together to gen-

erate a mesoscale dispersal pattern in northwest US

coastal copper rockfish, in which populations are self-

recruiting on a regional scale, but habitat disjunctions

may produce genetic breaks or distinctions (Gunderson

& Vetter 2006; Johansson et al. 2008). Our study sam-

pled across <300 km of coastline and across the five

sounds, copper rockfish also appear to exhibit a meso-

scale pattern of dispersal because we detected no IBD

among the coastal localities, but each coast–head of inlet

comparison revealed substantial genetic differentiation.

The widespread dispersal of copper rockfish among

the coastal localities in our study is likely facilitated by

the pattern of alongshore currents on the west coast of

Vancouver Island. The predominant offshore current is

the west–east Subarctic Current which bifurcates into

the northward Alaska Current and the southbound

California Current between 45–50oN latitude and

130–150oW longitude (Thomson 1981). The strength

and offshore distance of these predominantly along-

shore currents varies seasonally (Thomson 1981), and

the more inshore, shallow-water distribution of copper

rockfish compared to congeners such as the black rock-

fish (Sebastes melanops) may make copper rockfish less

susceptible to alongshore transport via these vectors.

Copper rockfish larvae that were released by females at

coastal spawning reefs, however, are probably more

exposed to alongshore transport than individuals

spawned at the heads of inlets.

Inlets typically have an estuarine-type circulation pat-

tern where low-salinity surface flow generated by fresh-

water inputs from rivers at the head of each inlet is

replaced by deeper, higher salinity water inflow from

coastal localities (Thomson 1981; Farmer & Freeland

1983). Such a circulation pattern might facilitate at least

some exchange of individual pelagic copper rockfish

larvae between coast and head of inlet sites. The level

of such exchange would, however, be influenced by the

residence time of water within the inlet. For instance,

Buonaccorsi et al. (2002) argued that because the resi-

dence time of water within Puget Sound, WA (50%

retention over seven months), exceeded that of the typi-

cal copper rockfish larval duration period (two-three

months), there would be limited exchange of larvae

between Puget Sound and outside waters. Estimates for

water residence times for the five study inlets are not

available, but they may be considerably lower than

those for Puget Sound given their less constrained,

direct openings to the continental shelf. For instance,

Pedersen (1984) reported that residence times averaged

about 13 days for Rupert Inlet, one of the two main

arms of Quatsino Sound, which is about one quarter

the length of the distance between the head of inlet and

the coast collection sites. Consequently, physical water-

mass retention within the inlets themselves may not be

the most important factor driving divergence between

head of inlet and coastal samples of copper rockfish. It

is possible that if we had examined multiple localities

within each inlet, a more gradual pattern of genetic

divergence would have been resolved. Two observa-

tions, however, argue against such a scenario. First, we

resolved no genetic structure among coastal sites situ-

ated at similar or greater geographical distances from

each other. Furthermore, the average FST among coast–

head of inlet comparisons was almost twice that

observed among just the head of inlet sites despite the

greater pairwise geographical distances involved in the

latter comparisons.

Head of inlet sites are influenced by seasonally vari-

able freshwater inflows from rivers that affect water

temperature, salinity, suspended sediment levels and

water clarity, with resultant effects on biotic elements.

It is possible therefore that physical dispersal between

coast and head of inlet sites is extensive, but effective

dispersal is much reduced by contrasting selective
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environments and selection against immigrant geno-

types. Divergent natural selection acting in contrasting

marine environments is common (e.g. Nielsen et al.

2006, 2009; Galindo et al. 2010; Teacher et al. 2013), and

consistent phenotypic differences between copper rock-

fish from head of inlet vs. coast sites suggest the possi-

bility for variation in selection between habitats. Our

data showed that head of inlet fish are smaller and

have lower condition factors, a general measure of body

robustness (Ricker 1975), than fish sampled from coast

sites. Further, our size at age analysis indicated that fish

at coast sites grow much faster than those at the heads

of inlets. These results strongly suggest that conditions

for growth are better at coast sites than at head of inlet

sites and therefore that the two habitats are not ecologi-

cally equivalent and may represent distinctive selective

environments (cf. Cadrin et al. 2010). While none of the

loci that we examined appear to be influenced by natu-

ral selection, the contrasting environments of coast and

head of inlet sites and phenotypic differences between

fish in these environments suggest that selection may

favour behavioural traits that reduce passive dispersal

between coast and head of inlet sites. Such selection

could take the form of spawning site choice by adults

that reduces the exposure of larvae to coastward

dispersal vectors (e.g. currents) as suggested by Buonac-

corsi et al. (2002, 2004) for several Sebastes including the

copper rockfish. At least some rockfishes appear capable

of olfaction-based specific habitat recognition (Mitamura

et al. 2005). Further, selection for larval behaviours such

as rheotaxis, substrate orientation or schooling could

contribute to reduced dispersal between coast and head

of inlet sites (discussed in Miller & Shanks 2004; Cowen

& Sponaugle 2009).

Implications for rockfish conservation

Our results have two implications for the conservation

of copper rockfish and marine fishes more generally.

First, our data document previously unknown spatial

genetic diversity in a marine fish: a repeated pattern of

divergence across coast–head of inlet habitat transitions.

Our results are a further example of cryptic variation in

rockfishes and other marine fishes (cf. Zemlak et al.

2009; Burford et al. 2011). Such biodiversity needs to be

considered in conservation plans for marine fishes and

their habitats (i.e. the potential existence and recogni-

tion of ecotypes and cryptic species) to ensure adequate

representation of distinct populations.

Second, considerable effort has been put into the

implementation of rockfish conservation areas (RCAs)

in British Columbia, which are areas of inshore habitat

closed to commercial and recreational fishing for rockf-

ishes (DFO 2007). The development of RCAs was part

of a broader strategy to reverse the decades-long

decline in abundance of several rockfish species (Yama-

naka & Logan 2010). Given that RCAs are part of an

explicit conservation strategy to help rebuild popula-

tions coastwide, some understanding of the level of

connectivity among RCAs and intervening habitat is

essential to their evaluation (Lotterhos et al. 2014). In

our study area, RCAs are found in close proximity (i.e.

a few km) to all of the coast sites, but except for Quat-

sino Sound, all of the head of inlet sites are located

much farther from RCAs (at least a few 10 s of km, see

DFO 2007 and http://www.pac.dfo-mpo.gc.ca/fm-gp/

maps-cartes/rca-acs/areas-secteurs/wc-co-eng.html).

Given that our data suggest widespread effective dis-

persal among coast sites, inferred from their genetic

similarity, all the coastally distributed RCAs are likely

well connected to each other and to intervening areas at

least when considered over multiple generations. This

suggests that coastal RCAs may function to not only

reduce rockfish mortality within the RCA, but also pro-

vide some export of within-RCA production to non-

RCA localities and thus serve as an effective ‘network’

of reserves (Gaines et al. 2010). By contrast, the head of

inlet sites appear to be much less well served by RCAs.

For instance, there are fewer RCAs located at the head

of inlets (DFO 2007); only one is located within one of

the three arms that constitute head of inlet areas in

Quatsino Sound and one is located within one head of

inlet site in Clayoquot Sound. In addition, our data sug-

gest that connectivity between coast and head of inlet

sites is restricted and that the coastally biased distribu-

tion of RCAs may not function well in terms of export-

ing larvae to head of inlet sites. Thus, inlet sites may

not be part of an effective reserve network (i.e. they

have few RCAs themselves and are more isolated from

the coastal RCA network). This suggests that the size of

individual head of inlet RCAs (to ensure self-sustain-

ability, Botsford et al. 2003) and conservation regula-

tions not related to RCA establishment (e.g. fishing

regulations in adjacent areas) are especially important

for the head of inlet sites, particularly given their low

levels of genetic diversity relative to coast sites.

Several recent studies have measured population

structure of Pacific coast marine fishes (e.g. Rocha-Oliv-

ares & Vetter 1999; Buonaccorsi et al. 2002, 2005;

Bernardi et al. 2003; Cunningham et al. 2009; Sivasundar

& Palumbi 2010). These studies commonly reveal pat-

terns of isolation by distance across large geographical

scales (e.g. Buonaccorsi et al. 2002, 2005), relatively

sharp ‘breaks’ in the distribution of genetic variants

associated with major physiographic features (e.g.

Rocha-Olivares & Vetter 1999; Bernardi et al. 2003;

Sivasundar & Palumbi 2010) or some combination of

such effects (e.g. Buonaccorsi et al. 2002). Our work
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illustrates how seascape physiography, in particular the

incision of coastlines by inlets and the associated vari-

ability in terms of connectivity and divergent selective

environments, may be a major driver of population sub-

division in marine fishes (cf. Teacher et al. 2013).

Acknowledgements

We thank M. Siegle for assistance with field collections and

laboratory analyses, A.G. Lewis and P. Tortell for helpful dis-

cussion, and three reviewers and G. Bernardi for comments on

the manuscript. This work was supported by a Natural Sci-

ences and Engineering Research Council of Canada (NSERC),

Canada Graduate Scholarship awarded to SJD, an NSERC

Strategic Grant awarded to JS and EBT, and NSERC Discovery

and Equipment grants awarded to JS and EBT.

References

Andrews A, Kerr LA, Cailliet GM, Brown TA, Lundstrom CC,

Stanley RD (2007) Age validation of canary rockfish (Sebastes

pinniger) using two independent otolith techniques: lead-

radium and bomb radiocarbon dating. Marine and Freshwater

Research, 58, 531–541.
Antao T, Lopes A, Lopes RJ, Beja-Pereira A, Luikart G

(2008) LOSITAN: a workbench to detect molecular adapta-

tion based on a FST-outlier method. BMC Bioinformatics, 9,

323.

Avise JC (1992) Molecular population structure and biogeo-

graphic history of a regional fauna: a case history with les-

sons for conservation biology. Oikos, 63, 62–76.

Banks SC, Piggott MP, Williamson JE, Bov�e U, Holbrook NJ,

Beheregaray LB (2007) Oceanic variability and coastal topog-

raphy shape genetic structure in a long-dispersing sea

urchin. Ecology, 88, 3055–3064.
Beamish RJ, MacFarlane GA (1983) The forgotten requirement

for age validation in fisheries biology. Transactions of the

American Fisheries Society, 112, 735–743.

Beaumont MA, Nichols RA (1996) Evaluating loci for use in

the genetic analysis of population structure. Proceedings. Bio-

logical Sciences/The Royal Society, 363, 1619–1626.
Belkhir K, Borsa P, Chikhi L, Raufaste N, Bonhomme F (2004).

GENETIX 4.05.2, logiciel sous Windows TM pour la g�en�etique

despopulations. Laboratoire G�enome, Populations, Interactions,

CNRS UMR 5000, Universit�e de Montpellier II, Montpellier,

France. Available from: http://www.genetix.univ-montp2.

fr/genetix/genetix.htm.

Benzie JAH, Williams ST (1997) Genetic structure of giant clam

(Tridacna maxima) populations in the West Pacific is not con-

sistent with dispersal by present-day ocean currents. Evolu-

tion, 51, 768–783.
Bernardi G, Findley L, Rocha-Olivares A (2003) Vicariance and

dispersal across Baja California in disjunct marine fish popu-

lations. Evolution, 57, 1599–1609.

Botsford LW, Micheli F, Hastings A (2003) Principles for the

design of marine reserves. Ecological Applications, 13(Suppl.),

S25–S31.
Bowen BW, Bass AL, Rocha LA, Grant WS (2001) Phylogeogra-

phy of the trumpetfishes (Aulostomus): ring species complex

on a global scale. Evolution, 55, 1029–1039.

Brookfield JFY (1996) A simple new method for estimating null

allele frequency from heterozygote deficiency. Molecular

Ecology, 5, 453–455.

Buonaccorsi VP, Kimbrell CA, Lynn EA, Vetter RD (2002)

Population structure of copper rockfish (Sebastes caurinus)

reflects postglacial colonization and contemporary patterns

of larval dispersal. Canadian Journal of Fisheries and Aquatic

Sciences, 59, 1374–1384.
Buonaccorsi VP, Westerman M, Stannard J, Kimbrell CA, Lynn

EA, Vetter RD (2004) Molecular genetic structure suggests

limited larval dispersal in grass rockfish, Sebastes trelliger.

Marine Biology (Berlin), 145, 779–788.
Buonaccorsi VP, Kimbrell CA, Lynn EA, Vetter RD (2005) Limited

realized dispersal and introgressive hybridization influence

genetic structure and conservation genetic strategies for brown

rockfish, Sebastes auriculatus. Conservation Genetics, 6, 697–713.
Burford MO, Carr MH, Bernardi G (2011) Age-structured

genetic analysis reveals temporal and geographic variation

within and between two cryptic rockfish species. Marine

Ecology Progress Series, 442, 201–215.
Cadrin SX, Bernreuther M, Dan�ıelsd�ottir KA et al. (2010) Popu-

lation structure of beaked redfish, Sebastes mentella: evidence

of divergence associated with different habitats. ICES Journal

of Maribe Science, 67, 1617–1630.
Cowen RK, Sponaugle S (2009) Larval dispersal and marine

population connectivity. Annual Review of Marine Science, 1,

443–466.

Cowen RK, Lwiza KMM, Sponaugle S, Paris CB (2000) Connectiv-

ity of marine populations: open or closed? Science, 287, 857–859.
Cunningham KM, Canino MF, Spies IB, Hauzer L (2009)

Genetic isolation by distance and localized fjord population

structure in Pacific cod (Gadus macrocephalus): limited effec-

tive dispersal in the northeastern Pacific Ocean. Canadian

Journal of Fisheries and Aquatic Sciences, 66, 153–166.

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of

clusters of individuals using the software STRUCTURE: a

simulation study. Molecular Ecology, 14, 2611–2620.
Excoffier LG, Laval G, Schneider S (2005) Arlequin ver. 3.0: an

integrated software package for population genetics data

analysis. Evolutionary Bioinformatics Online, 1, 47–50.

Farmer OM, Freeland HJ (1983) The physical oceanography of

fjords. Progress in Oceanography, 12, 147–220.

Fontaine M, Baird SJE, Piry S et al. (2007) Rise of oceano-

graphic barriers in continuous populations of a cetacean: the

genetic structure of harbour porpoises in Old World waters.

BMC Biology, 5, 30. doi:10.1186/1741-7007-5-30.

Gaines SD, White C, Carr MH, Palumbi SR (2010) Designing

marine reserve networks for both conservation and fisheries

management. Proceedings of the National Academy of Sciences of

the USA, 107, 18286–18293.

Galindo HM, Olson DB, Palumbi SR (2006) Seascape genetics:

a coupled oceanographic- genetic model predicts population

structure of Caribbean corals. Current Biology, 16, 1622–1626.
Galindo Pfeiffer-Herbert AS, McManus MA, Chao Y, Chai F,

Palumbi SR (2010) Seascape genetics along a steep cline:

using genetic patterns to test predictions of marine larval

dispersal. Molecular Ecology, 19, 3692–3707.
Gerlach G, Atema J, Kingsford MJ, Black KP, Miller-Sims V

(2007) Smelling home can prevent dispersal of reef fish lar-

vae. Proceedings of the National Academy of Sciences of the USA,

104, 858–863.

© 2013 John Wiley & Sons Ltd

HABITAT AND GENETIC STRUCTURE IN ROCKFISH 587



Girever M, Stien J (1998) Population genetic substructure in

blue whiting based on allozyme data. Journal of Fish Biology,

52, 782–795.

Gomez-Uchida D, Hoffman EA, Arden WR, Banks MA (2003)

Microsatellite markers for the heavily exploited canary

(Sebastes pinniger) and other rockfish species. Molecular Ecol-

ogy Notes, 3, 387–389.

Goudet J (2002) FSTAT, a program to estimate and test gene diver-

sities and fixation indices (version 2.9.3.2). Available from:

http://www2.unil.ch/popgen/softwares/fstat.htm.

Gunderson DR, Vetter RD (2006) Temperate rocky reef fishes.

In: Marine Metapopulations (ed Sale PF, Kritzer JP),

pp. 69–117. Academic Press, San Diego, California.

Hansen MM, Kenchington E, Neilsen EE (2001) Assigning indi-

vidual fish to populations using microsatellite DNA markers.

Fish and Fisheries, 2, 93–112.
Hedgecock D, Barber PH, Edmands S (2007) Genetic

approaches to measuring connectivity. Oceanography, 20,

70–79.

Hellberg ME, Burton RS, Neigel JE, Palumbi SR (2002) Genetic

assessment of connectivity among marine populations. Bulle-

tin of Marine Science, 70, 273–290.
Hess JE, Vetter RD, Moran P (2011) A steep genetic cline in

yellowtail rockfish, Sebastes flavidus, suggests regional isola-

tion across the Cape Mendocino faunal break. Canadian Jour-

nal of Fisheries and Aquatic Sciences, 68, 89–104.
Holderegger R, Wagner HH (2010) A brief guide to landscape

genetics. Landscape Ecology, 21, 793–796.

Hyde JR, Vetter RD (2007) The origin, evolution, and diversifi-

cation of rockfishes of the genus Sebastes (Cuvier). Molecular

Phylogenetics and Evolution, 44, 790–811.
Jacobs DK, Haney TA, Louie KD (2004) Genes, diversity and

the geologic process on the Pacific coast. Annual Review of

Earth and Planetary Science, 32, 601–652.

Johanessonn K, Andr�e K (2006) Life on the margin: genetic iso-

lation and diversity loss in a peripheral marine ecosystem,

the Baltic Sea. Molecular Ecology, 15, 2013–2029.
Johansson ML, Banks MA, Glunt KD, Hassel-Finnegan HM,

Buonaccorsi VP (2008) Influence of habitat discontinuity,

geographical distance, and oceanography on fine-scale popu-

lation genetic structure of copper rockfish (Sebastes caurinus).

Molecular Ecology, 17, 3051–3061.

Johns GC, Avise JC (1998) Tests for ancient species flocks

based on molecular phylogenetic appraisals of Sebastes rockf-

ishes and other marine fishes. Evolution, 52, 1135–1146.
Jørstad KE, Nævdal G (1989) Genetic variation and population

structure of cod, Gadus morhua L., in some fjords in northern

Norway. Journal of Fish Biology, 35(Suppl. A), 245–252.

Kerr LA, Andrews AH, Frantz B et al. (2005) Age validation of

quillback rockfish (Sebastes maliger) using bomb radiocarbon.

Fishery Bulletin, 103, 97–107.
Kimura DK (1980) Likelihood methods for the von Bertalanffy

growth curve. Fishery Bulletin, 77, 765–776.
Lotterhos KE, Dick SJ, Haggarty DR (2014) Evaluation of rock-

fish conservation area networks in the United States and

Canada relative to the dispersal distance for black rockfish

(Sebastes melanops). Evolutionary Applications, 7. in Press,

doi:10.1111/eva.12115.

Love MS, Yoklavich M, Thorsteinson LK (2002) The Rockfishes

of the Northeast Pacific. University of California Press, Berke-

ley and Los Angeles, California.

MacLellan SE (1997) How to age rockfish (Sebastes) using

S. alutus as an example—the otolith burnt section technique.

Canadian Technical Report of Fisheries and Aquatic Sciences,

2146, 1–42.
Maier-Reimer E, Mikolajewicz U, Crowley T (1990) Ocean

general circulation model sensitivity experiment with an

open central american isthmus. Paleoceanography, 5, 349–366.

Manel S, Holderegger R (2013) Ten years of landscape genetics.

Trends in Ecology and Evolution, 28, 614–621.

Manel S, Schwartz MK, Luikart G, Taberlet P (2003) Landscape

genetics: combining landscape ecology and population genet-

ics. Trends in Ecology and Evolution, 18, 189–197.
McCusker MR, Bentzen P (2010) Historical influences dominate

the population genetic structure of a sedentary marine fish,

Atlantic wolffish (Anarhichas lupus), across the North Atlantic

Ocean. Molecular Ecology, 19, 4228–4241.
Miller JA, Shanks K (2004) Evidence for limited larval dispersal

in black rockfish (Sebastes melanops): implications for popula-

tion structure and marine-reserve design. Canadian Journal of

Fisheries and Aquatic Sciences, 61, 1723–1735.
Mitamura H, Arai N, Sakamoto W et al. (2005) Role of olfaction

and vision in homing behaviour of black rockfish Sebastes

inermi. Journal of Experimental Marine Biology and Ecology, 322,

124–134.
Narum SP (2006) Beyond Bonferroni. Less conservative

analysis for conservation genetics. Conservation Genetics, 7,

783–787.

Nei M (1987) Molecular Evolutionary Genetics, pp. 513. Univer-

sity of Columbia Press, New York, USA.

Nelson JS (2006) Fishes of the World, 4th edn. John Wiley &

Sons, Hoboken, New Jersey.

Nielsen EE, Hansen MM, Meldrup D (2006) Evidence of micro-

satellite hitch-hiking election in Atlantic cod (Gadus morhua

L.): implications for inferring population structure in non-

model organisms. Molecular Ecology, 15, 3219–3229.
Nielsen EE, Hemmer-Hansen J, Larsen PF, Bekkevold D

(2009) Population genomics of marine fishes: identifying

adaptive variation in space and time. Molecular Ecology, 18,

3128–3150.
Paetkau D, Slade R, Burden M, Estoup A (2004) Genetic assign-

ment methods for the direct, real-time estimation of migra-

tion rate: a simulation-based exploration of accuracy and

power. Molecular Ecology, 13, 55–65.
Pedersen TF (1984) Interstitial water metabolite chemistry in a

marine mine tailings deposit, Rupert Inlet, B.C. Canadian

Journal of Earth Sciences, 21, 1–9.

Piry S, Alapetite A, Cornuet J-M, Paetkau D, Baudouin L,

Estoup A (2004) GENECLASS2: a software for genetic

assignment and first-generation migrant detection. Journal of

Heredity, 95, 536–539.

Planes S, Doherty PJ, Bernardi G (2001) Strong genetic diver-

gence among populations of a marine fish with limited dis-

persal: Acanthochromis polyacanthus, within the Great Barrier

Reef and the Coral Sea. Evolution, 55, 2263–2273.

Pritchard JK, Stephens M, Donnelly P (2000) Inference of popu-

lation structure using multilocus genotype data. Genetics,

155, 945–959.
R Core Team (2013) R: A language and Environment for Statistical

Computing. R Foundation for Statistical Computing, Vienna,

Austria. ISBN 3-900051-07-0. Available from http://www.

R-project.org/.

© 2013 John Wiley & Sons Ltd

588 S . DICK, J . B . SHURIN and E. B . TAYLOR



Raymond M, Rousset F (1995) GENEPOP (version 1.2): popula-

tion genetics software for exact tests and ecumenicism. Jour-

nal of Heredity, 86, 248–249.

Ricker WE (1975) Computation and interpretation of biological

statistics of fish populations. Bulletin of the Fisheries Research

Board of Canada, 191, 1–382.
Ridgway KR, Dunn JR (2003) Mesoscale structure of the mean

East Australian Current system and its relationship with

topography. Progress in Oceanography, 56, 189–222.

Rocha-Olivares A, Vetter RD (1999) Effects of oceanographic

circulation on the gene flow, genetic structure, and phyloge-

ography of the rosethorn rockfish (Sebastes helvomaculatus).

Canadian Journal of Fisheries and Aquatic Sciences, 56, 803–813.

Rousset F (2008) Genepop’007: a complete reimplementation of

the Genepop software for Windows and Linux. Molecular

Ecology Resources, 8, 103–106.
Schmidt PS, Serr~ao EA, Pearson GA et al. (2008) Ecological

genetics ion the North Atlantic: environmental gradients and

adaptation at specific loci. Ecology, 89, S91–S107.

Schnute J (1981) A versatile growth model with statistically

_stable parameters. Canadian Journal of Fisheries and Aquatic

Sciences, 38, 1128–1140.
Schultz JK, Feldheim JA, Gruber SH, Ashley MV, McGovern

TM, Bowen BW (2008) Global phylogeography and seascape

genetics of the lemon shark (Genus Negaprion). Molecular

Ecology, 17, 5336–5348.
Segelbacher G, Cushman SA, Epperson BK et al. (2010) Appli-

cations of landscape genetics in conservation biology: con-

cepts and challenges. Conservation Genetics, 11, 375–385.
Selkoe KA, Henzler CM, Gaines SD (2008) Seascape genetics

and the spatial ecology of marine populations. Fish and Fish-

eries, 9, 363–377.

Siegle MR, Taylor EB, Miller KM, Withler RE, Yamanaka KL

(2013) Subtle population structure in yelloweye rockfish

(Sebastes ruberrimus) is consistent with a major oceanographic

division in British Columbia, Canada. Public Library of Science

One, 8, e71083.

Sinclair M, Iles TD (1989) Population regulation and speciation

in the oceans. ICES Journal of Marine Science: Journal du Cons-

eil, 45, 165–175.

Sivasundar R, Palumbi SR (2010) Life history, ecology and the

biogeography of strong genetic breaks among 15 species of

Pacific rockfish, Sebastes. Marine Biology, 157, 1433–1452.
Sokal RR, Rohlf FJ (2012) Biometry: The Principles and Practice of

Statistics in Biological Research, 4th edn, pp. 937. W.H. Free-

man and Co., New York.

Stepien CA (1999) Phylogeographical structure of the Dover

sole Microstomus pacificus: the larval retention hypothesis and

genetic divergence along the deep continental slope of the

northeastern Pacific Ocean. Molecular Ecology, 8, 923–939.

Suneetha KB, Nævdal G (2001) Genetic and morphological

stock structure of the pearlside, Maurolicus muelleri (Pisces,

Sternoptychidae), among Norwegian fjords and offshore

area. Sarsia, 86, 191–201.

Teacher AGF, Andr�e C, Jonsson PR, Meril€a J (2013) Oceano-

graphic connectivity and environmental correlates of genetic

structuring in Atlantic herring in the Baltic Sea. Evolutionary

Applications, 6, 549–567.

Thomson RE (1981) Oceanography of the British Columbia

coast. Canadian Special Publication of Fisheries and Aquatic Sci-

ences, 56, 1–291.

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P

(2004) MICRO-CHECKER: software for identifying and cor-

recting genotyping errors in microsatellite data. Molecular

Ecology Notes, 4, 535–538.
Waples RS (2005) Genetic estimates of contemporary effective

population size: to what time periods do the estimates

apply? Molecular Ecology, 14, 3335–3352.

Waples RS, Do C (2008) LDNE: a program for estimating

effective population size from data on linkage disequilib-

rium. Molecular Ecology Notes, 8, 753–756.
Washington PM, Gowan R, Ito DH (1978) A Biological Report on

Eight Species of Rockfishes (Sebastes spp.) in Puget Sound, Wash-

ington. Northwest Fisheries Centre Processes Report, NOAA,

NMFS, Seattle, Washington.

Weatherly AH, Gill HS, Casselman JM (1987) The Biology of

Fish Growth. Academic Press, London.

Weir BS, Cockerham CC (1984) Estimating F-statistics for the

analysis of population structure. Evolution, 38, 1358–1370.
Westerman ME, Buonaccorsi VP, Stannard JA et al. (2005)

Cloning and characterization of novel microsatellite DNA

markers for the grass rockfish, Sebastes rastrelliger, and cross-

species amplification in 10 related Sebastes spp. Molecular

Ecology Notes, 5, 74–76.

White C, Selkoe KA, Watson J, Siegel DA, Zacherl DC, Toonen

RJ (2010) Ocean currents help explain population genetic

structure. Proceedings of the Royal Society of London Series B,

277, 1685–1694.

Wimberger P, Burr J, Gray A, Lopez A, Bentzen P (1999) Isola-

tion and characterization of twelve microsatellite loci for

rockfish (Sebastes). Marine Biotechnology, 1, 311–315.

Yamanaka KL, Logan G (2010) Developing British Columbia’s

inshore rockfish conservation strategy. Marine and Coastal

Fisheries: Dynamics, Management, and Ecosystem Science, 2,

28–46.

Zemlak TS, Ward RD, Connell AD, Holmes BH, Hebert PDN

(2009) DNA barcoding reveals overlooked marine fishes.

Molecular Ecology Resources, 9, 237–242.

This study formed the basis of the Masters of Science

degree of S. Dick. J. Shurin and E.B. Taylor were

co-supervisors on the project. S. Dick collected all the

data, performed some of the analyses and contributed

to the writing. J. Shurin contributed to the analysis of

the size and growth data as well as the writing. E.B.

Taylor conducted most of the analyses and wrote the

majority of the manuscript.

Data accessibility

All raw genotypic data have been be deposited in the

Dryad archiving database (DOI:10.5061/dryad.s489b) or

are contained in the online supplementary material

associated with this article. Individual lengths, weights,

condition factors and ages: Tables S5 and S6 (Support-

ing information).

© 2013 John Wiley & Sons Ltd

HABITAT AND GENETIC STRUCTURE IN ROCKFISH 589



Supporting information

Additional supporting information may be found in the online ver-

sion of this article.
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