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ABSTRACT: The starry ray Amblyraja radiata (Donovan, 1808) is widely distributed in the North
Atlantic Ocean. Although considered a single species, there is large variation in size-at-maturity
in the NW Atlantic, and Red List status ranges from ‘Least Concern’ in the NE Atlantic via ‘Vulnerable’ in Canadian waters to ‘Critically Endangered’ in US waters. Previous studies have documented regional morphological, morphometric, and ecological differences, without giving any
conclusive evidence on reproductive isolation. Here, we use 10 microsatellite loci and 656 specimens originating from waters off northern Canada, eastern and western Greenland, Svalbard, the
Barents Sea, the N orwegian Sea, and the N orth Sea, to (1) elucidate the population genetic
structure of A. radiata, and (2) clarify whether differences in life history within the NW Atlantic is
correlated to genetic structuring. The results suggested that A. radiata within the North Atlantic
may be divided into 3 major clusters that coincide with the geographical regions N W Atlantic,
Greenland and NE Atlantic. However, large physical mixing of individuals from different populations and with differentiated life histories throughout the North Atlantic suggested that glacial
periods and biological features have shaped the contemporary distribution and genetic signatures of A. radiata. The differentiated life histories within the NW Atlantic specimens cannot be
attributed to a genetic component, based on the present data.
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The starry ray Amblyraja radiata occupies a wide
range of seas, temperatures and depths. In the N W
Atlantic it is found from South Carolina in the south
(Bigelow & Schroeder 1953) to Baffin Bay in the north
(Coad & Reist 2004), and throughout most of the
Greenlandic shelf (Møller et al. 2010). In the N E
Atlantic, it occurs from the Dutch coast to Iceland,
N orway and Svalbard Archipelago (Bigelow &
Schroeder 1953), to N ovaya Zemlya in the east
(Wienerroither et al. 2011a).
Originally, the species was described by Donovan
(1808) on the basis of a single specimen caught in the

‘north ocean of Britain’. Garman (1913) concluded
that due to the larger size, less roughness and ‘rather
more angular’ appearance, the NW Atlantic population should be named Raia scabrata. Andriyashev
(1964) noticed a spine between the dorsal fins as a
characteristic of R. scabrata, but doubted its validity
as a separate species. Bigelow & Schroeder (1953)
did not find any morphological differences that justified 2 species, except high variation in size-at-maturity. Consequently, they merged the 2 species into
one, which is now recognised as Amblyraja radiata
(Donovan, 1808)
A. radiata is the most abundant skate species in the
Barents Sea (Dolgov et al. 2005a) and in the N orth
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Sea (Skjæraasen & Bergstad 2000), where it represents ~90% of the skate biomass. There are no targeted fisheries for the species in either the North Sea
or the Barents Sea (Walker & Heessen 1996, Dolgov
et al. 2005b), but landings from the Icelandic fisheries
have increased since the 1990s. There is a market
demand for skates in Iceland, where the common
skate complex Dipturus batis is replaced by A. radiata because the former has become rare (Icelandic
Fisheries 2014). In the Canadian Atlantic, A. radiata
is commercially targeted on the Grand Banks (COSEWIC 2012). Although the abundance of A. radiata
has increased in the N orth Sea (Walker & Heessen
1996), it has declined in some regions in the N W
Atlantic (e.g. Swain et al. 2005, McPhie & Campana
2009, COSEWIC 2012), probably because of fishery
pressure and predation by grey seal Halichoerus grypus (Swain et al. 2013). Consequently, the conservation status of A. radiata varies across its geographical
range, and the International Union for Conservation
of Nature (www.iucnredlist.org) categorises the species as ‘Least Concern’ in the NE Atlantic, ‘Vulnerable’ in Canadian waters, and ‘Critically Endangered’
in US waters (Kulka et al. 2009).
The extent of gene flow across the Atlantic may be
low for A. radiata and other skates, as tagging studies
have revealed small home ranges. A 20 yr tagging
study of 722 A. radiata in the N ewfoundland area
suggested that the species is stationary, and most
recaptures occurred within ~100 km and no farther
than 444 km from the release site (Templeman
1984a). Walker et al. (1997) tagged skates in the
N orth Sea, and among them 159 A. radiata. Most
recaptures (85%) were done within 93 km (max.
180 km) of the release site. Small-eyed ray Raja
microocellata, blonde ray R. brachyura and undulate
ray R. undulata tagged in the English Channel were
usually recaptured within 20 km (max. 61 km) of the
release site (Ellis et al. 2011). A total of 18 180 big
skate R. binoculata were tagged off the western coast
of Canada and 75% of the recapture was within
21 km of the release site (King & McFarlane 2010). In
other words, skates appear highly philopatric and do
not undertake long distance migrations.
In general, larger marine fishes tend to migrate further than smaller (Roff 1988). Life history and reproductive mode does matter, with broadcast spawning
and planktonic development being important factors
for long distance migration potential (Goodwin et al.
2005). Egg-laying teleosts tend to have a wider latitudinal range (i.e. distribution) than live-bearers,
whereas the opposite seems true for elasmobranchs
(Goodwin et al. 2005). According to this theory, A.

radiata, being an egg-laying elasmobranch, has low
potential for dispersal. Further, it is thought to be an
obligate bottom-dweller at down to 1000 m depth
(Stehmann & Burkel 1984). The deeper parts of the
N E Atlantic may thus impede dispersal. The sill
depth in the Fram Strait is approximately 2600 m,
with deeper waters both in the Arctic Ocean to the
north and the Greenland Sea to the south (Blindheim
2004). With the exception of some studies on
hydrothermal vents at the Kolbeinsey Ridge (Fricke
et al. 1989) and Mohn Ridge (Schander et al. 2010),
the diversity of fishes in the northern part of the MidAtlantic Ridge is poorly investigated. A review of the
Jan Mayen Island fishes did not reveal any records of
A. radiata (Wienerroither et al. 2011b). Dispersal
along these ridges cannot be excluded, but these are
less likely compared to the route along the N orwegian continental shelf. The maximum sill depth
between Scotland and Greenland is 840 m (Blindheim 2004) and seems a likely dispersal route for A.
radiata within the N E Atlantic. Dispersal may also
occur between Greenland and Canada via the
Greenland-Canada ridge where the sill depth is
< 700 m (Jørgensen et al. 2005), or via the northern
part of Baffin Bay (Jørgensen et al. 2011). Nevertheless, despite low dispersal potentials A. radiata is the
second most widely distributed chondrichthyan
north of the North Atlantic (as defined by the International Hydrographic Organization, www.iho.int),
only surpassed by the Greenland shark Somniosus
microcephalus (Lynghammar et al. 2013).
Cryptic species are 2 or more distinct species that
are erroneously classified under one species name,
and the discovery of such species has increased exponentially after the introduction of molecular techniques (Bickford et al. 2007, Pfenninger & Schwenk
2007, Portnoy & Heist 2012). If an examination indicates consistent difference (i.e. genetics, morphology) leading to reproductive isolation, splitting into
separate species may be considered. Following genetic screening, morphological differences are often
revealed, such as in the common skate complex
Dipturus batis, where e.g. size-at-maturity of the 2
species are so different that mating is physically
impossible (Iglésias et al. 2010). Cryptic species are
almost evenly distributed across major metazoan
taxa and geographical regions when correcting for
species richness and study intensity (Pfenninger &
Schwenk 2007).
Pronounced variations in meristics and life histories
for A. radiata across the North Atlantic suggest population structuring and probably also cryptic speciation. Off the Canadian east coast, Templeman
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(1984b) found a north−south latitudinal cline in the
number of median dorsal thorns and tooth rows, and
corresponding meristics from Icelandic specimens
showed intermediate values between northern and
southern specimens. More striking differences relate
to size-at-maturity and maximum total length (TL), as
A. radiata displays 2 contrasting life histories. In the
N W Atlantic, individuals off Baffin Island and the
Labrador shelf mature at about 440 to 500 mm (max.
720 mm) TL, whereas those further south, on the
Grand Bank and St. Pierre Banks, mature at about
650 to 680 mm (max. 1040 mm) TL (Templeman
1987). COSEWIC (2012) recognises latitude 49° N as
the boundary between the southern (large) and
northern (small) A. radiata. Moreover, the abundance of A. radiata peaks within temperature ranges
1 to 3°C and 6 to 9°C to the south and at 1 to 3°C to
the north. This is also an indication of discrete populations, but COSEWIC (2012) does not include any
size-at-maturity data and it is therefore not possible
to relate temperature to life history. In the North Sea
and Skagerrak, A. radiata mature at about 440 mm
(max. 720 mm) TL (Skjæraasen & Bergstad 2000)
which is similar to the northern A. radiata in the NW
Atlantic. Maximum TL in skates is positively correlated with size-at-maturity (Templeman 1987, Iglésias et al. 2010, Kelly & Hanson 2013), and a maximum TL of 750 mm in the Barents Sea (Dolgov et al.
2005a) implies a relatively small size-at-maturity also
in this region. In other words, size-at-maturity in the
N E Atlantic resembles that of the northern N W
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Atlantic (see Table 1 for regional and sexual differences regarding size-at-maturity and maximum TL).
A remarkably high number of haplotypes is found
in A. radiata using a single genetic marker (Chevolot
et al. 2007, Coulson et al. 2011, Lynghammar et al.
2014), raising the possibility of cryptic species or at
least pronounced population structuring. In addition
to Templeman’s (1987) observed geographical variation in size-at-maturity, Sosebee (2005) and McPhie
& Campana (2009) found bimodal size distribution of
mature specimens, further indicating cryptic speciation in the NW Atlantic. The objectives of the present
study were to test the hypotheses that (1) A. radiata
in the NW Atlantic, Greenland and the NE Atlantic
are genetically segregated due to low migration
potential and (2) there is genetic differentiation between the early and late maturing individuals in the
NW Atlantic.

MATERIALS AND METHODS
Specimens of Amblyraja radiata (N = 656) were
sampled from research and commercial vessels
across the N orth Atlantic (Fig. 1). Muscle or fin tissues were taken from fresh or frozen specimens and
stored in 96% ethanol at −20°C until DNA extraction.
The specimens were divided into groups of samples
(hereafter ‘samples’) according to geographical locality or size-at-maturity; see Fig. 1 for location abbreviations. NW Atlantic A. radiata are hereafter termed

Table 1. Amblyraja radiata. Size-at-maturity and maximum total lengths (mm) for males (M) and females (F) from the literature. Size-at-maturity without denotation refer to the smallest mature specimens, while calculated lengths at 50% maturity are
denoted L50. Note that maturity status may be defined differently among authors
Region

Size-at-maturity

Max. size

Reference

Baffin Island and Labrador Shelf,
W Greenland and N Iceland

M: 440−500 (L50)
F: 440−470 (L50)

M: 700−720
F: 610−630

Templeman (1987)

Grand Bank, St. Pierre Bank and vicinity

M: 680−830 (L50)
F: 650−740 (L50)

M: 1040
F: 940

Templeman (1987)

Eastern Scotian Shelf

M: 626 (L50)
F: 534 (L50)

M: ~920
F: ~850

McPhie & Campana (2009)

Western Gulf of Maine

M: 800
F: 820

M: 1040
F: 1050

Sulikowski et al. (2005)

Western Gulf of Maine

M: 870 (L50)
F: 873 (L50)

M: 1003
F: 1005

Sulikowski et al. (2006)

Gulf of Maine

M: 500 (but high variation)
F: 430−460

M: ~1020
F: ~980

Sosebee (2005)

North Sea and Skagerrak

M: 440 (L50)
F: 440 (L50)

M: 720
F: 720

Skjæraasen & Bergstad (2000)

M & F: 750

Dolgov et al. (2005a)

Barents Sea
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Fig. 1. Amblyraja radiata. Distribution of samples throughout
the N orth Atlantic. One data
point may comprise several
specimens. Samples were collected from the following locations: northwest Atlantic late
maturing (N Wl), northwest Atlantic early maturing (N We),
southwest Greenland (SWGr),
southeast Greenland (SEGr),
northeast Greenland (N EGr),
Svalbard west (SvW), Svalbard
east (SvE), Barents Sea west
(BaW), Barents Sea east (BaE),
N orwegian fjords (N F) and the
N orth Sea (N S). Map drawn in
the software R (R Core Team
2014)

as ‘late’ (N Wl) or ‘early’ (N We) maturing, assuming
that size and age are positively correlated. Males
were categorised as early or late maturing based on
the relationship between TL and clasper length,
whereas females were internally examined to determine maturation stage versus TL (C. Miri, Fisheries
and Oceans Canada, pers. comm.).

Microsatellite analyses
Fourteen microsatellite loci were amplified via the
polymerase chain reaction (PCR) using forward (labelled) and reverse primers arranged into 3 PCRmultiplexes (see Table S1 in the Supplement at
www.int-res.com/articles/suppl/m562p123_supp.pdf).
The reactions consisted of 1.50 µl Type-it® Microsatellite Master Mix (Qiagen), 0.25 µl primer mix,
(concentration range from 0.25 to 0.40 µM), 0.25 µl
ultra-pure H2O, and 0.50 µl DNA template, to a total
volume of 2.50 µl. The PCR cycles consisted of an initial denaturing step at 95°C for 15 min, followed by
25 cycles at 94°C for 30 s, 57°C for 3 min and 72°C for
1 min, with a final extension step at 60°C for 30 min.
The PCR products were separated on an ABI 3130XL

automated genetic analyser using LIZ-500 as internal
size-standard. The alleles were scored using predefined bins in Genemapper 3.7 (Applied Biosystems),
and verified by manual inspection.

Data analysis
The samples were screened for null alleles and
scoring errors in the software MICRO-CHECKER
2.2.3 (Van Oosterhout et al. 2004), using 1000 bootstrap replications to generate the expected homozygote and heterozygote allele frequencies. The within
sample genetic variation indices: number of alleles
(NA); expected (He) and observed (Ho) heterozygosity; and the coefficient of inbreeding (F IS) were estimated in GEN EPOP 4.0 (Rousset 2008). Deviations
from Hardy-Weinberg equilibrium (HWE) across all
samples and loci and for each sample, linkage disequilibrium (LD) among loci over all samples, as well
as the overall genetic differentiation within the dataset were tested by exact tests (Guo & Thompson
1992) using GENEPOP 4.0 (Rousset 2008). The pairwise p-values from the HWE and LD tests were corrected for multiple comparisons by sequential Bon-
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Table 2. Amblyraja radiata. Pairwise FST values (Weir & Cockerham 1984) between sampling locations. See Fig. 1 legend for
location abbreviations. *p < 0.05, **p < 0.01
SvW
SvE
BaE
BaW
NF
NS
NEGr
SEGr
SWGr
NWe
NWl

−0.003
−0.001
0.001
0.001
0.010
0.032
0.001
0.010*
0.068**
0.090**

SvE
−0.003
−0.003
−0.004
−0.003
0.040*
−0.005
0.002
0.069**
0.089**

BaE

0.001
0.000
0.003
0.034*
−0.004
0.009*
0.068**
0.087**

BaW

0.000
0.009
0.021
0.002
0.005*
0.060**
0.079*

NF

NS

NEGr

SEGr

0.010
0.027
−0.002
−0.001
0.053**
0.068**

0.066*
−0.008
0.016*
0.085**
0.100**

0.032
0.020
0.021
0.051*

0.003
0.072**
0.085**

ferroni corrections (SBC) following Rice (1989). Allelic
(Ar) and private allelic richness (pAr) per sample
were estimated, accounting for differences in sample
sizes, using the rarefaction procedure for the smallest
sample size (40 genes) as implemented in the software HP-RARE 1.0 (Kalinowski 2005).
Genetic differentiation among samples was estimated via pairwise FST values (Weir & Cockerham
1984) in Arlequin 3.5 (Excoffier et al. 2007), and
tested for statistical significance using 10 000 permutations (Table 2). The spatial structures as revealed
by FST were visualized in a neighbour-joining (N J)
tree using 1000 permutations to estimate robustness
of branching. The tree was constructed and branching was tested for robustness using the online version
of POPTREE2 (Takezaki et al. 2010), POPTREEVIEW
(www.med.kagawa-u.ac. jp/ ~genomelb/takezaki/
poptreew/). To infer whether the spatial structure
among samples was driven by isolation by distance,
i.e. when nearest neighbours are more genetically
similar than more distant neighbours, or the population structure is driven by e.g. barriers to gene flow or
biological factors, the pairwise FST values were transformed into Rousset’s distance, i.e. FST/(1 − FST), and
correlated to geographical distance. The correlation
was tested for significance using isolation by distance
(IBD; Bohonak 2002) with 10 000 permutations. All
negative pairwise FST estimates were changed to
0.00001. Geographical distances between pairs of
samples were estimated using the Daft Logic Distance Calculator (www.daftlogic.com/projects-googlemaps-distance-calculator.htm). Log-transforming the
genetic and/or the geographical distance did not
change the result of this test.
To avoid the bias of a priori geographical grouping of individuals and obtain estimates of the proportion of admixture and physical mixture among
individuals within geographical locations, a Bayesian

SWGr

0.047**
0.067**

NWe

0.004

clustering method was used as implemented in
STRUCTURE 2.3.3 (Pritchard et al. 2000, Hubisz et
al. 2009). A modified dataset was used for these
analyses, where the number of individuals from the
Barents Sea (locations BaE and BaW) was randomly
reduced to 63 and 55, respectively, to minimize the
effect of large sample sizes on the allele frequency
distributions, i.e. HWE and LD, used by the model.
Due to the high connectivity in marine systems
(Ward et al. 1994), we used a model that assumed
admixture and correlated allele frequencies between K clusters. To determine the appropriate
number of burn-ins and Markov chain Monte Carlo
(MCMC) replications needed for the model to
converge, we tested burn-ins and MCMC replications in the ranges 50 000 to 300 000 and 100 000
to 500 000, respectively, at several values of K. After
evaluating the summary statistics for each K-value,
we chose to use varying burn-ins of 100 000 and
200 000 replications and 200 000 to 300 000 MCMC
replications for the analyses. The model was run a
minimum of 5 times at each K-value to confirm consistency of log-likelihood probabilities. N o additional prior information was provided for the model.
The most likely highest ln Pr(X|K)/ΔK (Evanno et
al. 2005) grouping was found using STRUCTURE
HARVESTER (Earl & vonHoldt 2012). High levels of
physical mixture of individuals within samples and
among the inferred clusters were observed in the
initial runs and the analyses therefore adopted a
hierarchical approach (Vähä et al. 2007), focusing
only on clustering inference from ΔK. The evaluation of the first hierarchical level (K = 1 to 15) used a
conservative evaluation of the proportion of membership of each individual in each of the K clusters,
using q value thresholds of 0.3 and 0.7 (Vähä &
Primmer 2006, Vähä et al. 2007, Warnock et al.
2010). For the consecutive runs of deeper hierarchi-
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Table 3. Amblyraja radiata. Names and abbreviations of sample locations, geographical centres of samples (given in decimal
degrees), number of individuals (N) included in each sample (for the full data set), and results of statistical analysis. Ar: allelic
richness; pAR: private allelic richness; He: expected heterozygosity; Ho: observed heterozygosity; FIS: Wright coefficient of inbreeding. Significant departures from Hardy-Weinberg equilibrium (HWE) are indicated as bold FIS values. The N EGr
sample was excluded in the estimates of Ar and pAr due to small sample size
Location
Svalbard west
Svalbard east
Barents Sea east
Barents Sea west
Norwegian fjords
North Sea
Northeast Greenland
Southeast Greenland
Southwest Greenland
NW Atlantic early maturing
NW Atlantic late maturing

Sample location
78.0° N, 11.2° E
78.8° N, 27.44° E
74.4° N, 32.2° E
74.5° N, 20.6° E
70.0° N, 18.0° E
58.3° N, 5.8° E
72.7° N, 21.0° W
64.1° N, 39.4° W
64.1° N, 52.6° W
51.2° N, 53.4° W
45.2° N, 56.4° W

Location
abbreviation

N

Ar

pAr

Ho

He

FIS

SvW
SvE
BaE
BaW
NF
NS
NEGr
SEGr
SWGr
NWe
NWl

69
30
189
141
45
23
5
21
62
43
28

5.2
5.4
5.4
5.2
5.3
5.9
–
6.3
5.5
5.7
5.4

0.09
0.09
0.09
0.05
0.06
0.42
–
0.54
0.12
0.25
0.18

0.553
0.585
0.565
0.563
0.598
0.507
0.511
0.576
0.597
0.616
0.620

0.557
0.576
0.577
0.581
0.592
0.550
0.603
0.566
0.597
0.635
0.604

0.008
0.017
0.020
0.032
0.010
0.079
0.153
0.017
0.001
0.032
–0.026

cal levels a stricter threshold value of q (0.2 and 0.8)
was used. For each hierarchical level, the individuals inferred in each of the K clusters were identified and the relative contribution of each geographical locality estimated. The analyses were
terminated at the second hierarchical level, as the
number of individuals within each cluster at this
point was too low to provide any statistical support
for further analyses.
To complement the STRUCTURE analyses, we
performed a discriminant analysis of principal components (DAPC) using the R package adegenet
(Jombart et al. 2010). DAPC is a non-model-based
method that describes the diversity between predefined groups of observations as best as possible,
while minimising the within-group variation. To investigate the number of clusters in the dataset, we
used the find.clusters function employed in adegenet using Bayesian information criterion (BIC)
and retained all the principal components (PCs). The
DAPC analysis was performed using function dapc.
DAPC relies on data transformation using principal
component analysis (PCA) as a prior step. Retaining
too many PCs will lead to an overfitting of discriminant functions and result in discrimination of any
sets of the clusters. To avoid this bias, we determined the optimum number of PCs to be retained
for the DAPC analysis as 13, by the optim.a.score
method (Jombart et al. 2010). As the number of expected clusters was small we selected all the discriminant functions. To obtain a visual assessment
of between-population differentiation, we used location as a prior in the DAPC analysis by retaining PCs
that explained ~85% of total observed variance.

RESULTS
Four (Ar-132, Ar-149, Ar-9m13, and LERI-63) out of
the original 14 loci were indicated as influenced by
null alleles or other locus/PCR abnormalities and
were therefore omitted from further analyses. Summary statistics for the remaining 10 microsatellite loci
are listed in Table S2 in the Supplement. Number of
alleles per locus ranged from 2 at locus Ar-20 to 11 at
loci Ar-130 and LERI-44. N ine out of 110 loci per
sample showed departure from HWE, but none of the
comparisons were significant after SBC at the p <
0.05 level. Six out of 45 pairwise locus comparisons
were significant for LD, but the combinations were
randomly distributed among 6 loci and all samples.
Total number of alleles across loci per sample varied
from 59 in NWl, (37 in NEGr, but only 5 individuals
were available) to 74 in BaE (Table S2), with an average across samples of 62. The allelic (Ar = 5.2 ± 0.6 to
6.3 ± 0.7) and private allelic (pAr = 0.05 ± 0.02 to 0.54 ±
0.14) richness and expected heterozygosity (He =
0.550 to 0.635) did not reveal any distinct geographical
patterns (Table 3). However, SEGr displayed higher
allelic and private allelic richness, but similar or lower
He than the other samples. Two samples (N We and
NWl) of the 11 tested showed significant departures
from the HWE-expectations associated with both heterozygote deficit and excess, respectively (Table 3).
The exact test for genetic structure was highly significant (χ2 = infinity, df = 20, p < 0.001) across all
samples and together with a highly significant HWE
test across all loci and samples (indicating a sample
of mixed populations), suggests the existence of population structure among samples.
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high proportion of the NW Atlantic individuals, but also a proportion of N E At72
0.01
90
NS
65
lantic and Greenland individuals (Fig. 3C).
SEGr
81
The unassigned individuals from the first
75 SvE
97
round of STRUCTURE analysis were
SvW
50
composed of nearly random sample locaNF
tions (R1Un, Fig. 3C). The consecutive
SWGr
NEGr
STRUCTURE runs (Runs 2 to 4) of the
NWe
R1A, R1B and R1Un, further structured
NWl
99
the individuals into 7 clusters, leaving
a total of 156 individuals unassigned
Fig. 2. Amblyraja radiata. N eighbour-joining tree of samples collected
from different locations in the N orth Atlantic, using corrected FST disamong the 7 clusters (Fig. 3D). The R1A
tances. Numbers at the nodes are bootstrap values (1000 iterations). See
was divided into 2 (ΔK = 2) additional
Table 3 for location abbreviations
clusters (R2A and R2B) with approximately equal proportions of N E and
Greenland individuals assigned to them (Fig. 3E).
The global genetic differentiation was estimated to
The R1B cluster was divided into 3 (ΔK = 3) additional
be FST = 0.019, and significant pairwise FST values
clusters (R3A, R3B, and R3C). R3A consisted of indiamong samples varied from 0.009 (SWGr vs. BaE) to
viduals from all regions, except BaE, SvE and NEGr.
0.100 (NWl vs. NS) (Table 2). The samples from the
R3B solely contained NW Atlantic and a low proporN W Atlantic were significantly differentiated from
tion of SEGr individuals. The third cluster (R3C) was
all other samples except NEGr (Table 2, Fig. 2), sugcomposed only of individuals from the N E and
gesting population structuring between the N W
Greenland, whereas the unassigned individuals from
Atlantic and the NE Atlantic. It should be noted that
this run (R3Un) originated from all sample locations.
the sample of NEGr only contained 5 individuals and
The final run was to resolve the R1Un, and revealed
the results related to this sample should therefore be
2 (ΔK = 2) additional clusters (R4A and R4B), comtreated with caution. Samples from within the N E
posed of individuals from all sample locations except
Atlantic did not display any particular patterns of FST
NEGr.
(Table 2), which is also supported by the N J tree
The DAPC analysis using the find.cluster function
(Fig. 2). SWGr displayed FST values significantly difshowed an ambiguous number of clusters (Fig. S1 in
ferent from samples from the Barents Sea (BaE and
the Supplement), as revealed by the probable numBaW), SvW and N S. Thus, the pairwise FST values
ber between 10 and 20. The frequency plot for the
suggest 3 genetically differentiated and geographiinferred groups (K = 11, which is number of sample
cally separated groups of individuals: the N W
locations), suggested no clear pattern in retrieval of
Atlantic, Greenland, and the NE Atlantic. However,
the original sample locations. The exceptions were
this pattern was not clearly supported by the NJ tree.
NWe and NWl, where the sample locations appeared
The samples from the NW Atlantic representing indito contribute to the inferred clusters (Fig. S2). The
viduals with differentiated life histories (N We and
DAPC scatter plot, where we used the sampling locaN Wl) were associated with a low (FST = 0.004) and
tion as prior, showed that the first axis slightly sepanon-significant pairwise FST estimate.
rates N We and N Wl, with substantial overlapping
There appear to be other factors than geographical
between their respective inertia eclipses (Fig. S3 in
distance that influence the structuring among the
the Supplement), while the second axis of DA sepasamples as the correlations of pairwise estimates of
rates NWe and NWl from the remaining sample locaRousset’s distance and geographical distance were
tions, but still with a clear overlap of inertia ellipses.
non-significant (Mantel test; Z = 3312, r = −0.1566,
p = 0.9). This result is supported by the Bayesian
clustering analyses that revealed a large proportion
DISCUSSION
of physical mixture among spatial sampling locations
(Fig. 3A). The first round of STRUCTURE analysis
Population genetic structure
clustered the individuals into 2 clusters (ΔK = 2) containing 159 and 158 individuals and left 127 individOceanic features, such as current patterns, temperuals unassigned (Fig. 3B). The first round of clusterature clines and bathymetry, and the physiological caing assigned mainly N E Atlantic individuals into
pacity of fishes (e.g. swimming performance and therCluster 1 (R1A) whereas Cluster 2 (R1B) contained a
BaW

BaE
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Fig. 3. Amblyraja radiata. Population structuring among the 11 samples (N = 444) using 2 rounds of hierarchical STRUCTURE
analysis. Each individual is represented by a thin vertical line, which is partitioned into K-coloured segments representing the
individual’s estimated membership fractions (q) in ΔK clusters (Evanno et al. 2005). The first round of STRUCTURE analysis revealed that the individuals were partitioned into 2 clusters (ΔK = 2) and are here given as (A) sorted by spatial sample locations
(separated by thick black lines) and (B) sorted by an individual’s estimated membership (q) to a cluster, given the q-value
thresholds of 0.3 and 0.7. Using the q-value thresholds to assign the membership of an individual to each of the 2 inferred clusters (R1a, R1b) left some of the individuals unassigned (R1Un). The relative proportion of individuals from each of the spatial
sample locations in each of these clusters is given in (C). The 2 inferred clusters and the unassigned individuals were included
in the second round (Runs 2 to 4) of STRUCTURE analyses, where the q-value thresholds for an individual’s membership to a
given cluster were increased to 0.2 and 0.8 (D). The identified clusters for these 3 STRUCTURE runs are labelled R2a–b, R3a–
c and R4a–b. The relative proportions of individuals from each sample in each of the inferred clusters are given in (E). Colour
key: Barents Sea east (BaE), Barents Sea west (BaW), Northeast Greenland (NEGr), Norwegian fjords (NF), Northwest Atlantic
early maturing (NWe), Northwest Atlantic late maturing (NWl), the North Sea (NS), Southeast Greenland (SEGr), Svalbard
east (SvE), Svalbard west (SvW) and Southwest Greenland (SWGr)
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mohaline tolerance) are well-known factors contributing to population genetic structuring of marine fishes
(e.g. Knutsen et al. 2009, Lamichhaney et al. 2012,
Teacher et al. 2013). Genetic evidence for structuring
of marine species over large spatial scales is starting
to accumulate. Most studies have focused on economically important species, such as Atlantic cod Gadus
morhua (Bradbury et al. 2010, Hemmer-Hansen et al.
2014), Atlantic herring Clupea harengus (André et al.
2011) and capelin Mallotus villosus (Dodson et al.
2007, Præbel et al. 2008), that mostly share the common feature of being highly mobile and undertake
substantial spawning migrations. Such features, along
with massive population sizes, weaken population
structure at neutral loci, since the neutral genomic
regions flow freely among populations.
Amblyraja radiata is a benthic, largely resident,
low fecund fish species with no planktonic life stage
and, considering the life history characteristics, some
of the results herein are intriguing to interpret. Although the genetic structure of sharks has received
considerable attention (e.g. Heist et al. 1996, Feldheim et al. 2001, Vignaud et al. 2014), similar studies
on skates are now catching up (Chevolot et al. 2006,
Griffiths et al. 2010, 2011, Pasolini et al. 2011, Ball et
al. 2016). By analysing the mitochondrial cytochrome
c gene for parts of the material used in the present
study, Lynghammar et al. (2014) found significant
pairwise FST values between the N E Atlantic and
NWe, and between the NE Atlantic and NWl of 0.066
and 0.133, respectively, with a global FST of 0.070.
However, Greenland samples were not significantly
different from either the N E Atlantic or the N W
Atlantic. Chevolot et al. (2007) sampled A. radiata
from its southern distributional range, including Iceland. Using variation at the mitochondrial cytochrome b gene, a global θ = 0.019 (analogous to FST)
was found, which corresponds to the level of differentiation estimated in the present study. However,
when Chevolot et al. (2007) removed the Kattegat
samples (which are close to our NS samples), the significant signal was lost. Interestingly, with the exception of the above mentioned Kattegat samples, the
N ewfoundland samples (which were sampled between our N We and N Wl sites) of Chevolot et al.
(2007) were not significantly differentiated from any
of the other locations when compared pairwise. In
contrast, significant high genetic structuring within 3
regions (global θ = 0.042 and 0.348 for microsatellites
and mitochondrial DN A, respectively), and significant isolation by distance, were found in another
European skate, the thornback ray Raja clavata
(Chevolot et al. 2006).
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The present study examines the population genetic
structure in A. radiata, and whether there is a genetic
component in the differentiated life histories (i.e.
early and late maturation). The results revealed a
high proportion of physical mixing of individuals
over large spatial scales, but also that fine scaled
structure of individuals may be present within the
North Atlantic. Importantly, the results suggest that
A. radiata may be divided into 3 major clusters in the
N orth Atlantic Ocean comprising the N E Atlantic,
Greenland and the NW Atlantic.
Although the pairwise FST distances (Table 2) were
biologically meaningful, the IBD was not significant.
The results from STRUCTURE (Fig. 3) and the DAPC
(Fig. S3 in the Supplement) indicated a high proportion of physical mixing of individuals throughout
the North Atlantic Ocean, suggesting that this species
may undertake long distance migrations. To infer
whether this result is also concordant with analysis of
mtDNA, we identified 60 individuals assigned to the
clusters R1a, R1b, and R1Un (Fig. 3B) that were also
included in Lynghammar et al. (2014) and used these
60 individuals to create a composite haplotype network (Fig. S4 in the Supplement). This haplotype
network supported the fact that structuring is based
on genotype rather than geographical location. However, long-distance migration is inconsistent with the
results of tagging experiments (Templeman 1984a,
Walker et al. 1997), and the apparent physical mixing
of individuals may originate from periods of glacial
expansions and retreats. In such a situation, populations from different geographical areas may have
shared a common refuge where reproductive isolation
mechanisms, such as assortative mating, may have
preserved a clear genetic signature among populations. In post-glacial times the individuals may then
have colonised the North Atlantic randomly and preserved their previous population signatures via assortative mating. Whether this scenario is valid remains
to be shown. However, our results also suggest that
further substructure may be present throughout the
distributional range, which may support this scenario.

Life history variation
The marked differences in size-at-maturity and
maximum size (Table 1) between the 2 samples from
the N W Atlantic, would suggest reproductive isolation, but this is not supported by our genetic analyses. Large variation in life history traits has also been
found in winter skate Leucoraja ocellata: earlier maturation and smaller maximum lengths were charac-
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teristic for the southern Gulf of St. Lawrence individuals and, although no genetic methods were applied,
splitting of the L. ocellata has been suggested (Kelly
& Hanson 2013). Based on the data obtained insofar,
and supported by data from barcoding (Lynghammar
et al. 2014), splitting of A. radiata is not recommended. However, it should be noted that the present study used alleged neutral loci, which are not
suited to reveal the early steps of speciation. When a
reproductive isolation evolves in sympatry (in the
presence of gene flow, referred to as ecological speciation; Coyne & Orr 2004), it involves an intricate
balance where genomic and phenotypic divergence
accumulate on the one side as a result of divergent
neutral selection, and face the homogenising effects
of gene flow on the other side (Gavrilets & Vose
2005). At the initial stages of divergence under gene
flow, adaptive genomic differences accumulate much
more strongly than neutral differences, as gene flow
homogenises neutral genomic regions and divergent
selection leads to the emergence of adaptive genomic regions (fitness/adaptive islands). Later in the
process, neutral genomic regions may also start to
accumulate differentially, as reproductive isolation
starts to build up (but see Coyne & Orr 2004, Feder et
al. 2013). Thus, future studies of the apparent cryptic
structure of A. radiata may benefit from adopting a
next generation sequencing approach in order to
obtain genome-wide coverage of both neutral and
adaptive loci.
Population genetic structuring is imperative when
assessing Red List status (www.iucnredlist.org), as
unknown migration barriers may prevent individuals
from repopulating depleted areas (Dudgeon et al.
2009). Taken together, the results of STRUCTURE
and DAPC analyses show a high degree of physical
mixing of individuals over large geographical scales.
However, the analyses also suggest that a fine scaled
structure of individuals may be present within the
North Atlantic and also support the results of FST estimates and the N J tree in a sub-division of the
Atlantic samples. For the purposes of conservation,
our results suggest that the 3 major clusters outlined
herein (N W Atlantic, Greenland and N E Atlantic)
should be managed separately. Finally, our results
also support that the differentiated life histories of
the NW Atlantic individuals (NWe and NWl) may not
be attributed to a genetic component.
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