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ABSTRACT: We observed significant genetic structure in a widely distributed North Atlantic
demersal deepwater fish, the roundnose grenadier Coryphaenoides rupestris (Pisces: Macrouridae). The overall estimate of genetic differentiation, based on 6 microsatellite loci (FST = 0.0152;
p < 0.0001), was elevated by samples from the periphery of the species’ range, off Norway and
Canada. Samples from the central area of distribution showed less pronounced genetic structure,
indicating more extensive dispersal and gene flow. Simulations were run to assess expected patterns of genetic differentiation under 2 major hypotheses of gene flow: passive larval drift and
demographic diffusion. In spite of the relatively long duration of the pelagic egg and juvenile
phases, no correlation was found between observed pairwise FST values and those predicted
under the hypothesis of drift of progeny by ocean currents. The observed pattern may instead
arise from a combination of bathymetric barriers limiting deep pelagic mixing and advection,
early life ontogenetic changes in vertical distribution, and limited migration once a benthopelagic
life style has been established.
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INTRODUCTION
Marine populations were until quite recently assumed to represent open systems with pronounced
gene flow as a result of high levels of dispersal
during early life stages (for review, see Caley et al.
1996). However, observations of genetically and
demographically structured populations of many
marine species, including species with considerable
long-range dispersal potential, suggest that the
openness assumption may not be generally valid
(Jones et al. 1999, Cowen et al. 2006, Almany et al.
2007, Jorde et al. 2007, Planes et al. 2009). These
findings have catalyzed new studies on largely unclear underlying structuring mechanisms and pro-

cesses (Pineda et al. 2007). Nevertheless, very few
studies actually combine data from several sources
with the aim of proposing mechanisms sustaining
population structure (but see Ciannelli et al. 2010,
Selkoe et al. 2010).
The benthopelagic roundnose grenadier Coryphaenoides rupestris of the predominantly deepwater teleost family Macrouridae inhabits continental, island, and seamount slopes of the North Atlantic
and the mid-Atlantic Ridge. Shibanov & Vinnichenko
(2008) summarized the existing theories and data on
population structure of the roundnose grenadier and
concluded that there is no consensus on the issue.
Stock structure schemes adopted by The International Council for the Exploration of the Sea (ICES)
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for management purposes are tentative and based on
assumed rather than documented population separation between subareas where fisheries occur
(Lorance et al. 2008). Previous studies detected significant genetic differences between populations
sampled on the continental slopes of the NE and NW
Atlantic (isozyme studies by Logvinenko et al. 1983
and Dushchenko & Savvatimskii 1987), and between
2 sites on the mid-Atlantic Ridge north and south of
the Charlie-Gibbs Fracture Zone (microsatellite
study by White et al. 2010). These previous genetic
studies considered only limited parts of the species’
basin-wide distribution area. Here, we extend the
geographic range of sampling to the entire geographic distribution area and combine genetic
(microsatellite) data with information on potential
structuring forces such as ocean circulation patterns
and bathymetry and configuration of landmasses.
This is equivalent to a ‘landscape’ genetic approach
which has proven successful in revealing mechanisms underlying genetic structure in several shallow-water fishes (Manel et al. 2003, Jørgensen et al.
2005, Kenchington et al. 2006, McCairns & Bernatchez 2008).
Identification and delineation of populations is central in ecology (Waples & Gaggiotti 2006), and a key
challenge is understanding mechanisms underlying
observed population structure and distribution patterns, i.e. what processes that facilitate
or prevent connectivity over the species’
range. In the case of deepwater fish that
are utilized commercially, the need for
population structure information has
been recognized for a long time. Accordingly, the present study had a 2-fold aim,
i.e. (1) to analyze population structure
and propose structuring mechanisms of
a widely distributed deepwater fish
inhabiting continental slopes and midocean ridges, and (2) to enhance the
quality of advisory efforts on the roundnose grenadier as a prominent commercially exploited species of the North
Atlantic (e.g. Lorance et al. 2008).

the continental slopes from Spain to north Norway in
the East Atlantic (Geistdoerfer 1986), from north of
the Azores to Iceland in the Mid-Atlantic (Bergstad et
al. 2008), and from Cape Hatteras to Baffin Island
and East Greenland in the West Atlantic (Atkinson
1995). It also occurs in Norwegian fjords and continental shelf troughs, including the deep Skagerrak
(NE North Sea, Eliassen 1983, Bergstad 1990; Fig. 1).
The species first became targeted as a fishery
resource in 1967 in the Northwest Atlantic (Atkinson
1995), and later fisheries developed in other parts of
the range. In slope waters of the NE Atlantic (ICES
Areas VI, VII, Vb), the spawning biomass may have
fallen to approximately 30% of that of the virgin
stocks (ICES 2002). The fisheries developed prior to
the introduction of exclusive economic zones and
decades before the currently enforced regulations.
The majority of roundnose grenadiers presently
fished in NE Atlantic are 18 yr old or younger, but the
species can become substantially older, and the oldest individual recorded was 72 yr (Bergstad 1990).
Females mature at 8 to 10 yr old (Bergstad 1990),
which is relatively late compared to typically
exploited fishes from shallower waters.
Adult roundnose grenadiers have been recorded in
all parts of the distribution area, and spawning is
most likely geographically widespread (Atkinson
1995). Several studies report spawning in late

MATERIALS AND METHODS
Species
The roundnose grenadier lives in the
North Atlantic at 180 to 2200 m (Geistdoerfer 1986). It is widely distributed on

Fig. 1. Coryphaenoides rupestris. Distribution of roundnose grenadier
throughout the North Atlantic. Expected distribution is modified from
www.fishbase.org (Froese & Pauly 2000); relative probability of occurrence ranges from 0.01–0.19 (pale yellow) to 0.8–1.00 (red). Open circles
mark sample sites (see Table 1 for abbreviations and details), and grid
squares (cf. Fig. 2) represent hypothetical ‘populations’ used in computer
simulations
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Table 1. Coryphaenoides rupestris. Samples and sample localities of roundnose grenadier. For each sample, the table presents
the abbreviated name, the sample position (latitude and longitude, in decimal degrees), the number of fish sampled, their
average weight and pre-anal fin length, and the depth range of the collection. na: not available
Sample locality

Skagerrak
Trondheimsleia
Rockall
Rosemary Bank
Irish slope

Abbreviation

SK01
SK08
TL
RA06
RA07
RB
IR

Mid-Atlantic Ridgea MR
Greenland
GR
Canada
CA

Lat.

Position
Long.

58.377
58.377
64.200
57.229
56.855
59.090
62.500
61.800
61.901
52.976
64.200
55.447

9.910
9.910
5.600
−13.015
−16.005
−10.002
−3.160
−4.110
−3.010
−34.869
−36.000
−56.063

Sample
size
(n)

Ungutted
weight (g)
mean (SD)

Pre-anal
fin length (cm)
mean (SD)

Depth (m)

Date

96
96
99
96
96
91
22
25
49
96
55
96

462 (272)
315 (135)
926 (182)
442 (239)
889 (432)
na

12.9 (2.42)
11.1 (1.85)
17.5 (1.43)
12.53 (2.06)
15.93 (3.18)
19.61 (2.04)

490−520
380−500
300−350
300−850
950
900
na

550 (299)

14.26 (2.83)

267 (323)
342.2 (275)
na

9.7 (0.4)
11.11 (4.61)
10.31 (2.24)

Nov 01
Feb 08
Aug 04
Nov 06
Nov 07
Sep 07
Nov 06
Nov 06
Nov 06
Jul 04
Jun 03
Oct/Nov 04

1237−1296
1090−1114
632−1736

a

Also analyzed by White et al. (2010)

autumn and mid-winter, but timing and duration
may vary between subareas (Bergstad 1990 and references therein). Most subareas of the range are connected by continuous slopes or ridges with depths
corresponding with the depth distribution observed
for the species. The general openness of the majority
of the species’ range might be expected to facilitate
dispersal by migration. Exceptions may be apparently isolated spawning areas separated by shallow
sills in Norwegian fjords and in the Skagerrak
(Bergstad & Gordon 1994). However, the grenadier is
presumed to have restricted adult dispersal capability (e.g. Shibanov & Vinnichenko 2008), and there is
no evidence of major horizontal migration.
There is no comprehensive understanding of egg
and larval drift throughout the distribution area of
the species, but some information exists on vertical
and horizontal distribution of pelagic juveniles in
specific subareas. Eggs are presumably spawned
near the seabed but become epipelagic (0−200 m
depth) or mesopelagic (200−1000 m). In the Skagerrak, eggs were observed in the autumn at 150 to
500 m, mainly at 200 to 350 m, but not in the upper
epipelagic zone (Bergstad & Gordon 1994). The early
juvenile stages also occur mesopelagically, but at
increasing depths with increasing body size (Merrett
1978, Bergstad & Gordon 1994). In the Skagerrak,
most juveniles had become demersal after 6 to 7 mo,
but timing and duration of the pelagic juvenile period
presumably vary over the range of the species. The
species undertakes extensive seasonal and diurnal
migrations up and down slopes, and into the water
column, presumably to forage (Pechenik & Troyanovsky 1971, Haedrich 1974, Bergstad 1990).

The long pelagic phase suggests that the roundnose grenadier has considerable potential for passive
dispersal by ocean currents during the early life
stages (e.g. Scott & Scott 1988). In extensive surveys
of the mid-Atlantic and the Irminger Sea, Vinnichenko & Khlivnoy (2008) claimed that observations
of mesopelagic juveniles above the mid-Atlantic
Ridge and in the Irminger Sea, where the bottom
depth is 1200 to 3200 m, do support extensive ‘passive migrations’ during the early life stages. However, most other studies indicate that catches of
mesopelagic juveniles are closely related to areas
where demersal juveniles and adults are also abundant. Hence, larval drift remains a potential but so far
untested hypothetical mechanism for gene flow and
population connectivity in the roundnose grenadier.

Sampling
In total, 917 specimens of Coryphaenoides rupestris were made available for the genetic studies
(courtesy of a number of colleagues and projects). All
were sampled by bottom trawls on research vessels
and were large specimens that had attained the demersal life style. The samples represented 8 localities
spanning the North Atlantic distribution area of the
species (cf. Fig. 1, Table 1). From 2 of the localities,
Skagerrak and Rockall, temporal replicates were
available. The Rockall replicates were sampled on
either side of the bank and were perhaps too distant
to be regarded as stringent temporal replicates. In
addition to sampling position, date, and depth, most
samples also had data on individual pre-anal fin
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length and body weight (cf. Table 1). White skeletal
muscle was collected from fresh specimens and preserved in 96% ethanol at sea, or newly caught fish
were frozen immediately on board ship and prepared
later on, in the laboratory.

Genetic analysis
DNA was extracted from ethanol-preserved muscle tissue, using a Viogene extraction kit. We applied
Eppendorf 5 Prime Taq DNA polymerase for the PCR
reactions, using the supplied self-adjusting magnesium 10× buffer. Screenings of 8 microsatellites, Crup
1 through 8, were carried out using published protocols (Knutsen et al. 2008), and separated using a capillary CEQ 8000 (Beckmann) automated sequencer.
Seven of the 8 loci were easy to score and generally
of high quality. One locus (Crup5) was highly polymorphic and displayed a moderate PCR stuttering.
Several PCR re-runs were performed for this locus to
ensure consistent genotype scorings. To minimize
genotyping errors, all interpretations of fragments
were scored independently by 2 trained observers.
Disagreements were re-analyzed repeating the PCR
in order to avoid misclassification of alleles and genotypes. Genotypes that remained uncertain after replicate PCR and separation runs were omitted from
further considerations. We applied Microchecker
(Van Oosterhout et al. 2004) to test for large allele
drop-out, stuttering, or null alleles. Potential null
alleles were detected at 2 loci (Crup 4 and Crup7) in
several samples; we therefore ignored these 2 loci
and used the remaining 6 in all further statistical tests
and estimates.

Statistical analysis
Genetic variability was characterized at each locus
and averaged over loci by gene diversity HT (Nei &
Chesser 1983) and number of alleles at each locus.
Deviations from Hardy-Weinberg (H-W) genotype
proportions were estimated by F IS (Weir & Cockerham 1984) and tested (2-sided probability test) with
the GENEPOP software (ver. 4.0: Rousset 2008). In
order to control type I statistical errors in multiple
tests, we applied the false discovery rate (FDR)
approach of Benjamini & Hochberg (1995). That is,
the ordered p-values of the m tests (here: 60 tests),
indexed Pi, and the null hypothesis was rejected if Pi
< i/m × 0.05. We also estimated F IS values for individual alleles in each locality, using FSTAT (version

2.9.3.2, 2002; Goudet 2001), in order to check
whether deviations from H-W were consistent with
population mixing (Wahlund effect). Tests for natural
selection were carried out using a simulation-based
approach (Beaumont & Nichols 1996) implemented
in the LOSITAN Selection detection Workbench (Antao
et al. 2008). Note that because of the low number of
loci (6), the statistical power may be low in this test
(cf. Beaumont & Nichols 1996).
Genetic differences among localities were quantified by FST, using Weir & Cockerham’s (1984) estimator θ, over all samples and among pairs of samples.
Allele frequency differences among samples were
tested for with exact tests, using GENEPOP. We evaluated statistical ‘significances’ of multiple pairwise
tests for heterogeneity (45 tests) using the FDR
approach, as described above. In order to test for
temporal stability in our data, we also performed an
analysis of molecular variance (AMOVA: Excoffier et
al. 2005) comparing genetic differentiation among
temporal replicates within localities (Rockall and
Skagerrak) to the among-localities component.
The BARRIER software (ver. 2.2; Manni et al. 2004)
was used to infer and to visualize spatial genetic patterns. As input for the program, we used sample coordinates (Table 1) and pairwise FST estimates along
all pairs of localities (pooling temporal replicates).
This method identifies the coarse structure (‘genetic
barriers’) in the data, and ranks the relative importance of these barriers, subject to the limitations that
it only compares adjacent (non-disjunct) populations.
As an alternative visualization tool, we estimated
pairwise genetic distances (DA: Nei & Chesser 1983)
among samples as input data to a multi-dimensional
scaling ordination (MDS) in the XL-STAT software
(Addinsoft). Finally, genetic structure was further inspected with an assignment test, Geneclass 2.0 software (Piry et al. 2004) in a Bayesian approach with
the option ‘self-classification of reference data’
where individuals are assigned to the population of
most likely origin (Rannala & Mountain 1997).

Computer simulations of gene flow
In addition to the above largely descriptive methods, we compared the pattern of pairwise FST values
to simulated values in order to evaluate mechanistic
hypotheses on population connectivity and gene
flow. Two alternative (but not necessarily mutually
exclusive) hypotheses were evaluated: an ‘ocean
drift’ hypothesis, whereby gene flow is assumed to be
mediated by passive drift of pelagic eggs and larvae
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with ocean currents, and a ‘demographic diffusion’
hypothesis, whereby gene flow is assumed to take
place by dispersal among geographically proximate
populations, independent of ocean currents.
For the purpose of simulations, we divided the species’ habitat into a grid of 67 approximately equal
sized squares or ‘populations’ (Figs. 1 & 2). The populations are connected through gene flow, specified in
a migration matrix particular to each hypothesis. The
basic idea is that the observed pattern of genetic differentiation at presumed selective neutral genes has
been generated by competing dispersive (random genetic drift) and cohesive (gene flow) processes. The
simulations served to determine which of the 2 hypotheses led to a pattern of genetic differences among
populations that most closely resembled the observed
pattern of pairwise FST values. Simulations took place
in 3 steps: (1) construction of migration matrices for
each hypothesis; (2) running of genetic simulations
based on those matrices; and (3) calculating and comparing simulated and observed pairwise FST values.
Computer simulations were parameterized as follows. We arbitrarily populated populations (squares
in Fig. 1) throughout the distribution range with 1000
individuals (2000 genes) in each, and scaled the other
parameters accordingly. Because only genetic drift
and migration are included, the only free parameters
are time of divergence and absolute migration rates,
directions, and relative rates being set by the models
(below). Two localities (SK and TL; see Table 1 for
location abbreviations) were isolated from each other
and from all other populations in both models. These
2 presumed isolated localities carried no relevant
information and were therefore excluded from further consideration in the simulation study.
In the hypothetical situation where gene flow
among populations is independent of ocean currents
and geographic proximity, any migration would be
equal among populations and follow the so-called
‘island model’ (i.e. Crow & Kimura 1970: formula
6.6.4). Hence, we chose a value for the average
migration rate, m, to satisfy the approximate relationship FST = 1/(4Nem + 1) for the island model. Because
Ne = 1000 had already been chosen, and the empirically derived FST = 0.0064 (among localities IR, RA,
RB, MR, GR, and CA in the continuous habitat), the
absolute number of migrants, Ne m, ought to be
approximately 40. Hence, we scaled each migration
matrix to an average of 40 migrating individuals (80
genes) per population and generation.
The migration matrices specify exchange among
all pairs of 67 populations and were generated as follows. For the demographic diffusion hypothesis, we
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simulated exchange of individuals among populations by stepwise migration, each step representing
movement to a neighboring population. Direction of
migration (8 different directions: north−south, east−
west, and diagonally) was determined at each dispersal event (step) by drawing a uniformly distributed
random number between 1 and 8. Only migration to
occupied grids, i.e. within the species’ distribution
range, was considered, and migrants that ended up
outside the range were returned to the last nonempty grid (i.e. the boundaries were reflective). Four
different variants of the model were simulated, with
maximum dispersal range of 1, 2, 3, or 4 steps, yielding 4 different migration matrices for this hypothesis
or model. Examples of dispersal in this model are
depicted in Fig. 2a for the case of a maximum of 2
migration steps.
For the ocean drift hypothesis, we applied an existing oceanographic model (the Regional Ocean Modeling System, ROMS, version 2.1) and carried out
particle drift simulations. ROMS is a 3-dimensional
baroclinic general ocean model, the development of
which is described in a series of papers (Song &
Haidvogel 1994, Haidvogel & Beckmann 1999, Haidvogel et al. 2000, Shchepetkin & McWilliams 2003,
2005). For the present study, we used velocity fields
from a simulation that covers the North Atlantic (from
20° S) and the Arctic. In the main region of interest, the horizontal resolution is approximately 20 to
30 km. There were 30 generalized bottom-following
σ-coordinate (s) levels, stretched to increase vertical
resolution near the surface and bottom. Atmospheric
forcing was obtained from the NCEP/NCAR reanalysis data (Kalnay et al. 1996, www.esrl.noaa.gov/psd/
data/gridded/data.ncep.reanalysis.html). Daily mean
wind stress, and latent, sensible, downward shortwave radiative and net long wave radiative heat
fluxes were applied as surface forcing after correcting for differences in model and NCEP surface conditions. The model simulation was started on 1 August
1980, initialized from fields from that date from a
coarse resolution (50 km grid size) simulation of the
North Atlantic and Arctic Oceans for the period 1948
to 2002 as described by Budgell (2005), and was
updated to 2007. A time step of 900 s was used. Mean
currents were stored every 3 d and used as input to a
particle tracking model.
The particle tracking model was run offline with a
1 h time step. In the horizontal, advection was calculated using a fourth-order Runge-Kutta method
adding a small uniform diffusion. The particles were
fixed in the vertical at 250 m, corresponding roughly
to the observed depth of eggs and early larval stages.
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Genetic simulations were initiated with equal allele
frequencies (2 alleles in frequencies of 0.5) in all populations, and the simulations were carried out for a
number of generations (up to 240), as follows: in each
generation, a number of emigrant genes were drawn
by replacement (i.e. binomially) from each population, and transferred to the recipient population
as specified in the migration matrix. Because the exchange among populations is generally asymmetric,
excess emigration or immigration in each population
was compensated for by adjusting local reproduction
so as to maintain constant population sizes. Reproduction within each population was simulated by random drawing with replacement the required number
of genes from the local population, and locally produced and immigrant genes were mixed and taken to
represent the new generation. FST was calculated between pairs of populations as FST = Var(q) /[q × (1 −
q)], where q is the mean allele frequency in the 2
populations and Var(q) is their sample variance.
Concordance between observations and predictions by the hypotheses were evaluated by Mantel
tests on observed and simulated matrices of pairwise
FST values. Only pairs that were represented by sampled localities (except SK and TL: see above) were
included in the comparison, which were based on
21 pairs, including temporal replicates.

Fig. 2. Coryphaenoides rupestris. Modeled gene flow among
putative ‘populations’ (grey squares, as in Fig. 1) as exemplified by 3 donors and their recipients. Numbers refer to genes
transferred to each recipient per generation, with thickness
of arrows being proportional to those numbers. (a) Demographic diffusion model, with 2 steps maximum range.
(b) Ocean drift model, with 60 d of egg and juvenile drift

Initially, particles were distributed evenly in the
whole North Atlantic from 30 to 68° N, in all areas
with bottom depth less than 2500 m (the approximate
maximum depth range of the species). In total, approximately 25 000 particles were used. Because currents at the depth of simulations (250 m) are relatively
stable over years, we chose a single year (1998), and
the particle tracking model was initialized on 1 January (assuming spawning took place in December).
Particles were transported and tracked for 30, 60, 90,
or 180 d, and we noted the grid of origin for all particles that entered any other grid during the duration of
tracking. The 4 different tracking durations represent
4 different assumed durations of the pelagic egg and
juvenile phases. Examples of particle movements (i.e.
larval drift) in the 60 d ocean drift model are illustrated for 3 populations (grids) in Fig. 2b.

RESULTS
Genetic variability in the total material (all samples), HT, varied among loci from 0.274 (Crup 1) to
0.981 (Crup 5), with a number of alleles ranging from
6 (Crup 2) to 83 alleles (Crup 5) in the pooled samples
(Table 2). Most loci conformed to H-W expectations
with average FIS over samples ranging from −0.1223
(Crup 2) to 0.0955 (Crup 1). Averaged across loci, the
point estimate of F IS was only 0.0077 (Table 2), indicating little if any evidence for a Wahlund effect.
Considering each sample and locus separately, exact
2-sided probability tests revealed 16 marginally significant (i.e. p value close to the alpha level of 0.05)
deviations, representing 2 negative and 14 positive
F IS estimates, among 60 tests. After controlling for
the FDR, only a single test remained. This significance (Crup 1 in sample SK01) was also flagged by
Microchecker, which did not report any further deviations in any sample or locus. Calculation and
inspection of F IS estimates for each allele and sample
indicated that the significant test results described
above (before FDR correction) were largely due to
unexpected homozygotes for rare alleles in a few
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Table 2. Coryphaenoides rupestris. Summary statistics for
each microsatellite locus, indicating observed number of alleles (a), average gene diversity (HT), deviation from HardyWeinberg equilibrium (FIS), and genetic differentiation
among samples (FST). P values refer to exact tests for allele
frequency heterogeneity

Locus

Genetic variability
a
HT
F IS

Crup1
Crup2
Crup3
Crup5
Crup6
Crup8

8
6
68
83
20
25

Average 35
a

Genetic differentiation
FST
pa

0.274 0.0955
0.367 −0.1223
0.956 0.0458
0.981 0.0015
0.796 −0.0248
0.853 0.0293

0.0104
0.0158
0.0215
0.0066
0.0174
0.0172

< 0.0001
< 0.0001
< 0.0001
0.0004
< 0.0001
< 0.0001

0.704

0.0152

< 0.0001

0.0077

Reported as ‘0’ by GENEPOP

individuals, and not to a general deficiency of heterozygotes. These genotypes were repeatable, and
remained unexplained, but had negligible effects
on subsequent analyses of population structure. The
Beaumont test did not reveal significant indications
of selection at any locus (data not shown).

Genetic differentiation
The combined set of 10 samples (including temporal replicate samples) displayed statistically significant genetic differentiation, with an average FST =
0.0152 (Table 2: p < 0.0001, exact test for allele frequency heterogeneity). Each locus separately also
displayed highly significant allele frequency differentiation among localities (cf. Table 2), with estimates of FST ranging from 0.0066 (at locus Crup5) to
0.0215 (Crup3).
Pairwise estimates of FST (Table 3) indicated that
most localities were genetically divergent. Pooling
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temporal replicate samples, 24 out of 28 locality pairs
were significant at the 5% level and 22 also at 0.5%
or better. All of these pairwise significances remained (at the 5% level) after FDR correction.
Briefly, samples from the more peripheral localities,
represented by Skagerrak (SK), Trondheimsleia (TL),
and Canada (CA), differed highly significantly
(p < 0.0001) from all other sites. In the central region,
Greenland (GR), the mid-Atlantic Ridge (MR), and
Irish Slope (IR) differed significantly or highly so
from most other samples, whereas Rockall and Rosemary Bank did not. Genetic structure was also
implied by the results of the individual assignment
tests, which always gave the highest log-likelihood
score for individuals to the locality where they were
sampled (51 to 80%: diagonal in Table 4).
The spatial pattern of genetic divergence was characterized and illustrated graphically with BARRIER
and MDS plots. BARRIER (Fig. 3) identified Canada,
Trondheimsleia, Skagerrak, and Greenland, in that
order, as the 4 most divergent localities. Comparatively less genetic divergence was found between
the mid-Atlantic Ridge, Rockall, and Rosemary Bank.
The MDS plot (Fig. 4) provided a complementary, but
largely consistent view, and separated most strongly
the Norwegian samples (SK01, SK08, and TL),
Canada, and perhaps Greenland from the remainder.

Temporal stability
We had temporal replicate samples from 2 of the
sampled localities, one representing a divergent and
putative isolated population in the Skagerrak, and
the other (Rockall) from the less divergent region.
The AMOVA of temporal and spatial divergence
among these 4 samples revealed a spatial (among
groups) component FCT = 0.026 (p < 0.0001) and

Table 3. Coryphaenoides rupestris. Estimates of pairwise genetic differentiation (FST) among samples (above diagonal) and
p values from exact tests of allele frequency heterogeneity (below diagonal). P values in italics remain significant after controlling for the false discovery rate (FDR). Site abbreviations as in Table 1

SK01
SK08
TL
RA06
RA07
RB
IR
MR
GR
CA

SK01

SK08

TL

RA06

RA07

RB

IR

MR

GR

CA

–
0.7573
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0004
–
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0149
0.0188
–
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0.0228
0.0290
0.0204
–
0.0017
0.0154
0.0119
0.0097
0.0075
0.0000

0.0284
0.0341
0.0182
0.0044
–
0.3678
0.0082
0.4557
0.0983
0.0000

0.0252
0.0306
0.0183
–0.0002
0.0004
–
0.0040
0.0052
0.0011
0.0000

0.0187
0.0274
0.0158
0.0036
0.0071
0.0042
–
0.0011
0.0599
0.0000

0.0229
0.0289
0.0147
0.0055
0.0015
0.0028
0.0078
–
0.0020
0.0000

0.0184
0.0245
0.0174
0.0033
0.0066
0.0069
0.0016
0.0088
–
0.0001

0.0178
0.0204
0.0205
0.0123
0.0202
0.0167
0.0111
0.0190
0.0077
–
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Fig. 3. Coryphaenoides rupestris. BARRIER-inferred gene flow patterns among sample localities (see Fig. 1, Table 1) based on
6 microsatellite loci. Numbers and thickness of red bars denote the rank of importance of the respective barrier (where all bars
are supported by 4 or more loci)
Table 4. Coryphaenoides rupestris. Percentage of individuals assigned to (i.e.
having the highest likelihood of belonging to) each of the sampled localities
calculated from multilocus genotypes using the GENECLASS 2.0 software. Site
abbreviations as in Table 1
Sample
SK01 SK08
SK01
SK08
TL
RA06
RA07
RB
IR
MR
GR
CA

63
15
2
0
6
1
1
2
0
2

14
68
2
3
0
1
2
0
4
3

TL
8
5
80
1
3
9
8
1
0
4

Assigned to
RA06 RA07 RB
2
3
2
59
7
15
8
7
5
3

1
0
1
7
56
7
4
8
0
3

3
0
5
11
16
51
10
5
9
8

IR

MR

GR

CA

0
1
5
4
1
7
51
3
4
6

5
2
1
5
5
2
2
64
4
3

2
3
1
3
4
7
7
3
69
6

2
3
1
5
1
1
6
6
2
60

temporal (within groups) component
FSC = 0.0025 (p = 0.08). Here considering each locality separately, the
Skagerrak samples, collected in 2001
and 2008, were similar (FST = 0.0004,
Table 3) and not significantly different (p = 0.7573; exact heterogeneity
test), thus verifying the genetic
integrity of this locality. At Rockall,
the 2 temporal replicates from 2006
and 2007 were more different (FST =
0.0044; p = 0.0017). However, the
temporal replicates from Rockall
were not sampled at exactly the same
site (separated by ca. 180 km), and
the observed difference may reflect
some spatial heterogeneity. The difference between the Rockall 2006
and 2007 samples was at the same
level as those between Rockall and
the 2 other localities on the European
slope, i.e. from FST = −0.0002 with
Rosemary Bank to 0.0071 with the
Irish Slope (Table 3). Hence, divergence within European Slope sites
seemed generally low.

Comparison of genetic data with
models of dispersal and gene flow

Fig. 4. Coryphaenoides rupestris. Patterns of distribution of sample localities
revealed by multidimensional scaling (MDS) of the matrix of genetic distances
(DA; Nei & Chesser 1983; Kruskal’s stress = 0.195). Sample abbreviations are
given in Table 1

Pairwise observed FST values
(Table 3) for the continuous habitat
(i.e. excluding SK and TL) were compared to the computer-simulated
gene flow models in Fig. 5, depicting
the situation after 120 generations.
Clearly, the ocean drift model (right
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panels) failed to recover the observed pattern of differentiation. The lack of fit probably arose from this
model allowing too little gene flow (cf. Fig. 2b)
among the central and Eastern Atlantic sites (MR,
RA, and RB), thus predicting larger FST among these
localities than observed. During simulations, this
resulted in an overall negative but non-significant
Mantel test in early generations (at 30 generations:
the standardized Mantel z-statistic, r, varied from
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−0.1 to −0.2, depending on drift duration: data not
shown) that tended towards 0 with increasing time
for all 4 larval drift durations (Fig. 5e−h). None of
these comparisons was statistically significant from 0.
The demographic diffusion model predicted a better fit to observations than did the ocean drift model
(Fig. 5a–d). Correlations between observed and simulated FST values were positive for all 4 model versions at all times, and significantly so for the 2-step

Fig. 5. Coryphaenoides rupestris. Comparisons of observed (vertical axes) and simulated (in generation 120; horizontal axes)
FST-values among pairs of samples from the continuous habitat (i.e. excluding samples SK and TL). Two different dispersal
models each with 4 different parameter values (a−d and e−h, respectively) are compared. r and p values refer to the Mantel
test of observed and simulated pairwise values, and the dotted line is the linear regression
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version at 120 generations (Fig. 5a−d). All 4 became
nominally significant in later generations (r from 0.4
to 0.5; p from 0.049 to 0.021 in generation 240: not
shown) with the 2-step version yielding a marginally
better fit at r = 0.5; p = 0.021. Because dispersal in the
demographic diffusion model was restricted geographically (cf. Fig. 2a), the fit with observations indicated an isolation by distance effect on genetic structure within the continuous habitat. In absolute terms,
the best fit was not very high, however, perhaps
because the model predicted too little gene flow
among the neighboring RA and RB localities in the
east and too much to CA in the west.

DISCUSSION
Based on samples from throughout the species’
range and using 6 polymorphic and most likely neutral microsatellite loci, we found significant genetic
structure in the roundnose grenadier. The overall
estimate of genetic differentiation was elevated by
samples from the periphery of the species’ distribution range. The central area of distribution shows less
pronounced genetic structure, though still statistically significant for many sites, in agreement with
previous reports (White et al. 2010). Contrary to that
work, we found no evidence for selection operating
on any locus, but this negative result may reflect limited sampling in very deep localities in our case.
The most divergent localities were Skagerrak and
Trondheimsleia (a shelf trough within the island
archipelago of mid-Norway), 2 localities representing topographically isolated basins surrounded by
shallow sills or landmasses. Sill depths are 275 m
(Skagerrak) or shallower (Trondheimsleia), and
probably too shallow to be crossed by demersal life
stages of grenadier. Deep-sea circulation features
may further retain eggs and larvae within these
basins, and at least the Skagerrak is known to have a
persistent cyclonic deepwater circulation (e.g. Rohde
1989). Hence, these 2 sites most likely contain largely
isolated populations, and the combination of isolation
and local genetic drift may explain their elevated
genetic differentiation.
Apart from distinct populations in marginal localities (and probably also in other fjords of Norway
where the species is known to occur), the more or less
continuous potential range of the grenadier comprising the entire ocean margin of the Northeast
and Northwest Atlantic, the Scotland to Greenland
Ridges, and the mid-Atlantic Ridge seems less differentiated. It is presently unclear whether (adult)

grenadiers disperse across this region in numbers
sufficient to maintain genetic differentiation at the
observed low level, as no such dispersal has been
observed. On the other hand, only about 40 effective
dispersers per generation among putative local populations are enough to maintain the observed genetic similarity (see ‘Materials & methods’). Given the
rather inaccessible habitat, it is highly doubtful that
such slight numbers would have been detected.
Complementing our genetic analyses, Longmore et
al. (2010, 2011) conducted a trace element analysis of
otoliths from a sub-set of 20 to 24 individuals from
each of 4 sample sites (mid-Atlantic Ridge, Rockall,
Irish Slope, and the Skagerrak; same samples as used
in the genetic analyses), and were able to classify 74
to 100% of adult individuals to the correct site (Longmore et al. 2011). The genetic assignments reported
in the present study (Table 4) yielded qualitatively
similar findings, although with somewhat lower proportions of correct assignment (51 to 83% to site of
capture: pooling temporal samples).
The somewhat better fit between observed genetic
structure and the demographic diffusion model (cf.
Fig. 5) suggested that dispersal in the roundnose
grenadier is largely restricted to short-range movements independent of ocean currents. This observation may seem surprising given the extended pelagic
egg and juvenile stages of this species, which might
be expected to result in transport of individuals over
considerable distances (cf. Fig. 2b).
A plausible explanation for the apparent lack of importance of long-distance transport of eggs and larvae
may be that grenadier larvae are not passive particles,
and that their depth distribution and behaviour may
reduce the risk of being advected by ocean currents.
Merrett & Haedrich (1997) showed how the depth distribution of pelagic juveniles increased with increasing size, and also indicated that juveniles tend to
occur deeper as they grow larger. Results from otolith
microchemistry analysis of roundnose grenadiers also
suggest that larvae and juveniles move to deeper
waters as the midwater phase progresses (Longmore
et al. 2011). The move would probably position the
juveniles in weaker current regimes and reduce the
risk of being advected away from their place of origin.
Examples of restricted larval dispersal in shallow-living (0−200 m in the neritic zone) fishes in the North
Atlantic are found associated with regional circulation
features (e.g. Sinclair 1988, Buonaccorsi et al. 2002,
Cowen 2002, Ciannelli et al. 2010).
Our findings do not lend support to a hypothesized
single ‘superpopulation’ in the entire distribution
range, nor that of (only) 2 self-sustaining populations
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in the North Atlantic and on the European slope, as
proposed by some earlier workers (summarized by
Shibanov & Vinnichenko 2008). Instead, our genetic
results, as exemplified by highly significant allele
frequency differences (Table 3), coincide with previous genetic studies (Logvinenko et al. 1983, Dushchenko & Savvatimskii 1987) and with otolith microchemistry results (Longmore et al. 2011), and suggest
the existence of several, partly interconnected, populations throughout the species’ range. This conclusion seems in line with one of the earlier Russian theories (Troyanovsky & Lisovsky 1995, Shibanov &
Vinnichenko 2008), suggesting several populations
inhabiting different subareas.
In order to put the genetic structure of the roundnose grenadier into perspective, we compared FST
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estimates among sample pairs over similar geographic scales for other fishes with a northern, transAtlantic distribution (Fig. 6). Quantitatively, genetic
divergence in the roundnose grenadier is similar to
that observed in Atlantic cod (O’Leary et al. 2007,
reanalyzed excluding locus Gmo 34, which is potentially under selection in the Barents Sea: Nielsen et
al. 2006, and also excluding the isolated Baltic sample), while larger than in 2 other deep sea fishes
(Greenland halibut: Knutsen et al. 2007; tusk: Knutsen et al. 2009). Qualitatively, the patterns differ
among species, with Atlantic cod and Greenland halibut displaying a stronger isolation by distance trend,
i.e. FST values increase more linearly with geographic
distance. In the roundnosed grenadier, as in the tusk,
factors other than distance, such as bathymetric barriers, seem to more strongly affect
genetic divergence and population
connectivity than in the more mobile
Atlantic cod and Greenland halibut.

Management implications

Fig. 6. Comparative plots of genetic diversity (FST) between samples separated at different geographic (Euclidean) distances for North Atlantic fishes:
(a) roundnose grenadier Coryphaenoides rupestris (this study: all samples included); (b) tusk Brosme brosme (Knutsen et al. 2009); (c) Atlantic cod Gadus
morhua (recalculated from allele frequencies in Appendix I of O’Leary et al.
2007, excluding locus Gmo 34 and the Baltic sample); (d) Greenland halibut
Reinhardtius hippoglossoides (recalculated from Knutsen et al. 2008, excluding 3 loci with null alleles). The lines indicate the linear regression of FST on
distance. The scale is the same in all figures

Many deep-sea fishes of commercial interest are widely distributed
both in deep shelf areas, on continental slopes, and on the mid-ocean
ridges and seamounts. Fisheries for
the roundnose grenadier were conducted in many parts of its range,
starting in the 1960s, increasing in
the 1980s, and declining in the most
recent years due to low profitability
and stricter management (e.g. Atkinson 1995, Troyanovsky & Lisovsky
1995, Lorance et al. 2008, Shibanov
& Vinnichenko 2008). Management
advice depends on an understanding
of population structure to define
management units, i.e. ‘stocks,’ and
their geographical ranges. Our finding of genetic differentiation patterns
demonstrates that the roundnose
grenadier is structured at various
geographic scales. Parts of this structure, notably in peripheral (CA) and
bathymetrically isolated basins (SK
and TL), obviously represent distinct
biological populations with limited
present connectivity. In other areas,
off the British Isles (IR, RA, and RB),
the magnitude of genetic structure is
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weaker and less clearly defined. This lack of definition could reflect that samples from this area
represent a single, widespread population. On the
other hand, a recent study of coastal Atlantic cod
(Knutsen et al. 2011) reported highly restricted
connectivity (less than 0.5% adult fish exchanged
per year) among 2 populations that were only
weakly differentiated at microsatellite loci (average
FST = 0.0037). This level is similar to what we
found herein among, e.g. GR, MR, RA, and RB
(Table 3), and we cannot exclude the possibility
that some of these sites represent distinct biological
populations. Moreover, this study does not provide
a full account of populations throughout the
species’ range. Whether the possibly many different populations of roundnose grenadier require
separate management strategies depends on many
factors not considered here, e.g. spatial heterogeneity in population dynamics, exploitation history, and an evaluation of effectiveness of the
already implemented wide-ranging management
actions.
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