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Executive Summary

Stock structure of Sebastes mentella in the Irminger Sea and adjacent areas was re-
viewed and synthesized to determine the most parsimonious view of stock structure
that is consistent with all information available. ICES currently provides advice for S.
mentella fisheries as two distinct management units: 1) a demersal unit on the conti-
nental shelf and 2) a pelagic unit in the Irminger Sea and adjacent areas. However,
the current advisory units are an interim procedure until a comprehensive review of
stock identification information could be provided.

The workshop began by defining all a priori hypotheses, then reviewing case studies
related to population structure in the context of those hypotheses. Case studies were
reviewed within the scientific disciplines of geographic distribution (e.g., fishing
grounds, survey data of early life stage, juveniles and adults), genetic variation (e.g.,
allozymes, mitochondrial DNA, nuclear DNA), phenotypic variation (e.g., life history
traits, morphology, fatty acid composition) and connectivity (e.g., larval dispersal,
natural tags and artificial tags) to form a general conclusion about stock structure
from the perspective of that discipline. An interdisciplinary evaluation was formed
by synthesizing information from each discipline to develop a holistic perspective on
biological stocks. Each of the a priori hypotheses was tested using the most objective
information available. Recommendations for practical management units considered
geographic delineations that most accurately reflect the consensus on biological stock
structure.

Based primarily on genetic information (i.e., microsatellites), and supported by other
information on stock structure, WKREDS concludes that there are three biological
stocks of S. mentella in the Irminger Sea and adjacent waters:

1) a’Deep Pelagic’ stock (NAFO 1-2, ICES Vb XII XIV >500m),
2) a’Shallow Pelagic’ stock (NAFO 1-2, ICES Vb XII XIV <500m), and
3) an ‘Icelandic Slope’ stock (ICES Va XIV).

Although biological stocks of S. mentella are partially defined by depth, WKREDS
recognizes that definition of management units by depth and the associated fishery
monitoring by depth would be impractical. Therefore, three management units are
recommended that are based on geographic proxies for biological stocks that mini-
mize mixed-stock catches:

1) a’Deep Pelagic’ management unit in the northeast Irminger Sea (defined by
the spatial distribution of the deep, pelagic fishery (see section 6),

2) a’Shallow Pelagic’ management unit in NAFO areas 1 and 2, ICES areas Vb,
XII, XIV (outside of the deep,pelagic area), and

3) an ‘Icelandic Slope’ management unit that is north and east of the existing
‘redfish line.
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Opening of the meeting

The Study Group on Redfish Stock Structure (WKREDS) met at ICES Headquarters
22-23 January 2009 to review all reported material on the stock identity of the various
redfish units (Sebastes mentella) in the Irminger Sea and adjacent waters and identify
the most likely definition of biological stocks of S. mentella and suggest practical
management units. WKREDS was also asked to respond to a request by NEAFC.
"NEAFC requests ICES to provide information concerning the timing and areas of larval ex-
trusion of Sebastes mentella in the Irminger Sea in the light of the need to ensure recovery of
this stock in ICES Sub-areas V,XII, X1V and NAFO Divisions 1F and 2 GH]." Information
on timing and areas of larval extrusion are provided in section 4.1 (geographic distri-
bution).

Given that WKREDS met for only two days, much of the work was completed by cor-
respondence. The agenda and methodological approach were developed before the
meeting, and many workshop members contributed case study reviews by corre-
spondence prior to the meeting. During the meeting, case study reviews were dis-
cussed, and a workshop consensus was developed on each agenda item. After the
meeting, workshop members continued to work by correspondence to draft the re-
port.

Thirteen participants attended the workshop:

Steve Cadrin, chair USA
Yuri Bakay Russia
Matthias Bernreuther Germany
Konstantin Drevetnyak Russia
Einar Hjorleifsson Iceland
Torild Johansen Norway
Kristjan Kristinsson Iceland
Stefano Mariani Ireland
Sergey Melnikov Russia
Cristophe Pampoulie Iceland
Jakup Reinert Faroe Islands
Thorsteinn Sigurdsson Iceland

Christoph Stransky Germany
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Five other participants made substantial contributions by correspondence:

Lisa Kerr USA
Kjell Nedreaas Norway
Fran Saborido-Rey Spain
David Secor USA
Christopher Zimmermann Germany

WKREDS acknowledges the substantial scientific progress made by previous initia-
tives to address the issue of stock structure of redfish in the Irminger Sea and adja-
cent areas, including the Study Group on Redfish Stocks, the EU Redfish Project, the
Faroese Redfish Project, and the Study Group on Stock Identity and Management
Units of Redfish. Much of the information reviewed here was produced by those ef-
forts.

Introduction

Introduction

Resource assessment and fishery management require precise definition of the ‘stock’
being harvested, monitored and managed. Many populations are spatially struc-
tured, with discrete subpopulations that are self-sustaining, that is they are somewhat
isolated from other subpopulations of the species, and their population dynamics are
determined more from within the subpopulation than from mixing with other sub-
populations. Accordingly, stock identification involves a comprehensive evaluation
of geographic variation and connectivity among putative stocks.

Geographically isolated stocks often exhibit measurable differences from other
stocks.  Subpopulations that have been reproductively isolated from other stocks
develop significantly different genetic compositions over time. Genetic differences
can also be expressed through phenotypic traits (i.e., characteristics that are influ-
enced by both genetics and the environment). Therefore, even partially isolated
populations can have significantly different phenotypic characters, some of which
determine a stock’s productivity (e.g., reproductive dynamics, growth, and mortal-
ity).

Connectivity can be evaluated using natural and artificial tags. Individuals inhabit-
ing different environments will incorporate natural tags, such as parasites that may
be unique to the area or chemical compositions that reflect chemistry of their sur-
roundings. Conventional and electronic tagging is also valuable for documenting
movements, connectivity and habitats.

The Study Group on Redfish Stock Structure (WKREDS) was formed to review all
reported material on the stock identity of the various redfish units (Sebastes mentella)
in the Irminger Sea and adjacent waters, identify the most likely definition of biologi-
cal stocks of S. mentella, and suggest practical management units. This report de-
scribes the Workshop’s review of the documented stock identity studies,
interdisciplinary synthesis on the most likely stock structure of S. mentella that con-
forms to all available information and recommendations for the most appropriate
management units.
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General Biology

Several aspects the life history of S. mentella and general characteristics of the genus
Sebastes influence population structure and should be considered in the determina-
tion of biological stocks. Sebastes species are widely distributed in the North Pacific,
North Atlantic and southern hemisphere. Throughout their range, Sebastes species
are adapted to a diversity of ecological niches, with overlapping spatial distributions
of different species that have little or no morphological differences (Johns and Avise
1998, Alesandrini and Bernardi 1999). For some species of Sebastes, divergence of be-
havioral groups into depth-defined habitats has led to reproductive isolation (e.g.,
Hyde et al. 2008). Sympatric diversity of the genus Sebastes is a commonly used ex-
ample of adaptive radiation, a rapid evolutionary radiation characterized by an in-
crease in the morphological and ecological diversity of a single, rapidly diversifying
lineage (Schluter 2000).

Unlike most finfishes, Sebastes species reproduce by vivipary, in which the eggs are
fertilized, develop and hatch internally. In addition to spatial and temporal isolating
mechanisms involved in formation of discrete subpopulations, mate recognition,
courtship behavior and mate choice are additional mechanisms of reproductive isola-
tion that facilitate relatively rapid divergence (Johns and Avise 1998). However,
unlike most live-bearers, species of Sebastes produce many, small larvae that are ex-
truded soon after they hatch from eggs and disperse widely as zooplankton. Rela-
tively strict reproductive constraints and extensive larval dispersal allow adaptive
radiation into a diversity of ecological niches (Rocha-Olivares 2004). The typical long
life span of Sebastes species also tends to promote adaptation to diverse habitats
(Mangel et al. 2007). S. mentella exhibits all of these traits that tend to facilitate diver-
gence within populations.

History of research on Sebastes mentella stock structure

The chronological advancement of research on S. mentella is parallel with fishery de-
velopment. The fishery traditionally targeted mixed redfish species on the continen-
tal slopes of Iceland, Greenland, and the Faroe Islands, and a pelagic fishery
developed in the Irminger Sea in the early 1980s (Sigurdsson, et al. 2006). Icelandic
researchers considered that the pelagic fishery targeted a separate stock than the tra-
ditional demersal fisheries, and the pelagic stock (referred to as ‘oceanic” redfish) can
be discriminated from the ‘deep-sea’ stock on the basis of darker, patchy skin color,
heavy parasite infestations and associated muscle spots, as well as smaller size at ma-
turity (Magnuasson and Magntusson 1995). In the mid-1990s, the fishery expanded
geographically and vertically to depths greater than 500m (Sigurdsson, et al. 2006)
and the relationships between the traditional demersal resource, the shallow pelagic
resource and the newly developed pelagic, deep-sea fishery were unknown.

In 1998, the ICES Study Group on Redfish Stocks met to coordinate future research
on redfish stocks, including the acoustic survey in the Irminger Sea and adjacent ar-
eas, but recognized that stock identification was a critical issue for surveying S. men-
tella resources and managing the redfish fisheries (SGRS 1998). Information on
morphology, parasites and early genetic analyses were reviewed, but the Study
Group concluded that the evidence for one or two pelagic stocks was not conclusive.
The workshop provided recommendations for research on stock identification, in-
cluding further work on genetics, morphometrics, and parasitology as well as a man-
ual for phenotyping.



ICES WKREDS REPORT 2008 5

Beginning in 2000, a four-year research project was funded within the European
Commission's Fifth Framework Programme to study population structure, reproduc-
tive strategies and demography of redfish in the Irminger Sea and adjacent waters
(ICES V, XII and XIV; NAFO 1), hereafter referred to as the ‘EU Redfish Project’
(Anon. 2004; www.redfish.de). The main workpackage of the project was stock iden-
tification. The project involved collaborative sampling efforts, and the report com-
piled studies on genetics, morphometrics, reproduction and maturation, otolith
shape, otolith chemistry and growth. A related initiative was funded by the Faroe
Islands, which included analysis of genetics, morphometrics, otolith chemistry, and
fatty acids (Joensen 2002). The consensus summary statements from all partners was
that morphometric and otolith analyses did not indicate stock structure in the
Irminger Sea and adjacent areas, but genetics revealed weak, significant differences
between demersal, ‘oceanic’ (<500m) and ‘deep-sea pelagic’ components (Anon.

2004). However, the research partners disagreed on the cause of genetic differences.
Some partners interpreted genetic differences as an indication of reproductive isola-
tion among three distinct subpopulations of S. mentella in the Irminger Sea and adja-
cent areas. Other partners maintained a one-stock hypothesis, and interpreted
genetic results as an artifact of age-related effects, misrepresentative sampling, or se-
lection, because the genetic differences appeared to contradict other life history pat-
terns.

The one-stock hypothesis is elaborated by Saborido-Rey et al. (2004), who reviewed
the existing knowledge on ecology of S. mentella in the Irminger Sea and adjacent wa-
ters to determine population structure. Their conclusion was based on deductive in-
ference of a continuous distribution of larvae in the Irminger Sea, a common nursery
area on the Greenland Shelf, and a succession of ontogenetic stages that suggest
movement from nursery areas, to shallow areas, then to deep pelagic habitats. The
authors refute genetic differences among groups, because they may result from ge-
netic drift, selection or temporal variation (i.e., age dependency).

As the EU Redfish Project was in the final stages of documenting final results, the
ICES Study Group on Stock Identity and Management Units of Redfishes met to re-
view all stock identification material, identify most likely biological stocks and sug-
gest practical management units (SGSIMUR 2005). Information from the EU and
Faroese Redfish projects as well as spatial analyses of fishery and survey data were
reviewed. The Study Group concluded that there is population structure of S. men-
tella, but the nature of the structure (i.e., reproductively isolated groups or demo-
graphic groups) is not clear. Research recommendations were that microsatellite
analyses were the most reliable approach to stock identification, sampling should be
based on locations rather than “phenotypes,” and temporal stability of all geographic
differences should be evaluated (SGSIMUR 2005).

In 2007, the ICES Stock Identification Methods Working Group (SIMWG) was asked
to liaise with the North-Western Working Group on the stock identification issues
related to redfish. SIMWG reviewed a document on “Population structure of S. men-
tella in the North Atlantic with regard to international Norwegian waters in the Nor-
wegian Sea: Spatial and temporal dimensions” and requested further details on how
microsatellites were analyzed, the source of DNA for archived samples, and a table
with pair-wise comparisons among collections (SIMWG 2007). The requested analy-
ses were subsequently provided to SIMWG, and in 2008, SIMWG concluded that
there are at least three different stocks of Sebastes mentella: 1) Western Icelandic shelf,
2) Deep Irminger Sea and Western Faroe, 3) all other localities between the shallow
Irminger Sea off Newfoundland to Norwegian waters (SIMWG 2008). SIMWG sug-
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gested that a workshop should be held, involving all redfish experts and stock identi-
fication experts to consider all evidence for stock structure of S. mentella in the
Irminger Sea and vicinity.

ICES currently defines advisory units for S. mentella as an interim procedure until a
comprehensive review of stock identification information is available (Figures 2.1 and
2.2):

e A demersal unit on the continental shelf in ICES Divisions Va, Vb, and
XIV. In 2008, ICES concluded that the status of this stock is uncertain and
advised “that a management plan be developed and implemented which
takes into account the uncertainties in science and the properties of the
fisheries. ICES suggests that catches of S. mentella are set no higher than 10
000 t as a starting point for the adaptive part of the management plan.”
Total catch in 2007 was 17 600t (ICES 2008)

e A pelagic unit in the Irminger Sea and adjacent areas (V, XII, and XIV), in-
cluding pelagic redfish in the NAFO Convention Area. The management
advice in 2008 for this stock was “ICES advises that a management plan be
developed and implemented which takes into account the uncertainties in
science and the properties of the fisheries. ICES suggests that catches of S.
mentella are set at 20 000 t as a starting point for the adaptive part of the
management plan” (ICES 2008). Annual catches have been greater than 60
000 t since 1992.

A group of experts on redfish biology and stock identification methods were invited
to the Workshop on Redfish Stock Structure to consider new information on genetic
stock structure in the context of existing information on population structure.
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Methodological Approach

The workshop conducted its review of all information available on the stock structure
of S. mentella in stages. At each stage, the workshop developed a consensus summary
statement. All information available on each topic was reviewed and all perspectives
were considered. Some sources of information could be validly interpreted in differ-
ent ways. Therefore, the consensus statement on some issues was simply that there
was no single valid interpretation. Final conclusions and recommendations were
based on information that was not equivocal, and are robust to subjective interpreta-
tions of some information.

The procedural first step was to define all a priori hypotheses. Hypotheses were
formed according to previous reviews and advisory decisions. Hypotheses were
posed as one, two and three stock scenarios, with some variations within each sce-
nario:

e Single-Population Hypothesis
o all S. mentella resources in ICES Divisions V, VI, XII, XIV and NAFO subareas
1-2 comprise a single, self-sustaining population.
e Two-Stock Hypotheses
0 Current ICES advisory units
=  ‘Demersal’ unit on the continental shelf in ICES Divisions Va, Vb,
and XIV
* ‘Pelagic’ unit in the Irminger Sea and adjacent areas (V, VI, XII, and
XIV and NAFO subareas 1-2)
0 Depth-defined stocks
* ‘Shallow:” Irminger Sea and adjacent waters, <500m, southwest of the
‘redfish line’
*  ‘Deep:’ Irminger Sea and adjacent waters, including pelagic >500m
and demersal groups.
0 ‘Phenotypes’ (as defined by Magnuisson and Magnusson 1995, SGRS 1998

and SGSIMUR 2005)
* ‘Oceanic’
=  ‘Deep-Sea’

o  Three-Stock Hypothesis
0 ‘Slope’ (possibly including separate demersal components):
= Jcelandic shelf, northeast of the ‘redfish line’
*  Greenlandic shelf
= Faroese shelf
0 ‘Shallow Pelagic:” Irminger Sea and adjacent waters, <500m, southwest of the
‘redfish line’
0 ‘Deep Pelagic:” Irminger Sea and adjacent waters, >500m, southwest of ‘red-
fish line’

Once a priori stock structure hypotheses were defined, case studies related to popula-
tion structure of S. mentella in the Irminger Sea and adjacent areas were reviewed in-
dividually. Case studies published in the primary literature since 1995 (when the
deep-sea resource was discovered) were prioritized. Five criteria were used to form a
consensus interpretation of the results from each case study:

e Was stock identification an explicit objective of the study?

e Did the samples accurately represent the hypothetical stocks?
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e Was sample size adequate to detect a meaningful difference between
groups (or to generalize movements among groups)?

e Were differences between hypothetical stocks statistically tested (or were
movements among groups quantified)?

e Was the analytical methodology sound (i.e., adequate to produce reliable
results)? The critiques and protocols described in the SIMWG publication
(Cadrin et al. 2005) served as a guide.

Workshop participants reviewed case studies using these criteria before the work-
shop, and presented their reviews at the workshop for discussion and a consensus
review. All case studies in a discipline were considered to develop a summary of all
available information within each discipline and a general conclusion about stock
structure from the perspective of that discipline.

After the multidisciplinary review was complete, each perception of stock structure
was considered for an interdisciplinary evaluation. Conclusions on geographic dis-
tribution, geographic variation, and connectivity were integrated for a holistic per-
spective on biological stocks. The final stage of evaluating biological stock structure
involved consideration of each of the a priori hypotheses, identification of information
that rigorously tested the hypotheses, and evaluation of whether the information
could be used to reject hypotheses. The testing of hypotheses was based on the most
objective information available (i.e., information that was not subject to equivocal
interpretations and multiple scientific opinions). Conclusions about biological stocks
were based on the the most robust and parsimonious view of stock structure that was
consistent with the best scientific information available.

Recommendations for practical management units considered geographic delinea-
tions that most accurately reflect the consensus on biological stock structure. Defini-
tion of recommended management units accounted for the practical aspects and
limitations of monitoring fisheries and the resource. Therefore, recommended man-
agement units were geographic proxies for biological stocks that were partly defined
by depth.
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4 Information on stock identity of Sebastes mentell/a in the
Irminger Sea area
4.1 Geographic Distribution

Spatial patterns of abundance offer a basic indication of stock structure, contribute to
our understanding of isolating mechanisms or connectivity in a population, and
should be the first point of reference for identifying stock structure (Begg 2005). The
geographic range of S. mentella extends across the North Atlantic, from the Grand
Bank to the Barents Sea (Figure 4.1.1). The species’” distribution is essentially con-
tinuous throughout its range on continental shelves or in pelagic waters near conti-
nental shelves to 1000m deep (Garabana Barro 2005, Bakay and Melnikov 2008).

The EU Redfish Project included a workpackage to investigate reproductive cycles of
S. mentella through histological analysis of fishery samples (Anon. 2004). Spatial
analysis of spawning fish (i.e., with developing gonads) in fishery catches suggests
three different, but overlapping distributions of spawning fish: 1) on the Icelandic
Slope, 2) in the deep, northeast Irminger Sea and 3) the shallow, southwest Irminger
Sea (Figure 4.1.2). Although spawning areas can indicate separate or continuous
spawning groups, the viviparous reproductive strategy of S. mentella complicates any
inference of reproductive mixing. Spawning areas are where larvae are extruded, but
the seasonality of gonad development indicates that copulation occurs approximately
six months earlier (Anon. 2004), and males and females have different distributions
during larval extrusion (Magnusson and Magntisson 1995) , suggesting that the copu-
lation takes place in a different area than extrusion.

Distribution of early life history stages can reflect separate spawning groups, larval
dispersal and connectivity among spawning groups (Hare 2005). S. mentella release
their larvae from April to May (Saborido-Rey et al. 2004, Anon. 2004). Distribution of
S. mentella larvae in the Irminger Sea varies among years, with a relatively continuous
distribution in some years, and discontinuous northeast, southwest concentrations in
other years (Figure 4.1.3).

Fishing patterns reflect geographic and depth distribution of the resource. Sigurdus-
son et al. (2006) provide an overview of the development of the pelagic S. mentella
fishery, including locations, depth, season and size composition of catches. The re-
view is based on fishery samples from national reports for fleets fishing in ICES areas
Va, XII, XIV, NAFO1F, NAFO 2JH. In 1981, after exploratory surveys, a commercial
fishery began on pre-spawning and spawning schools west of the Reykjanes Ridge
(Figure 4.1.4a) from early April to mid-May at depths of 80-150m at night and 150-
250m during day. In 1994, the fishery expanded to the southwest in the NEAFC area
(Figure 4.1.4b), to depths of 600m and a longer fishing season (March to December).
Since 1996, the fishery extended even further southwest in relatively shallow water
(150-350m), eventually expanding into the NAFO area (Figure 4.1.4c). NWWG rou-
tinely updates spatial analyses of fishing effort by location (Figure 4.1.5), depth (Fig-
ure 4.1.6) and season (Figure 4.1.7).

Spatial analysis of survey data show that the shift in the fishery to the southwest
since 1996 (Sigurdusson et al. 2006) reflects a similar change in the distribution of the
resource and is coincident with environmental changes (SGSIMUR 2005). Subse-
quent to SGSIMUR, spatial distributions of S. mentella in the Irminger Sea were rou-
tinely updated by the SGRS (Figure 4.1.8).
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A synthesis of geographic distributions of S. mentella in the Irminger Sea and adjacent
waters for successive ontogenetic stages is provided by Saborido-Rey et al. (2004) and
Melnikov (2007). Shelf, deep-sea and shallow pelagic fisheries catch S. mentella with
developing gonads in separate, but overlapping areas of the Icelandic Shelf and
Irminger Sea (Figure 4.1.2). Larvae are distributed in the Irminger Sea, in more or
less continuous concentrations (Figure 4.1.3). Juveniles and adults are caught on the
Greenlandic Shelf (Figure 4.1.9). Adults are distributed across continental shelves
and in the Irminger Sea, where size distributions are larger in deep habitats (>500m)
than in shallow habitats. When the fishery expanded to deep waters of the Irminger
Sea (i.e., >500m), the average size of fish in deep water was 7cm larger (Sigurdusson
et al. 2006). Size distributions of fish caught in the deep, northeast fishery are still
generally larger than those in the shallow, southwest fishery (as indicated by fishery
samples, Figure 4.1.10, and survey samples, Figure 4.1.11). Size distributions in the
deep Irminger Sea are also bimodal is some years, suggesting recruitment from other
areas. There are no reliable age data for S. mentella to track yearclasses from nursery
grounds to adult habitats.

Reviews by Saborido-Rey et al. (2004) and Melnikov (2007) concluded that there is
one stock of S. mentella in the Irminger Sea and adjacent areas based on spatial distri-
bution of larvae, juveniles, and adults. However, several alternative inferences of
movement and connectivity between ontogenetic stages can be deduced from spatial
distributions. For example, Rikhter (1996) examined the same distributional data of
larvae, juveniles and adults to conclude that there is strong evidence of two S. men-
tella populations in the Irminger Sea. Although, distributional data offers valuable
exploratory information for developing stock structure hypotheses, it cannot be used
to rigorously test alternative hypotheses.
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Figure 4.1.1. Geographic range of Sebastes mentella.
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Figure 4.1.2. Distribution of
spawning female S. mentella
(maturity stages 3a-c) in Icelandic
waters (upper panel), pelagic, deep
sea (middle panel) and oceanic
(lower panel; from Anon. 2004).
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Geographic variation

4.2.1 Genetic Variation

Among the suite of approaches for stock identification, genetic analyses are the most
rigorous to test for reproductive isolation among population components (Begg and
Waldman 1999). The history of applying genetic methods to stock identification in-
volves early development of allozyme markers, then mitochondrial DNA (mtDNA)
characters, and most recently a series of nuclear DNA (nDNA) markers, each with
increasing sensitivity to detect genetic differences that reflect reproductive isolation.

One of the primary reasons that WKREDS was formed was to reconcile recent infor-
mation on genetic differences within S. mentella with all information on stock struc-
ture, including previous genetic research, life history patterns, phenotypic variation
and connectivity. Earlier research on genetic variation of S. mentella provided weak
or equivocal evidence for genetic structure or weak differences among locations.
However, a common scenario in the investigation of stock structure of marine re-
sources is that early studies reveal little variation among areas, but as more sensitive
molecular markers are developed and applied to the resource, new and stronger dif-
ferences are found among groups that were previously perceived to be genetically
similar (Wirgin and Waldman 2005).

Over the last decade, several molecular genetic markers have been used in studies of
S. mentella and other redfish species. These markers vary remarkably in terms of func-
tion, response to natural selection, mutational features, mode of inheritance and ana-
lytical/statistical properties. Therefore, the unique perspective of each type of genetic
was considered in the synthesis of information from different studies. Furthermore,
the sampling design and the type of statistical analyses conducted also play a signifi-
cant role in determining results.

Allozymes

Allozymes, alternative protein expressions of a genetic locus (or gene), were the first
genetic markers used to study population structure (Koljonen and Wilmot 2005). Be-
fore the discovery of the deep-sea resource, no geographic variation was detected in
allozymes of S. mentella sampled in shallow waters (<500m). Dushchenko (1986)
found polymorphism in the malic enzyme (MEP), but allozyme frequencies were not
different among six shallow locations in the Irminger Sea. Similarly, in their study of
genetic differences among Sebastes species, Nedreas and Naevedal (1991) and Ne-
dreas et al. (1994) found genetic uniformity among shallow samples from off West
Greenland, East Greenland, the Irminger Sea, the Faroe Islands and off Norway and
Svalbard. However, soon after the deep-sea fishery began, preliminary information
indicated a difference in allozyme frequencies between the ‘oceanic’ and ‘deep-sea’
phenotypes, with some allozymes that were unique to deep-sea specimens, and
large-scale regional differences between samples from Canadian waters, the Irminger
Sea and off Norway (SGRS 1998).

Johansen et al. (2000) and Johansen (2003) found significantly different allozyme fre-
quencies among S. mentella sampled in the Irminger Sea, on the Flemish Cap and off
southern Canada. Johansen and Sevigny (2003) determined that the source of re-
gional variation was hybridization of S. mentella and S. fasciatus where their distribu-
tions overlap (i.e., on the Flemish Cap and in Canadian waters). Johansen et al. (2000)
and Johansen (2003) also found significant differences between ‘oceanic’ and ‘deep-
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sea’ phenotypes in the Irminger Sea, with only minor differences between the ‘deep-
sea’ type and those from the Icelandic Slope. However, these studies compared each
locus separately and had limited power of detecting differences. Allozyme differ-
ences were at the polymorphic MEP and IDHP (isocitrate dehydrogenase) loci and
were supported by haemoglobin analyses. They concluded that the S. mentella in the
Irminger Sea is composed of two different stock units. Note that the comparisons
were not based on depth-structured samples, and many of the ‘deep-sea’ specimens
were sampled above the deep-scattering layer (270-500m).

Subsequent investigations by Novikov et al. (2006) and Melnikov et al. (2007) also
showed differences in frequency of the MEP allozyme between ‘oceanic’ and ‘deep-
sea” phenotypes. The Faroese Redfish project found differences in allozyme frequen-
cies between samples from shallow samples (the southwest Irminger Sea, the western
Icelandic shelf, north and east of the Faroes, and off Norway) and deep samples (the
northeast Irminger Sea, the eastern Icelandic slope, and southwest of the Faroe Is-
lands; Joensen 2002, SGSIMUR 2005).

The most recent study of S. mentella allozymes was by Danielsdottir et al. (2008), who
sampled nearly two thousand specimens, tested a large number of allozymic loci (33,
13 of which were polymorphic), and analyzed all loci simultaneously to test for dif-
ferences between ‘oceanic’ and ‘deep-sea’ phenotypes. Although nearly all of the
‘deep-sea’ samples (95%) were collected from deeper than 500m, and nearly all ‘oce-
anic’ samples (93%) were collected from shallow water (<500m), comparisons were
not depth-based, and some sample locations had a mix of both phenotypes. Al-
lozyme differences were persistent over the three-year sampling period. This study
suggests the existence of two pelagic stocks on the southwest Icelandic slope and the
central Irminger Sea. This conclusion is supported by significant heterozygote defi-
ciency at all loci in pooled samples, significant differences in allele frequency between
samples classified as belonging to the deep-sea and oceanic phenotypes, and cluster-
ing of the samples from different phenotypes (Figure 4.2.1.1).

Given that substantial differences in allelic frequencies are only observed in a minor-
ity of loci (mainly MEP), an alternative interpretation for the pattern observed be-
tween ‘oceanic’ and ‘deep-sea’” phenotypes is that the allozyme frequencies are
influenced by different selective pressures above and below the deep-scattering layer.
Such a scenario would not rule out exchange of genes between the shallow and the
deep pelagic populations, but it would indicate the existence of some degree of local
adaptation. Adaptive differences between shallow and deep populations could affect
fitness and demographic dynamics of these populations, which should be considered
in the fishery management process. Saborido-Rey et al. (2004) and Melnikov et al.
(2007) contend that the pattern of divergence at the MEP enzyme locus reflects a shift
of allelic frequencies resulting from selective forces that act after larger, older fish
move into the deeper zone. Unfortunately, age determination is unreliable, particu-
larly from deep samples (Stransky et al. 2004b, 2004c), and the ontogenetic movement
hypothesis is not rigorously tested. Assuming that most spawning would be
achieved by the larger, older fish in the deep layer, there is no reasonable explanation
for the maintenance of high frequencies in the juveniles of the alleles that are selected
against after the movement to the deeper layer. Thus, variation at the MEP locus be-
tween “oceanic’ and ‘deep-sea’ phenotypes is more parsimoniously explained as the
result of adaptation to different environments by two diverging populations.
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Mitochondrial DNA

In contrast to allozymes, that are the protein expressions of DNA, molecular methods
can directly reveal DNA structure and polymorphisms. Mitochondria contain a
small amount of DNA. Mitochondrial DNA (mtDNA), which is maternally inherited,
is much simpler in form. Alternative sequences of mtDNA (i.e., haplotypes) are eas-
ier to analyze than nuclear DNA (Magoulas 2005). One corollary of the simplicity of
mtDNA is that its mutation rates are relatively constant, and mtDNA divergence can
be used as a ‘molecular clock’ to indicate the duration of reproductive isolation be-
tween two populations.

Sundt and Johansen (1998) found a low level of mtDNA variation among Sebastes
species in the North Atlantic, suggesting a recent evolutionary divergence. As a
component of the EU Redfish Project, Schmidt (2005) also found a low level of genetic
differentiation in mtDNA among North Atlantic Sebastes species. A phylogenetic
analysis revealed a pattern and levels of divergence similar to those normally ob-
served within the same species, which suggests that speciation rate in this group is
rapid (Figure 4.2.1.2). Analysis of molecular variance indicated that most of the ge-
netic variation occurred between species, but there was also significant variation
among samples within species. Haplotype frequencies differed between the samples
of the ‘deep-sea’ phenotype and other samples of S. mentella, because one haplotype
was frequent in ‘deep-sea’ samples and only occurred in two other S. mentella sam-
ples. Ingimarsdéttir (2008) also found differences in mtDNA haplotype frequencies
among ‘oceanic,” ‘deep-sea,” and demersal samples of S. mentella, and estimated that
the subgroups in the Irminger sea diverged approximately 4 000 years ago.

Nuclear DNA

Several aspects of nuclear DNA (nDNA) are commonly used to study population
structure, and each has different sensitivities and interpretations. When little is
known about the genome of a species (i.e., DNA sequences have not been indenti-
fied), Random Amplified Polymorphic DNA (RAPD) can be used to explore patterns
of variability, because RAPD primers recognize simple nucleotide sequences that
should arise frequently in any DNA (Smith 2005). Johansen et al. (1997) and Johansen
and Dahle (2004) found significant differences in allele frequencies of four RAPD
primers among all samples of S. mentella from the Gulf of St. Lawrence, Norway and
the Irminger Sea (‘oceanic’ and ‘deep-sea’). However, RAPD is a technique that pro-
duces results that may not be repeatable, and is no longer considered to be a reliable
approach for testing population structure hypotheses.

Amplified Fragment Length Polymorphism (AFLP) is another type of nDNA charac-
ter that can be used for stock identification. Similar to RAPD, AFLP can be applied to
species without prior information about its genome, but it uses fragment lengths be-
tween arbitrary restriction sites to measure genetic variation (Liu 2005). Schmidt
(2005) found genetic patterns among S. mentella sampled from the Irminger Sea,
Greenland and Iceland, but the significant differences between all samples indicated
that AFLP markers may be too variable to detect biological meaningful patterns of
genetic structure among subpopulations of S. mentella. Similar to RAPD, AFLP re-
sults are not always repeatable among laboratories, and AFLP characters are inher-
ited as dominant markers (Liu 2005). Therefore, both RAPD and AFLP are
considered to be more exploratory than confirmatory for stock identification studies.
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Microsatellites are segments of nDNA consisting of tandem nucleotide repeats. Mi-
crosatellites are generally non-coding, so they are not subjected to selection and have
a rapid mutation rate, because all microsatellite mutations are non-lethal. Both of
these characteristics make them the most effective character for studying population
structure (Wirgin and Waldman 2005). A series of increasingly rigorous analyses of
microsatellite characters indicate a general pattern of population structure of S. men-
tella that involves three distinct genetic groups located in 1) the deep Irminger Sea, 2)
shallow pelagic habitats and 3) demersal habitats:

e The Faroese Redfish project found differences in microsatellite frequencies
between three geographically overlapping, but genetically distinct groups:
1) shallow (<500m) samples from the southwest Irminger Sea, the northern
and eastern Faroese Shelf and the Norwegian coast, 2) deep (>500m) sam-
ples from the northeast Irminger Sea, the eastern Icelandic Slope and the
southwest Faroese Slope, and 3) the western Icelandic Shelf and southwest
Faroese Shelf (Figure 4.2.1.3; Joensen 2002, SGSIMUR 2005). Analyses of
these samples were later refined by Stefansson et al. (unpublished, below).

e Roques et al. (2002) used microsatellite characters to demonstrate the pres-
ence of hybridisation between S. mentelln and S. fasciatus in the Gulf of
Saint Lawrence, which appears to represent a unique evolutionarily sig-
nificant unit. They concluded that there are three distinct populations of S.
mentella: 1) in the area of hybridization with S. fasciatus off southern Can-
ada, 2) in a “panoceanic’ area from Labrador to the Faroe Islands, and 3) in
the Barents Sea. However, all “panoceanic’ samples in the Irminger Sea
and adjacent areas were from shallow habitats (<500m).

e Using eight highly variable microsatellite loci, Schmidt (2005) found weak
but significant genetic structure in S. mentella. Significant genetic differ-
ences were found between three groups of samples: 1) on the Flemish Cap,
2) in the deep (>500m), central Irminger Sea, and 3) in shallow (<500m)
samples off Greenland, off Iceland, and in southern Irminger Sea (Figure
42.1.4).

e Pampoulie & Danielsdottir (2008) used nine microsatellite loci to distin-
guish all the Atlantic species of Sebastes, but analyses also indicate that the
‘oceanic” and ‘deep-sea’” phenotypes are genetically distinct, with consider-
able misclassification of genotype using ‘phenotyping.’

e Although the comparisons tested by Pampoulie & Danielsdottir (2008)
were primarily based on phenotypic identification, the data were re-
grouped by depth by Stefansson et al. (2009). The revised and expanded
analysis of nearly two thousand specimens shows that populations below
and above the 550 m depth boundary are well differentiated based on mi-
crosatellite variation (Figure 4.2.1.5). The analyses also suggest that the
shallow and deep pelagic subpopulations may represent incipient species
that were allopatric (i.e., geographically separate) during the Pleistocene
glaciation but secondarily came in contact to form their current sympatric
(i.e., overlapping) distribution.

e A spatially expanded analysis rigorously tests for genetic differences be-
tween shallow (<550m) and deep (>550m) S. mentella in the Irminger Sea
(Stefansson et al. unpublished; details in SIMWG 2007 and 2008). The
analyses show temporally stable differences between deep and shallow pe-
lagic samples, providing evidence that fish inhabiting waters deeper than
550m are genetically distinct from the shallower ones. Analyses of shallow
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samples are similar to that reported by Roques et al (2002), with the addi-
tion of genetically distinct deep samples and samples on the Icelandic
slope. Geographic distributions of the three genetically distinct clusters
are shown in Figure 4.2.1.6 and the proportion of each group by depth is
shown in Figure 4.2.1.7.

Synthesis of all genetic information suggests that S. mentella from Newfoundland and
the Gulf of Saint Lawrence (NAFO areas 3 and 4) are genetically distinct from S. men-
tella in the rest of the North Atlantic because of strong evidence of adaptive local hy-
bridization with S. fasciatus. A ‘panoceanic,” shallow (<500m) subpopulation of S.
mentella extends from Labrador to at least the coast of Norway, perhaps to the Barents
Sea (Roques et al. 2002 found one Norwegian sample was significantly differentiated
from the panoceanic group, but Stefansson et al. unpublished did not). S. mentella in
the deep Irminger Sea (> 500 m) and S. mentella on the Icelandic slope are also distinct
subpopulations.

This perception of genetic structure in the Irminger Sea and adjacent waters contrasts
with the previously posed single-stock hypothesis (Saborido-Rey et al. 2004, Mel-
nikov 2007). The revised view of stock structure results from more extensive genetic
testing, the use of neutral and powerful markers, refinement of analyses by depth
(rather than by phenotype), and robust statistical approaches. The hypothesis that
fish move to deeper habitats as they age is refuted by the substantial differences be-
tween deep and shallow pelagic samples in microsatellite allelic frequencies (which
are not vulnerable to selection, and have been tested for temporal stability).
Saborido-Rey et al. (2004) suggest that genetic differences may result from genetic
drift or a ‘sweepstakes’ effect (i.e., each year class is genetically distinct because it is
produced from a small, randomly selected portion of the adult population), both of
which imply genetic population structure and reproductive isolation, therefore refut-
ing the assumption of panmixia. The revised perception of genetic structure explains
some of the previously observed patterns in genetic analyses. For example, the lack
of correlation between genetic distance and geographic distance (e.g., Roques et al.
2002) probably results from depth-based differences among locations that are geo-
graphically close.

Based primarily on microsatellite information, but also supported by results from
analyses of allozyme, AFLP and RAPD characters, WKREDS concludes that there are
four genetic stocks of S. mentella (three in the area of concern, the Irminger Sea and
adjacent waters):

1. ‘Western’ (NAFO 3+) — This stock extends south and west of the Flemish Cap

2. ’Shallow Pelagic’ (NAFO 1-2, ICES Vb XII XIV <500m) — This stock extends
from Greenland and the Irminger Sea to the coast of Norway, perhaps to the
Barents Sea (ICES I-II). The stock primarily consists of S. mentella in pelagic
habitats (though demersal habitats east of the Faroe Islands appear to be part
of this stock).

3. ‘Deep Pelagic’ (NAFO 1-2, ICES Vb XII XIV >500m) — This stock also primar-
ily consists of S. mentella in pelagic habitats, but includes demersal habitats
west of the Faroe Islands. Note that this genetic stock does not necessarily
equate to the ‘deep-sea’ phenotype.

4. ‘Icelandic Slope’ (ICES Va XIV) — The northwest Faroese Slope may be part of
this stock.

Note that juveniles on the Greenland Shelf are most likely from the “shallow pelagic,
‘deep pelagic,” and ‘Icelandic Slope’ stocks.
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Figure 4.2.1.1. Sample locations (left panel) and sample codes, with the first letter indicating the
‘deep-sea’ (D) or ‘oceanic’ (O) phenotype, and the second and third letters indicate sample loca-
tion (IS: Irminger Sea; CS: Icelandic Slope). Consensus neighbor-joining dendrogram (right
panel) showing the relationship among the 26 samples. Nei’s genetic distance between samples
based on eight allozyme loci was used to construct the dendrogram (from Danielsdéttir et al.

2008).
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Figure 4.2.1.2. Statistical parsimony network showing the genealogical relationships of the ND3
haplotypes of the North Atlantic Sebastes species. Each rectangle represents one haplotype. Hap-
lotypes are designated by name (ME: S. mentella; MA: S. marinus; G: "giant" S. marinus; FA: S.
fasciatus; VI: S.viviparus; ALUT: S. alutus; CAP: S. capensis; HEL: Helicolenus dactylopterus).
Each line represents a single mutational step connecting two haplotypes and small black circles
represent hypothetical (not detected) haplotypes. The size of the rectangles corresponds to the
haplotype frequency (from Schmidt 2005).
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Figure 4.2.1.3. Eleven locations where S. mentella were sampled for the Faroese Redfish Project.
Colors indicate three genetically distinct clusters detected by analysis of microsatellites (modified
from SGSIMUR 2005). Samples were collected in shallow (IR2, F4, F5, N1 and N2, depth < 540m)
and deep (depth > 580m) waters, as well as on continental shelf of Iceland and Faroe island (depth
>500m).
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Figure 4.2.1.4. Sampling locations for the microsatellite analysis of S. mentella. Colors, ellipses
and the polygon indicate three genetically similar clusters (modified from Schmidt 2005).
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Figure 4.2.1.5. Sample locations of S. mentella from the shallow (red, depth < 500m) and deep
(blue, depth > 500m) mesopelagic-zones of the Irminger Sea collected for micro