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Executive summary 

The Working Group on the Application of Genetics in Fisheries and Mariculture 
(WGAGFM) met in Derio in the Basque Country, Spain, 2–4 May 2012 and was 
chaired by Dorte Bekkevold. The meeting had 24 participants; 18 members and 6 PhD 
students, representing 11 countries altogether. 

Discrimination of populations and stock units of fishes is one of the main require-
ments of fisheries management, and may be achieved with various tools, including 
genetic characterization. The ability to address complex and diverse questions in 
fisheries biology and management using molecular markers has improved greatly in 
recent years. Members met to discuss and review different molecular marker-based 
approaches to identifying evolutionary units and the origin of individuals and sam-
ples, including applications of relevance in an aquaculture context, followed by dis-
cussion about how methods can be implemented and integrated into fisheries and 
ecosystem management, such as via uptake into the data collection framework. 

Following technological and bioinformatic developments to characterise genes and 
genomes and their association with specific biological traits, the repository of gene-
associated markers for identifying individuals, populations and species is expanding 
rapidly. This has meant a shift in tool-of-choice and a dramatic increase in studies 
scanning moderate to large panels of genetic markers, demonstrating the utility of 
these markers in conservation and fisheries management, as well as in aquaculture 
breeding. Gene-associated markers may not only provide short-term “population 
tags” for describing and monitoring changes in stock distribution and for population 
assignment, but importantly they facilitate new insights into the nature and scale of 
adaptive diversity in wild fish populations – a key component of biodiversity that 
determines in part population resilience and ability to cope with environmental 
change. A presentation by one of the members highlighted an example of a recent 
application of such tools with broad scope for implementation in management, con-
trol and enforcement. The FishPopTrace project thus developed and applied panels 
of gene-associated markers for hake, sole, herring and cod, which can be imple-
mented as a standard tool to identify source populations (assignment) and to verify 
the claimed population of origin from landed fish through to processed fish products, 
in the ‘ocean to fork’ sense. 

In some cases genetic analysis using standard methods may not be powerful enough 
to adequately resolve stock relationships on demographic scales. Parasite/pathogens 
have been used as biological tags for stock assignment, but success was sometimes 
limited. Recent progress in genetic characterization of parasites/pathogens has now 
revealed unprecedented levels of resolution, thus providing a ‘magnifying glass’ to 
study their host’s evolutionary history. Despite their substantial contribution to eco-
systems, parasites have generally been understudied (and issues of their conservation 
generally ignored), and so has their applicability for identification of host stock struc-
ture. Although the scope for using population genetic data for parasites as proxies for 
determining host structure will strongly depend strongly on factors, which need be 
examined and evaluated carefully on a case-by-case basis, the evolution of the para-
site–host biological system is likely to yield valuable information about host stock 
structure and dynamics. 

Members discussed means to improve integration of genetic information into fishe-
ries management under a reformed Common Fisheries Policy, the Marine Strategy 
Framework Directive and the new Data Collection Framework 2014-2020. Despite the 
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huge potential for implementation, European examples are still few and mainly tar-
get local and short-term management applications. For genetic data implementation 
into the DCF efficiently it is of importance to at a political level initiate an informative 
mutual dialogue with relevant stake-holders such as DGMARE, ICES Stock Assess-
ment Working Groups and experts in fisheries genetics. It is therefore recommended 
that the ICES secretariat initiate and organise a workshop defining guidelines for the 
integration of genetic data and information in support of the implementation of EU 
policies such as the MSFD and the reformed CFP. Participants should include genetic 
experts as well as experts involved in the coordination and implementations of the 
MSFD and CFP. 
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1 Opening of the meeting 

The Working Group on the Application of Genetics in Fisheries and Mariculture 
(WGAGFM) met in Derio, in the Basque Country 2–4 May 2012. The Terms of Refer-
ence (ToR) were decided by ICES Science Committee in Gdansk, Poland, in 2011. Dr 
Dorte Bekkevold (Denmark) chaired the meeting, which opened at 09:00 on Wednes-
day, 2 May and closed at 13.30, Friday, 4 May 2012. 

1.1 Attendance 

The meeting had 24 participants; 18 members and 6 PhD students, representing 11 
countries (Belgium, Canada, Denmark, Germany, Iceland, Italy, Norway, Republic of 
Ireland, Russian Federation, Spain and United Kingdom; Annex 2). 

1.2 Venue 

The meeting was held at the AZTI-Tecnalia, Parque Tecnológico de Bizkaia, Astondo 
Bidea - Edificio 609, 48160 Derio (Bizkaia), and was jointly hosted by the University 
of the Basque Country (UPV/EHU) and the AZTI Foundation. The WG wish to 
express their appreciation to hosts Dr. Andone Estonba, Dr. Aitor Albaina Vivanco 
(both UPV/EHU) and Dr. Naiara Rodriguez-Ezpeleta (AZTI-Technalia), as well as the 
rest of the staff at the AZTI foundation for their hospitality and kind and efficient 
assistance throughout.  

1.3 Meeting format 

WGAGFM has an established framework for completing its ToR. Prior to the meet-
ing, small ad hoc working groups, under the leadership of one or two persons, are 
established to prepare position papers related to specific issues in the Terms of Refer-
ence. The leader(s) of each ToR is responsible for presenting the position paper in 
plenary at the meeting and chairing the discussion. Thereafter, volunteers undertake 
the task of editing and updating position papers according to points raised in the 
plenary discussions. The ToR leader(s) is responsible for preparing the final report 
text from their sessions. Prior to the meeting an agenda is circulated to all members. 

2 Adoption of the agenda 

2.1  ToR a) Review the potential for using parasites, microbes and viruses 
as “magnifying glass” for fish stock characterisation 

Filip A.M. Volckaert, Anna K. Daníelsdóttir, Tine Huyse, Stanley D. King, Jackie 
Lighten, Martin Llewellyn and Estibaliz López de Abechuco 

2.1.1 Rationale  

Parasitism is arguably the dominant life-style in ecosystems: each host species is as-
sociated with at least one parasite (Marcogliese, 2005). Although commonly thought 
of as negligible, parasite biomass within an ecosystem can be substantial and compa-
rable to, if not higher than, that of the top predators (Kuris et al., 2008). Despite this 
substantial contribution to ecosystems, parasites have been understudied and unde-
restimated (Marcogliese, 2004). 
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Previous work utilizing parasites and microbes in an ecological context has shown 
that we are able to study cryptic host processes indirectly though their parasitic fau-
na, because of the intimate relationship that has evolved between parasite and host 
(Nieberding and Olivieri, 2007). Because of this close relationship, the substantial role 
in ecosystem function and the potential to limit population size and range (Ricklefs, 
2011), parasite diversity and abundance (alpha diversity) may be used as a marker for 
overall ecosystem health (persistence, productivity, organization and resilience) 
(Marcogliese, 2005). Through a comparative method this approach can be adapted to 
utilize parasites as an indirect marker for individual contemporary population health 
assessments (Hudson et al., 2006).  

We are also better able to characterize history, evolution, and demographics of these 
populations (stocks) by comparing their genomic diversity (Avise, 2000). Migration, 
adaptation and random processes leave an imprint in the genome of populations and 
clades, dating back as far as the time of speciation of a taxon. Thus if we investigate 
these processes within a parasitic species in close association to a particular host, the 
faster mutation rates of the parasite may provide a more resolved genealogy that 
reflects cryptic population processes of the host species (Wirth et al., 2005; Nieberding 
and Olivieri, 2007). It may therefore allow characterization of host stocks at a higher 
level of resolution. For example the “young” age of most northern marine habitats 
provides inadequate time (~<12Ka since last glacial maximum) for population diffe-
rentiation in some species, especially those with recruitment times of a few years or 
more. This is especially true when considering that Hauser and Carvalho (2008) esti-
mate that in large populations, several thousand generations are required to achieve 
detectable differentiation (e.g., Fst ~ 0.002) even under complete isolation (migration = 
0). The use of parasites in a comparative population genetics approach may be the 
answer to detecting the limited structure that has accrued in host species over this 
time. Unfortunately, as discussed below, research focusing on the comparative popu-
lation genetics of parasites and their hosts, especially marine species, is sparse (Cris-
cione et al., 2005; Prugnolle et al., 2005). 

2.1.2 Choosing a parasite appropriate to the scale of host evolution 

The taxomomic and life history diversity present among parasitic organisms provides 
access to multiple lines of investigation around their hosts’ ecology and evolutionary 
history. Indeed, in some cases parasite genetics can be even more informative than 
that of the host (Criscione et al., 2006). However, not all parasites will be equally in-
formative, and parasite choice must be carefully tailored to the research question at 
hand. As such, in order to achieve the desired “magnifying glass” effect, a thorough 
understanding of the life history of the parasite and taxonomic scale of study, in con-
junction with a focused research question, is essential to elucidate cryptic patterns of 
host evolutionary history and demographic processes. Crucially, parasite proxies for 
host evolutionary dynamics are potentially informative at multiple taxonomic scales 
including the species level (i.e. phylogenetically), the population level (i.e. phylogeo-
graphically) and the family level (i.e. demographically). 
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Figure 1: Relationships between ‘proxy’ parasite traits and the different timescales. 
(b) Variation in the traits of ‘proxy’ parasites according to the considered time 
scale. ‘Proxy’ parasites that are useful at the phylogenetic scale display longer gen-
eration times and lower mutation rates than do those useful at the demographic 
scale. Moreover, host-specificity, vertical transmission and adaptation to the host 
might be limited to the species level for parasite taxa useful at the phylogenetic 
scale, whereas those useful at the demographic scale should be specific, vertically 
transmitted and adapted to the host family level (Nieberding and Olivieri, 2007). 

A principal concern among those interested in improving the resolution of host intra-
species population scale analyses (like stock assessment) is the mutational turnover 
differential between parasite and host. Nieberding et al. (2004) suggested that at the 
population scale (and the family scale) parasites have the most “magnifying" poten-
tial, and prospective parasites should exhibit a short generation time and thus a high-
er rate of mutation that their host. 

Fortunately, most parasitic species undergo multiple generations during the typical 
lifespan of their host. In addition, effective population size is likely to be critical. In 
general, parasite species typified by relatively small effective population sizes may be 
preferable. In combination with potentially small effective population sizes, and 
population sub-structuring (infra-population), elevated rates of genetic drift may 
promote rapid divergence between multiple hierarchical levels of parasite popula-
tions (inter-, and intra-population) (Nieberding and Olivieri, 2007).  

Parasite host specificity will strongly influence a researcher’s choice of proxy. Where 
long-term persistence on hosts and high host specificity is a feature of parasite life 
history, these patterns of divergence will yield more accurate information regarding 
host ecology and evolutionary history than the converse (Whiteman and Parker, 2005; 
Rannala and Michalakis, 2002). However, selecting parasite proxies based on mode of 
transmission and/or life cycle (direct or complex) should be judged on a case-by-case 
basis, as each can garner informative data in different circumstances. For example, 
conflated signals of host processes may arise if a parasite goes through numerous 
mobile hosts during an indirect life cycle. Nonetheless, previous studies have demon-
strated that with careful consideration, a parasitic species with an indirect life cycle 
may accurately reveal cryptic host population patterns (e.g. population assignment - 
Criscione et al., 2006). For non-parasitic proxies (i.e. microbes) non-epidemic dispersal 
is preferable in order to preserve small-scale structure (Falush et al., 2003). In addition 
to the close association between host and parasite, temporal congruence between 
both genealogies reduces the potential for misinterpreting conflated genetic signals 
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within the parasite that do not reflect processes of the current host (e.g. ancestral po-
lymorphism) (Whiteman and Parker, 2005).  

Life-history differences between parasitic organisms of population genetic impor-
tance exist beyond host specificity. Many parasite species possess alternative repro-
ductive strategies that do not follow classical patterns of Mendelian inheritance (e.g. 
asexual reproduction through selfing and cloning, as well as polyploidy). Careful 
consideration must be taken to assess whether the reproductive strategy may disrupt 
congruence between genealogies of the host and parasite.  

Finally, in addition to elucidating demographic processes within fish populations, 
ectoparasites (e.g. copepods) that share environmental stressors with their host may 
potentially be used to explore adaptive traits at the genetic level – salinity, tempera-
ture, etc. This could be of interest in fish stock assessment, although it remains unex-
plored so far. 

2.1.3 Parasitic organisms as proxies for host population genetic diversity 
from across the tree of life 

Convincing cases on the application of parasites and microbes to improve the resolu-
tion of population structure are available from diverse areas of the tree of life (Nieber 
ding and Olivieri, 2007). 

1 ) An emblematic case is the commensal human bacterium Helicobacter pylori 
whose genome traced global evolution (Falush et al., 2003) and regional 
cultural evolution of the host. While the study confirmed patterns of mi-
gration seen in human it became really useful in the latter study of two 
human populations who had coexisted for more than 1000 years but re-
mained isolated for cultural reasons (Wirth et al., 2004). Genetic analysis 
revealed three ancestral groups within the Muslim community going back 
to the ancestral Europe1 group, and the Buddhist community corres-
ponded with a mosaic of ancestral East Asian and ancestral Europe1. 
These data fit with the recent history of the region. Viral markers such as 
the human immunodeficiency virus (HIV) and human T-cell lymphotroph-
ic virus (HTLV-I) have also been used (Wirth et al., 2005). Host-specificity 
over a time period of relevance has been the key to detect the pattern. 

2 ) The global population of lion (Panthera leo) was studied with maternally 
and biparentally inherited genetic markers and the lion feline immunode-
ficiency virus (FIVPle). Across the range these genetic and viral markers in-
dicated the presence of discrete units despite the high potential for 
dispersal. For example, genetic patterns of the FIVPle revealed three distinct 
populations within the Greater Serengeti Ecosystem, which were unde-
tectable through examination of host genetics alone (Antunes et al., 2008). 
The success of the study is related to the non-epidemic and population-
specific infection of the virus occurring within a time frame (Pleistocene) 
relevant for discrimination.  

3 ) Whale lice (Cyamus spp.) are closely associated with their hosts, the right 
whales (Eubalaena spp.), and require close contact between host individuals 
to facilitate transmission. They migrate between hosts when these are in 
close contact and represent large populations (with higher levels of genetic 
variation). Genetic characterisation of populations in three whale lice spe-
cies infecting individual right whale species showed a close concordance 
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with patterns seen in the host genetics, as well as inferring cryptic patterns 
of migration in the host (Kaliszewska et al., 2005).  

4 ) Aphid symbionts, namely the bacterium Buchnera aphidicola co-speciated 
with their host and because of their faster evolution they allowed for a bet-
ter understanding of the host evolution (Jousselin et al., 2009).  

5 ) Marine plankton populations are notoriously difficult to differentiate giv-
en their highly dynamic nature of species oscillations and chaotic behavior 
(Huisman and Weissing, 1999). Viruses seem to be good indicators of pop-
ulations-specific differences. For example, two environments harbour dif-
ferent populations of the prasinophycee Ostreococcus tauri judging from the 
community of DNA viruses (Bellec et al., 2010). 

2.1.4 Examples on the use of parasite population genetics in fish popula-
tion characterisation 

One of the potential applications of parasite genotypes is the assignment of the host 
to the source population, and may be particularly important in the management of 
migratory fish stocks. For example, in a study of the steelhead trout, Oncorhynchus 
mykiss, the genetics of an infecting trematode, Plagioporus shawi, allowed discrimina-
tion of host populations to rivers separated by as little as approximately 50 km, 
where patterns of host microsatellite diversity fail to resolve such fine-scale popula-
tion assignment (Criscione et al., 2006). The use of parasites as genetic markers has 
also shown a broad range of applications in the identification of population structure. 
Anisakis nematodes have proven to be useful as a biological tag to separate and cha-
racterise populations of marine species from cephalopods to whales (Kuhn et al., 
2011), including fish species such as herring Clupea harengus (Cross et al., 2007), horse 
mackerel Trachurus trachurus (Mattiucci et al., 2008; Mattiucci and Nascetti, 2008) and 
Pacific sardine Sardinops sagax (Baldwin et al., 2011). They are highly specific to their 
very mobile final host (marine mammals), and use a range of intermediate and para-
tenic hosts (from crustaceans and chaetognaths to fish). The use of Anisakis and other 
parasites in this context could have important implications in fisheries management.  

Parasite dynamics of a single host have traditionally been analysed at the parasite 
community level; they have proven to be effective to determine changes over time 
(MacKenzie and Abaunza, 1998). However, specific host-parasite relationships may 
also provide information about the life-history of the host or its migration pattern 
(Criscione et al., 2006). Parasite invasion pathways affect the distribution and extent 
of genetic variation within and among its introduced populations. The evaluation of 
these genetic invasion pathways of parasites could help to know how parasites in-
vade and become established in new geographic regions (Miura et al., 2006). This 
could help in understanding population dynamics, particularly in a context of global 
change (Rohr et al., 2011). Unfortunately, there is little knowledge about the complex 
life cycles of parasites, especially for species that sequentially parasitise different host 
species or when the parasite-host assemblage fluctuates due to the migratory beha-
viour of the host species. 

Perhaps one of the most compelling examples of the importance of this application 
comes from Atlantic salmon, Salmo salar. Wild populations of Norwegian Atlantic 
salmon were decimated by the introduction of a foreign strain of the ectoparasite 
Gyrodactylus salaris (Meinila et al., 2004). To its native host populations (Baltic Atlantic 
salmon), this strain of G. salaris is relatively harmless, but when it was introduced to 
Norwegian Atlantic salmon as the result of the import of contaminated aquaculture 
broodstock, it effectively destroyed populations in over 40 rivers (Johnsen and Jen-
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sen, 1991; Meinila et al., 2002) causing over $670 million US in damages and rising by 
~ $57 million per year (Hansen et al., 2005; Bakke et al., 2007). Upon closer genetic 
inspection, it was revealed that this species was actually a complex of at least six 
strains, a result of reduced gene flow due to isolation (Meinila et al., 2004). This disas-
ter has shown the detrimental effects that introduced parasites can have on their host.   

2.1.5 Examples on the use of parasite, microbe and virus population genet-
ics in open ocean aquaculture  

Interest has been growing to genetically profile populations of viruses (Castro-Nallar 
et al., 2011), bacteria and parasites (e.g., salmon lice - Yasuike et al., 2012; Glover, pers. 
comm.) to mitigate any detrimental effects of introducing non-native strains of infec-
tious agents to natural environments through aquaculture. Pathogen dynamics have 
been affected considerably by aquaculture; it includes artificial human mediated 
transfer between fish populations, often between different geographical regions. In 
the case of aquaculture in open systems introduced pathogens can potentially interact 
with the natural environment. For example, parasite genetics revealed that the major 
outbreak of the infectious salmon anemia virus (ISAV) in Chile originated from the 
introduction of fish originating from Norwegian stocks, causing massive mortalities 
of local populations of cultured Atlantic salmon (Castro-Nallar et al., 2011). Hayward 
et al. (2001) showed that the ITS rRNA region of Gyrodactylus anguillae (Platyhe-
minthes, direct life cycle) which infects eels (Anguilla spp.), is identical across three 
different continents suggesting a recent introduction through international eel trade. 

In one case it has been possible to identify cryptic demographic structure with an 
invasive parasite introduced through aquaculture. Infection of European eel (Anguilla 
anguilla) with an exotic nematode parasite, Anguillicola crassus, revealed a parasite 
population barrier in the western English Channel, indicating spatial separation be-
tween eels captured east and west of here (Wielgoss et al., 2008, 2010). 

The interactions of the parasite and microbial community between aquaculture facili-
ties and natural environments are undeniably considerable, with fish farms having a 
measurable impact on the natural parasite community (Krkošek et al., 2011). Trans-
mission from natural populations to aquaculture facilities is particularly prevalent, 
where stressed and immuno-compromised fish become susceptible to infection and 
may become foci of infections and facilitate explosion in numbers of parasites. Sus-
ceptibility to infection in such cases may be tightly correlated with genetic composi-
tion of host and parasite, and the extent of shared evolutionary history between 
strains of parasite and host species.  

2.1.6 Use of symbiotic gut and ectoderm microbes as population tags  

The analysis of genetic variation of bacterial communities as host population tags is a 
new and promising research field. Human population structure has already been 
successfully identified with stomach bacteria (Wirth et al., 2004) and the gut microbi-
ome (Qin et al., 2010), although protocol standardization and methodological pitfalls 
may influence interpretation (Fonseca et al., 2012). Lately, several cases of interest to 
fisheries have been published. The microbial community of epidermal mucus of 
North Atlantic cod (Gadus morhua) showed a diversity of bacteria with distinct differ-
ences at a scale of hundreds of kilometers (Baltic, Icelandic, and North Seas) based on 
rDNA (Wilson et al., 2008). No temporal variation was found at two of the three loca-
tions (Baltic and Icelandic waters). In a study based on bacterial profiles from the 
outer and mouth mucus and the surrounding seawater of whiting (Merlangius 
merlangus) from the Irish and Celtic seas, Smith et al. (2009) were able to assign posi-
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tions of fish within 79.7 to 57.3 km of their known harvest location. In a study at a 
smaller scale, the microbial community on the gills of young and adult plaice (Pleuro-
nectes platessa) showed on a mudflat in the Wadden Sea temporal (sub-adult and 
adult) and spatial (within kilometers) differences between catch sites (Wegner et al., 
in press).  

Higgins et al. (2010) found that multiple biological markers, including bacterial com-
munities, were more powerful than by any single technique to classify Atlantic cod to 
their population of origin. This rationale was emphasized by Baldwin et al. (2012), 
who suggest the integration of fish-parasite based techniques for future fish stock 
assessments. It is particularly the case for pelagic fish species in which population 
structure may be particularly difficult to detect, as well as to resolve fish population 
structure over small geographic areas. 

2.1.7 Advantages and disadvantages, criteria and problems of using para-
sites and microbes as a “magnifying glass” for stock structure: 

Advantages 

• Parasites and microbes may provide high resolution of population 
processes in comparison to host genetics at different scales (population 
identification, migration, refuges, cryptic processes, …)  

• Integration of parasites within a comparative framework may be cost effec-
tive in relation to information obtained (e.g. compared to Next Generation 
sequencing of host) 

• Fast analysis when operational  
• Availability of complementary information to the stock assessment;  
• Spatio-temporal information on parasites can be integrated in epidemiolo-

gy and indicators of global change (climate, ecosystem health, …) 
• Non-lethal field sampling and preservation in ethanol 

Disadvantages 

• Parasites are patchily distributed among and within host populations. 
• There is a need for considerable biological information and an understand-

ing of parasite and host life history, including reproductive strategies 
(Begg and Waldman, 1999) 

• Parasite taxonomic expertise are required for quality control  
• The potential for false genetic signals might lead to the wrong interpreta-

tions   
• A “silver-bullet” approach across host species is not applicable, and there 

is a need for a case by case approach (compare with common microsat or 
SNP marker used in genotyping) 

• Seasonal population dynamics of parasites affect availability 
• Parasites may be highly sensitive to pollution and hence may quickly va-

nish; they may require conservation status (Whiteman and Parker, 2005) 
• The running cost is higher than morphological characterisation  
• Potential logistical constraints increase cost effectiveness (for example 

amount of DNA)  
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• Patterns of parasite population differentiation are only a proxy for host 
population characterization, and thus an indirect indication of cryptic host 
processes. 

Conceptual and practical criteria for parasites and microbes: 

• Strict host specificity, namely a close association of host and parasite over 
the evolutionary period of interest 

• Monoxenous parasites preferred to avoid signal conflation via interme-
diate host activities (e.g. Gyrodactylus group of flatworms – Huyse and 
Volckaert, 2005) 

• Parasite species should be abundant  
• Parasite species should infect individuals across the full host range  
• Parasite species should exhibit low gene flow between populations inde-

pendent of the host 
• Life-history traits relate to a short generation time/short-lived/high muta-

tion rate 
• Case-specific selection of taxa  
• Sampling: temporal-spatial sampling has to have a resolution appropriate 

to the host, and might focus on the presumed breeding population of the 
host; the representative number of individuals is more important at the 
component (population) level than at the infra-population (individual). 
The reason is that infra-population is strongly determined by infection his-
tory, transmission dynamics and reproductive strategy.   

Criteria for microbes: 

• Sampling is more relaxed as it occurs at the assemblage/community level  
• Sampling should be consistent in time and space (Wilson et al., 2008) 
• Sampling may target the ectoderm or the intestine 

2.1.8 Conclusions 

1 ) It is unfortunate that the evolutionary history and population dynamics of 
fish parasites and microbes are understudied. As a consequence there is a 
serious knowledge gap, which seems to have widened because of the rela-
tively small number of parasite experts.   

2 ) However, the potential to use parasites and microbial communities in fish 
stock assessment is high. Judging from the few cases documented and 
from the latest developments in parasitology, microbiology and genomics, 
parasites are a good proxy for stock assessment. 

3 ) The evolution of the parasite/microbe – host biological system harbors 
great advantages to study populations and stocks (including the higher 
resolution of the host population structure). However, disadvantages ap-
pear at various levels. Therefore clear criteria have to be established when 
selecting a parasite or microbial community for population delineation.  

4 ) Parasites are often the first organisms to disappear in polluted/unhealthy 
ecosystems. Despite their low acceptance in human society, they merit 
equal conservation status as their free-living hosts in order to guarantee 
ecosystem health and good use in fish stock management.  
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2.1.9 WGAGFM recommends 

1 ) To, given that parasite population genetics can be a proxy for identifying 
host fish populations (including farmed and native groups), make good 
use of it, when appropriate for the research question addressed. This re-
quires promoting interdisciplinary interaction between fish biologists, fi-
sheries scientist, ecologists, evolutionary biologists, parasitologists, 
bacteriologists and virologists in order to enhance parasite supported 
stock. 

2 ) To integrate molecular species identification (e.g. DNA barcoding) with 
population genetic characterization of the parasite to facilitate throughput 
in stock identification.  
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2.2.1 Preamble and context 

In parallel with the escalation in advanced genomic technologies and associated bio-
informatics pipelines to characterise genes and genomes and their association with 
specific biological traits and disease, there is an expanding repository of gene-
associated markers for identifying individuals, populations and species. Increasingly, 
studies scanning moderate to large panels of loci are implicating a subset of these 
markers in local adaptation and demonstrating the utility of these markers in conser-
vation and management. The notion of using so-called “adaptive” markers that po-
tentially influence survival and/or reproductive success (“fitness variation”) in 
fisheries management is not new.  For example, Sick (1965) examined the distribution 
of haemoglobin gene frequencies in cod populations. Although, the author did not 
elucidate the underlying basis of functional differences among the haemoglobin 
types, the study revealed frequency differences among populations from different 
areas, thereby generating a genetic basis for the recognition of different “races” of 
cod. Following the early application of molecular genetic markers to fisheries man-
agement (Ryman and Utter, 1987), the general approach was to use markers that 
were indicative of demographic processes only (e.g. population size, gene flow) – so-
called “neutral” markers (see section 2). Typically however, a small proportion of 
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protein polymorphisms (allozymes) and more recently DNA- based population 
markers such as microsatellites, exhibited unusually high levels of genetic divergence 
among populations. In most cases such aberrant or “outlier” loci were removed from 
population genetic analyses because they violated theoretical assumptions of the 
neutral model of molecular evolution.  

Here, we examine why and how the recent availability of large numbers of genetic 
markers potentially influenced by directional selection can provide powerful and 
informative tools in fisheries management. While we make reference to several mark-
er types, we focus our attention on genetic differences scattered throughout the ge-
nome of all species, - “single nucleotide polymorphisms” (SNPs), given their 
abundance relative to other marker types. More formally, a SNP is a DNA sequence 
variation occurring when a single building block of DNA (“nucleotide”- A, T, C or G) 
– in the genome differs among individuals of a species. SNPs are commonly the re-
sult of single base substitution of one nucleotide by another, although some authors 
consider that single/small base insertions and deletions (indels) should also be consi-
dered as SNPs. Individuals in populations may share allele frequencies at many SNP 
and other loci, that together create a unique DNA pattern for that population, termed 
a “population signature”. 

While our ability to address complex and diverse questions in fisheries biology and 
management using molecular markers has improved greatly in recent years (re-
viewed in Hauser and Carvalho, 2008), the generic nature of the questions has re-
mained fundamentally similar. Questions relating to the stock composition of 
catches, population assignment, traceability and spatial and temporal distribution of 
genetically discrete breeding stocks (often recently diverged), remain high priorities. 
(It is the “spawning group”- a group of fish spawning at a particular time and place 
and thus not interbreeding to any substantial degree with any other such group 
spawning in a different area or in the same area at a different time- that represents 
the fundamental evolutionary unit of biodiversity and hence management.) It is cru-
cial that such units can be recognized, monitored and conserved. The fact that many 
such groups will exhibit heritable biological variation in fitness related life history 
traits including growth, size, fecundity and maturation, means that such intrinsic 
heterogeneity should be incorporated into baseline stock assessments. While neutral 
markers can provide a fundamental demographic framework for inferring evolutio-
nary processes driving population persistence, potential for local adaptation and 
recovery of reduced stocks, they typically reveal little direct information on the bio-
logical significance of population differences. Adaptive markers, in contrast, may not 
only provide short-term “population tags” for describing and monitoring changes in 
stock distribution and for population assignment, but importantly they facilitate new 
insights into the nature and scale of adaptive diversity in wild fish populations – a 
key component of biodiversity that determines in part population resilience and abili-
ty to cope with environmental change (e.g. over-exploitation and climate change). 
Thus, markers under selection can add a new and relevant dimension to biodiversity 
- the genetic component of adaptive diversity, which demands a reconsideration of 
the most relevant spatial and temporal scales for population conservation. 

2.2.2 Evolutionary background 

Molecular markers, as used in fisheries and aquaculture, consist of proteins or sec-
tions of DNA which show heritable genetic variability (polymorphism) within a par-
ticular species and can be interpreted following Mendelian rules of inheritance 
(Carvalho and Pitcher, 1994). The different forms are referred to as “alleles” and dif-
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ferent frequencies of these alleles can characterise or “tag” particular fish or inverte-
brate populations or stocks. Fundamentally, polymorphism occurs because of muta-
tion at the DNA level, and is then moulded within individual populations by 
evolutionary forces, the most important of which are genetic drift (a random or sto-
chastic process) and natural selection.  There are several types of natural selection, 
but in the present context the focus is on directional selection. (Directional selection 
increases the frequency of a certain allele or alleles, i.e. confers reproductive advan-
tage to individuals that possess particular allelic combinations over others.) An addi-
tional important evolutionary factor, often mediating the rate of genetic change, is the 
movement of individuals between populations which when accompanied by success-
ful reproduction, is technically referred to as gene flow. Polymorphic genes, which 
are not influenced by natural selection, are referred to as neutral markers. This means 
that they occur in parts of the genome that are not affected by natural selection and 
that genetic drift is the only intra-population evolutionary force acting on them (dis-
regarding mutation). In contrast, certain parts of the genome of a species are influ-
enced by natural selection, in addition to genetic drift. Markers associated with these 
regions are referred to as selective or adaptive markers. Those markers influenced by 
directional selection usually have higher evolutionary rates (change much faster) 
than neutral markers. Thus, adaptive markers can be much more discriminatory of 
individuals from distinct populations than neutral markers, and can be of much 
greater utility in assignment or traceability studies (see below). Mathematical meth-
ods exist (as described below) to distinguish these two markers types, allowing for 
separate analysis, which is necessary not only because of the different management 
implications that can be derived for the two marker types but also because the statis-
tical analytical framework for analysis of both marker types is often not compatible. 
In the 1960s, when the only molecular markers available were the so-called allozymes 
(polymorphic enzymes detected by protein electrophoresis), testing whether the 
marker was influenced by selection or not was typically complex and time-
consuming, often requiring data on environmental correlates or biochemical investi-
gations. Most protein markers, unless otherwise indicated were regarded as neutral 
(though since the underlying genes were coding for particular proteins - were so-
called transcribed genes, we now might regard this assumption as doubtful). During 
the remainder of the 20th century and early years of the 21st, as DNA techniques in-
creased in number and complexity, through mitochondrial and then nuclear DNA, 
most markers appeared to behave as neutral, with certain exceptions such as the Ma-
jor Histocompatibility Complex (MHC, deEyto et al., 2007), but systematic direct test-
ing for selection was rare. With the advent of huge numbers of molecular markers, 
chiefly SNPs, indels and microsatellites, from genomic studies and Next Generation 
Sequencing (NGS), it is now evident that a number of them do not fit the neutral 
model of molecular evolution. An increasing number of studies are now reporting on 
“outliers markers”, which are often characterised by higher levels of inter population 
divergence as measured by standard population structuring estimators (e.g. FST). This 
observation has prompted a renewed interest in analytical methods, which can be 
used to assess whether particular markers are potentially influenced by directional 
selection. Over the past few years, statistical procedures have been developed to test 
whether the extent and distribution of genetic variants fits models of neutrality or 
selection (see below). 

2.2.3 Utility of adaptive markers: a critique 

Despite the fact that some markers show large population differences that exceed 
neutral expectations (are so-called “outliers”), selection was rarely measured in the 
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past, as noted above. Outlier loci identification is often based on positive test results 
using one of several available approaches (see below). How “adaptive” individual 
loci are likely to be will ultimately require evaluation on a case-by-case basis with 
careful mapping and annotation of associated genes. We will refer to these outliers as 
“adaptive” here, but recognize the biological significance of such diversity is often 
unknown initially. It is nonetheless of paramount importance to test for marker ‘neu-
trality’ prior to use (i.e. for exploring population structure) by using outlier tests as 
outlined below and recognize the limitations of available tests in definitively estab-
lishing a link to selection or adaptation. 

As these “outlier tests” rely on direct comparisons among loci and across popula-
tions, processes which influence locus specific rates of divergence may themselves or 
in concert act to bias and increase the rate of false positives (i.e., Type one error).  
Population structure, particularly associated with small isolated populations, is the 
most commonly cited cause of false positives in testing for adaptive loci (e.g., Foll 
and Gaggiotti 2008; Excoffier et al. 2009; see below for details on specific methods). 
Also differences in mutation rate of loci used may influence the rate of false positives 
(Nei and Maruyama 1975; Beaumont 2008). Accordingly this may increase the rate of 
false positives for balancing selection (e.g., Mäkinen et al. 2008) but perhaps also for 
directional selection (see Bradbury et al. 2011a). Finally, it also seems likely that bias 
associated with the ascertainment of adaptive markers may also be responsible for 
increasing the rate of false positives. Ascertainment bias may result if the panel used 
to ascertain markers such as SNPs is not representative of the geographical region in 
which the markers are applied and may manifest itself as a decrease in diversity in 
regions outside the ascertainment region. Bradbury et al. (2011b) observed significant 
decreases in diversity in SNPs in Atlantic cod isolated in the West Atlantic but geno-
typed range wide. In this case, a significant portion of SNPs fixed in the eastern At-
lantic, test positive for selection and it is impossible to rule out ascertainment bias as 
a cause. Accordingly, the authors chose to restrict tests for selection to discrete geo-
graphic regions identified using putatively neutral loci and principle component 
analysis (Bradbury et al. 2010). 

Given that adaptive loci may be influenced by selection, errors can result if the pur-
pose of a study is to make inferences of demographic or historical population proc-
esses. In cases where demographic inferences are desired, such as when estimating 
gene flow or population size, markers under selection should be removed prior to 
analyses (Beaumont and Nichols, 1996). The inclusion of information for loci under 
directional selection themselves, or loci tightly linked to regions under selection, 
leads, as noted above, to violation of assumptions for most demographic or neutral 
population genetic models, and may bias results and cause erroneous inference about 
population demographic parameters (see discussion in Laval et al. 2010). In weakly 
structured species, the effect of just a few loci on overall patterns could be significant, 
but provided selected loci make up only a small proportion of the total marker num-
ber, biological inference is not generally expected to be severely biased (Luikart et al. 
2003). On the other hand, markers under selection can be exploited for specific pur-
poses, such as investigating population structure on ecological rather than evolution-
ary timescales (Waples and Gaggiotti, 2006), for increasing the power for traceability 
and the assignment of individuals to populations of origin (Nielsen et al. 2009, Niel-
sen et al. 2012), identifying candidate genes under selection (Bonin 2008; Brieuc and 
Naish, 2011; Hemmer- Hansen et al. 2011), and resolving the adaptive landscape for 
the identification of conservation units (Allendorf et al., 2010). 
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2.2.3.1 Temporal stability of signal from adaptive markers 

Given the dynamic response of adaptive markers to selection the issue of temporal 
stability must be addressed. However, studies analyzing temporal stability in non-
neutral (adaptive) markers are still scarce, maybe due to economic constraints, since 
genotyping multiple markers in multiple years and for a sufficient number of indi-
viduals, requires substantial effort and resources (but see case study on FishPopTrace 
below). However, the temporal stability of adaptive loci increases the likelihood that 
such loci are useful, when used in conjunction with neutral markers, as population 
markers (e.g. Waples, 1998; Nielsen et al., 2007). In this sense, one potential concern 
about adaptive markers is that the frequencies of alleles under selection may change 
more quickly because of environmental change (e.g. Ackerman et al., 2011). These 
authors also raised a question about how many generations it would take, on aver-
age, for adaptive SNP loci to demonstrate temporal allele frequency differences. Al-
though further work is required, we present some case studies that reveal insights to 
such issues.  

1 )  The presence of temporal instability in adaptive markers has recently been 
raised by Andre et al. 2011 when genotyping one microsatellite locus under 
selection (associated with salinity) in herring (Clupea harengus). They tested 
temporal stability by applying hierarchical analysis of molecular variance, 
with sampling years nested within locations. The authors used the locus-
by-locus option in ARLEQUIN 3.1; statistical significance being obtained 
from 10 000 permutations. Further, they divided all fish into year classes 
based on otolith ageing, then tested for genetic heterogeneity among co-
horts with n≥20 individuals, within and among locations. They found that 
samples from the North Sea clustered by year of sampling and concluded 
that this could be a year-class effect. This highlighted the influence tem-
poral differences among cohorts may have on inferences drawn from 
adaptive markers. 

2 ) In contrast, other studies indicate stability in adaptive markers over pe-
riods of several decades. Poulsen et al. (2011), analyzed 92 gene-associated 
single-nucleotide polymorphism (SNP) markers in Atlantic cod (Gadus 
morhua) from several sampling sites within the North Sea and adjacent 
areas, and tested these loci for temporal stability including long- and short-
term temporally replicated samples (up to 38 years apart), from a subset of 
populations. Of this panel, they observed three loci that showed signatures 
of directional selection and highly elevated levels of genetic differentiation. 
The analysis of the historical samples revealed long-term temporally stable 
patterns of both neutral and adaptive divergence among some popula-
tions, interpreted as indicating long-term temporal adaptive stability dri-
ven by strong local selection. Moreover, adaptive loci did not vary clinally 
with either latitude or longitude indicating that outlier signals were asso-
ciated with one or perhaps a few population samples, supporting a strong 
role for local selection over neutral isolation by distance 

3 ) Similar conclusions of temporal stability where drawn by Ackerman et al. 
(2011). Their study identified four SNP loci from a panel of 42 loci, as can-
didates for directional selection in sockeye salmon (Oncorhynchus nerka) 
from the Copper River and adjacent coastal drainages in south-central 
Alaska. They evaluated the information content of the four adaptive loci 
showing that such loci improved the ability to identify the origin of indi-
vidual fish and to estimate the composition of Pacific salmon populations 
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in mixed fisheries. A total of 18 sampling locations were sampled in mul-
tiple years. For all eight locations, temporal collections (spanning one to 
four generations) failed to demonstrate any significant departures from 
homogeneity (α = 0.05), thus confirming temporal stability of the adaptive 
SNPs allele frequencies. 

Thus, some of these illustrative studies indicate that across ecological time scales of 
decades, that adaptive markers can show sufficient temporal stability to yield spatial-
ly meaningful biological differentiation. However, it should be emphasized that 
where reference databases are established, it is advisable to re-sample representative 
sites at a frequency determined by biological (e.g. frequent extreme fluctuations in 
population abundance) or local environmental factors (e.g. rapidly changing temper-
ature or over-exploitation).  

2.2.4 General strategies and data analysis: 

The identification of panels of adaptive loci can be achieved by two general ap-
proaches. In the first, a large panel of loci (100s-1000s) is examined and those under 
selection identified. In the second approach candidate genes or functional loci only 
are directly targeted. Both approaches are commonly reported in the literature but 
the suitability will depend on the availability of genetic resources for a given species 
and the understanding of the selective landscape. In general, for non-model marine 
organisms, genome scans for adaptive markers are often the most suitable and infor-
mative, since existing genomic resources are often limited, though this may not al-
ways be the case (e.g., Nielsen et al. 2009). 

Approach 1 – Genome scans for the identification of adaptive markers 

The search for signatures of selection in molecular data has had a long tradition in 
evolutionary biology (e.g. reviewed by Helyar et al., 2011). Although discarded when 
facing population genetics questions such as describing migration or demographics, 
the utility of outlier loci for origin (stock) assignment purposes is very high and they 
usually outperform neutral loci in this context (e.g. Russello et al., 2012).  

For molecular markers there are basically two main groups of methods to detect out-
lier loci. Arguably, the classic method is the one developed by Beaumont and Nichols 
(1996), based on the FST outlier approach, which is readily implemented in the soft-
ware LOSITAN - selection detection workbench (Antao et al., 2008). The main prob-
lem with the Beaumont and Nichols (1996) approach is that there is an assumption 
that populations are at drift-migration equilibrium, which is unrealistic in most natu-
ral situations. Two Bayesian methods which account for this problem are BAYESFST 
(Beaumont and Balding, 2004) and BayeScan (Foll and Gaggiotti, 2008) which identify 
loci potentially under selection through estimates of locus effects on FST (Narum and 
Hess, 2011). These two methods are based on the same regression model but differ in 
the way that the effect of selection is inferred. Both programs have been widely ap-
plied, but they have also recently been found to be vulnerable to complex population 
structure scenarios, such as when populations are hierarchically structured, leading 
to correlated allele frequencies among samples (Excoffier et al. 2009). In such situa-
tions the Arlequin 3.5 software may be more appropriate (Excoffier et al. 2009) as the 
implementation of a hierarchical model results in higher variance between simulated 
neutral loci and thus leads to a more conservative estimate of the number of outlier 
loci (Excoffier et al., 2009). 
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In general, having too few samples can substantially reduce the statistical power of 
these methods (Foll and Gaggiotti, 2008), so they detect only extreme outlier loci, 
missing many potential candidate loci. In contrast, too many samples can also bias 
results, resulting in increased false positive rates (Excoffier et al., 2009). This bias 
could be reduced through analyzing balanced sub-sets of samples, i.e. using a similar 
number of samples from each of a number of populations or groups of populations 
identified through other approaches, such as clustering methods. Again, the impor-
tant thing is to have clarity in the question that is being addressed. If the goal is to 
identify sets of markers with high discriminatory power among different popula-
tions/groups of populations, then in principle it does not matter if a detected outlier 
is truly subject to selection, or if it is a false positive, provided that the signal is tem-
porally stable. In this case, the outlier detection can be viewed as an explorative pre-
liminary exercise supporting downstream analyses. However, if evolutionary or 
demographic processes are being investigated, the inclusion of loci under selection 
may influence results substantially so careful attention should be paid to the design 
of the strategy to identify outlier loci. 

Although the identification of candidate loci under selection (outlier loci) has been 
mainly performed in the few last years with LOSITAN software, recently several 
papers showing a lower rate of false positives in BayeScan compared with LOSITAN, 
has made the former the software-of-use (e.g. Narum and Hess, 2011). However, a lot 
of technical questions still remain, especially about the minimum numbers of indi-
vidual markers that should be tested. In this sense, a recent paper applying simula-
tions (Landguth et al., 2012) has concluded that amplifying more (and more variable) 
loci is likely to increase the power of landscape genetic inferences more than increas-
ing number of individuals. Moreover, the advent of NGS techniques yielding hun-
dreds-to-thousands of markers, along with cheaper and more reliable high-
throughput genotyping technologies (e.g. Garvin et al., 2010, Ekblom and Galindo, 
2011, Nielsen et al., 2011) will soon address this technical constraint to the acquisition 
of a sufficient number of samples covering most of the species distribution.  

Once the requirements cited above are fulfilled, a conservative and maybe optimum 
strategy could be to discard, for demography purposes, only loci that consistently 
appeared to be under directional selection, as denoted by being candidate loci in both 
BayeScan and LOSITAN, because the two approaches use different assumptions and 
algorithms (e.g., Richter-Boix, 2011). While BayeScan is generally considered as the 
best approach, discrepancy between the outputs of different outlier loci detection 
softwares is still under debate (e.g. Manel et al., 2009; Pérez-Figueroa et al., 2010; Go-
mez-Uchida et al., 2011; Narum and Hess, 2011; Nunes et al., 2011; Russello, 2012).  

Finally, in a recent review, Le Corre and Kremer (2012) provided several case studies 
where the integration of various external information (phenotypic, transcriptomic, 
functional genomic information, etc.) with outlier detection methods, led to the suc-
cessful identification of important selected genes. These authors illustrated the need 
for more integrated approaches for detecting selected loci, suggesting shifting from 
testing individual markers to multilocus approaches and integrating knowledge 
about candidate genes and phenotypic data, as well as ecological and environmental 
data.  

Approach 2 - The use of candidate loci 

Developments in sequencing technologies, the increasing availability of information 
relating to functional loci and even complete genomes of non-model species, now 
allow individual markers to be targeted as embedded in functional loci, or linked to 
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functional traits and hence potentially under selection. This technique can be a pow-
erful way of linking genotype to phenotype and to further link both of these to the 
environment. In heterogeneous environments, this may result in directional selection 
pressures upon the loci and result in high discriminatory power. Further, such loci 
may be of particular use for examining the genetic composition and adaptive re-
sponses of populations to changes in environmental conditions. In general, the inves-
tigation of candidate loci has yielded great success for the identification of adaptive 
markers. For example, Nielsen et al. (2011) reported a significantly higher proportion 
of candidate genes showing evidence of selection (30%) than randomly selectively 
SNPs (6%), highlighting the utility of this approach. In this particular case, candidate 
genes where chosen from publicly available databases with functions expected to be 
associated with temperature, growth and reproduction. In the near future, with in-
creased success in identification, candidate genes allow exploration of functional 
relationships. This contrasts with adaptive markers identified using genome scans, 
where the ability to annotate and explore functionality of loci may be limited (e.g. 
<5%; Bradbury et al., 2010). 

2.2.5 Case Studies 

The following reviews six studies where adaptive - or presumably adaptive - markers 
have been applied in a management and/or conservation context. 

2.2.5.1 Case study: Traceability of fish populations and fish products – FishPopTrace 

Several tools are available to understand the extent to which fish populations inter-
breed and to trace back the geographic origin of landed fish. These include physical 
external tags, natural tags and genetic markers. However, once a fish enters the food 
supply chain, several tools become less suitable. Cooking excludes the use of external 
features, as only the fillet in its processed state is available. Tools for monitoring nat-
ural populations and application to fisheries enforcement should therefore meet 
stringent criteria: they should mirror population identity and stability over ecological 
(environmental isolation) and evolutionary (limited interbreeding) scales. Traceabili-
ty tools should be available throughout the food supply chain from capture to a cus-
tomer’s plate (from ocean to fork) and should be amenable to forensic validation for 
use in a court of law.  

Analyses of SNPs can reach hitherto unprecedented levels of group identification, 
rendering them optimal tools in fundamental biology, conservation and traceability. 
In addition, the identification of SNPs not only responsive to changes unrelated to 
environmental differences (neutral SNPs), but also to natural selection (adaptive 
SNPs), greatly improves power of assignment. 

FishPopTrace – a recently completed EU Framework 7 project 
(http://fishpoptrace.jrc.ec.europa.eu/) – demonstrates the application of SNP markers 
to the mapping and traceability of fish populations, with an initial focus on four ma-
rine fish species: cod, herring, hake and sole. The core approach was the development 
of a “SNP chip” for each of three species: sole, hake, and herring. (Canadian re-
searchers had already created a SNP chip for cod to assist in aquaculture research). 
These devices enabled testing the identity of 1536 possible SNPs for each group of 
individuals from a specific population.  

A common concern for European consumers is the source of Atlantic cod, Gadus mor-
hua. Fish from the Baltic are worth less because they tend to have lower quality flesh 
and higher levels of contaminants. The cod team used its SNP chip to examine, blind-
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ly, samples from both locations. By looking at 20 SNPs, the researchers correctly iden-
tified the origin of each individual fish. With just 10 SNPs, 96% of the unknown sam-
ples were still correctly identified.  

The SNP chip for sole (Solea solea) also performed well. This flatfish is severely over 
fished in Europe. Only two of the twelve fishery areas within European waters are 
considered to be fished within safe biological limits. A key question is whether sole 
from the North Sea can be distinguished from populations in the Mediterranean. Just 
one SNP could reveal which sole was which, with 96% accuracy. 

European hake (Merluccius merluccius) must be 27 cm long to be legally landed in the 
eastern Atlantic, while in the Mediterranean, vessels can catch hake that are only 20 
cm in length. Fishing vessels in the Bay of Biscay are known to occasionally catch 
smaller fish, which are then misreported as originating in the Mediterranean. Fish-
PopTrace has shown that just 10 SNPs can reveal the origin of hake with near-perfect 
accuracy. 

The most challenging test case was perhaps Atlantic herring, (Clupea harengus), a geo-
graphically wide-spread and abundant species, with complex seasonal migratory 
behaviour. Herring within European waters typically display only minor and some-
times transient genetic differences among populations. By applying the SNP chip to 
herring, however, it was possible to accurately distinguish many entities, including 
those in the northeast Atlantic and North Sea, a goal important to a joint EU - Nor-
wegian fishery management plan. The flexibility of combining differing numbers of 
SNPs allowed the identification of some herring groups at smaller scales, even 
around the United Kingdom, where there is substantial misreporting of catches. 

Thus, it has been possible, by varying the numbers used on a SNP-chip, to assign 
individuals back to their source grouping across different geographic scales with 
high levels of certainty and reproducibility. Importantly, in the present context, it was 
those SNP markers showing evidence of selection that exhibited the highest level of 
genetic differentiation among target populations, and could therefore be grouped to 
generate a “minimum (and thus, cost-effective) SNP panel with maximum power. 
Such outputs are especially important, since previous types of genetic markers either 
detect levels of population differences that were too low for accurate assignment, or 
there were inherent difficulties in comparing data generated from different laborato-
ries.  

The species-specific panels of SNP markers can be implemented by control and en-
forcement authorities for essentially two purposes: i) as a standard tool to identify 
source populations (assignment) and ii) to verify the claimed population of origin 
from landed fish through to processed fish products, in the ‘ocean to fork’ sense. Im-
plementation may be broad. In the first case it is envisaged that fisheries management 
will take greater account of biological structure as opposed to the current arbitrary 
geographic structure. It is also expected that the subtle differences between adjacent 
stocks will be based on adaptive markers. 

2.2.5.2 Case study: Use of the adaptive marker Pan-1in management of spawning cod off 
the Norwegian coast 

Until the mid 1970s, the local Norwegian Coastal cod (NCC) was managed as part of 
the highly migratory Northeast Arctic cod (NEAC) stock. Due to continued decline in 
survey results, ICES advised zero catch for NCC for the years 2004-2011, and recom-
mended establishing a recovery plan to rebuild the NCC stocks. The rebuilding plan 
for the NCC, put in operation in 2011, aims at gradually reducing fishing mortality 
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until research surveys show results similar to the years 1995-1998. Fishing closure of 
targeted spawning grounds in the spawning season has been one regulation tool in 
the plan. So far seasonal closure has been in operation in the two main spawning 
areas for NEAC; Henningsværstraumen (since 2005) and Borgundfjorden (since 
2009). These two spawning sites are also spawning sites for the local populations of 
NCC. The intention is to monitor the surrounding areas outside these closures, and, 
based on the fraction of NEAC outside the closures, the managers will decide on 
opening or closure.  

Catches and survey indices have routinely been estimated by distinguishing between 
NCC and NEAC based on the visual inspection of the otoliths, a method requiring 
skilled readers. Cod from gillnet catches are commonly landed without heads and 
guts, making it impossible to read otoliths. A DNA method was introduced in 2005 
enabling sampling of beheaded landings and analysis within 24 hours. The Panto-
physin locus (PanI) exhibits particularly large differences in allele frequencies be-
tween samples of NEAC collected in the Barents Sea and the NCC samples from 
coastal areas of Norway. The method enables managers to calculate the fraction of 
NEAC in landings within 24 hours, and therefore react in real time to changes in the 
stock composition 

The area round the Lofoten Islands (approx 200 km2) is closed for all fishing activity 
from January 1 to June 30, with the exception of rod and hand line fishing. The Direc-
torate of Fisheries, who regulates and monitors the fishing activity in Norwegian 
waters, would consider opening the area for gillnet fisheries, for all vessels smaller 
than 15 meters, if the fraction of NEAC in the commercial catches outside the closed 
area exceeded a preset fraction level of approximately 0.7. This occurred in 2011, 
when the fraction of NEAC in the catches exceeded 0.9 and the area was opened 
(Figures 1 and 2). 

 

Figure 1. Fraction of Northeast arctic cod in the landings from catches around the closure in the 
Lofoten Islands. 
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Figure 2. The Lofoten area in northern Norway, where the shaded area indicates the closed area 
south of the Lofoten Islands. 

2.2.5.3 Case study: Barents Sea cod and Pan I - example of cautionary use of adaptive 
markers 

When one creates a genetic baseline, samples from spawning sites should be in-
cluded. The expectation then is that the genetic characteristics of fish throughout the 
whole habitat of the population will be similar; but it may happen that the ratios of 
allele frequencies of adaptive marker are not the same in different locations of the 
area, which a particular population inhabits. For example, all northeast Arctic cod are 
considered to spawn in the same area off the Lofoten Islands. However the compari-
son of PanI marker allele frequencies in the cod samples collected during the feeding 
period in different parts of the Barents Sea revealed clinal variation in allele frequen-
cies from the northwest to the southeast (Markeenko et al., 2012). Moreover, in most 
cases this effect is temporally stable. The putative reason for this phenomenon is that 
the Pantophysin marker is “very adaptive” and during the feeding period, cod gravi-
tates towards different localities according to water temperature and/or salinity (or 
something else). Thus, if we include the Panthophysin locus in a panel of markers 
and explore the traceability of cod caught in the southern part of the Barents Sea, we 
may obtain misleading assignments because of the discrepancy of F frequencies be-
tween the reference sample and the sample(s) being examined. 

2.2.5.4 Case study: Adaptive markers and sockeye salmon (Oncorhynchus nerka) fishery 
management 

Conservation of Pacific salmon (Oncorhynchus sp.) stocks is complicated by the pres-
ence of both stocks that are healthy and stocks that are depressed, within the same 
mixed stock fisheries. As such, there has been a need for stock-specific fisheries man-
agement. Coded wire tags, parasites and scale patterns have all been used for this 
purpose with varying degrees of success, as has Genetic Stock Identification (GSI) 
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using a variety of molecular markers (Shaklee et al., 1999). Demographic structure of 
sockeye salmon has been identified and utilised for GSI purposes at a hierarchy of 
scales. Using neutral microsatellites alone the salmon cluster into 19 geographically 
based regions relating to individual river basins and groups of small lakes on both 
the British Columbia mainland coasts and Vancouver Island (Miller et al., 2002; Bea-
cham et al., 2006). However, using the adaptive class II MHC locus, a second level of 
structure is revealed based on individual lake systems, with the allele frequency dif-
ferentiation among such systems exceeding neutral microsatellite variation by an 
order of magnitude (Miller et al., 2002). This increased discriminatory power has also 
been reflected in the power of such adaptive loci in performing GSI. A comparison of 
stock identification using lake stocks from across the species Pacific range showed 
that the MHC locus was more effective at stock identification than 13 of the 14 micro-
satellite loci presently utilized (Beacham et al., 2005). Thus GSI in sockeye salmon has 
utilised both the regional structure revealed by neutral microsatellites and the smaller 
scale demographic differences revealed by the adaptive and more discriminatory 
MHC locus. 

2.2.5.5 Case study: Evolutionary significant units  

In addition to the utility of adaptive markers for population or individual assign-
ment, they may also resolve the genetic component of adaptive diversity. As diverse 
adaptive portfolios of populations have been linked to fisheries stability, adaptive 
markers can provide a means of resolving conservation units in exploited species. 
Such conservation units are often defined as discrete and evolutionarily significant 
units, where “significant” means that the population is important to the evolutionary 
legacy of the species as a whole and if lost would likely not be replaced over ecologi-
cal time scales (COSEWIC, 2010). Discreteness may refer to genetic isolation, habitat 
discontinuity, or ecological isolation. Significance may refer to deep phylogenetic 
divergence (e.g. glacial races), adaptive (e.g. life history variation), or ecological uni-
queness, and its inclusion in the definition reflects the opinion that isolation in and of 
itself is not deemed sufficient for designation. In this context, the use of loci which 
reflect local adaptation may be particularly informative and help define units of con-
servation. For example, in Atlantic cod in Canadian waters, initial conservation as-
sessments were based on one unit. Using microsatellite loci both Bentzen et al. (1996) 
and Ruzzante et al. (1998) then reported significant structure which was largely dri-
ven by a single locus, Gmo132. This locus has since been shown (Nielsen et al., 2006) 
to have elevated divergence associated with hitch-hiking selection (i.e. linkage to a 
gene under selection). Similar observations of elevated divergence associated with 
the Pantophysin locus have been made in Canadian waters, though the structure is 
much lower than observed in the eastern Atlantic (Beacham et al. 2002). Recently 
Bradbury et al. (2010) examined 1641 expressed SNPs in cod from 19 locations 
throughout Canadian and adjacent waters. This work identified a suite of loci as po-
tentially experiencing selection associated with ocean temperature. These findings 
directly resulted in an increase of the number of ESUs recognized in Canadian wa-
ters, a revision which better reflects the adaptive diversity present in the species. 

2.2.5.6 Case Study: Understanding local adaptation and environmental change impacts in 
salmonids 

Anthropogenic climate change and its impacts are currently a major worldwide con-
cern at many levels (Kerr, 2007), and impact in the oceans, such as increase in mean 
sea temperature and change in seasonal shifts to date are well recorded (Burrows et 
al., 2011). Climate change is predicted to alter the productivity, population sizes and 
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migration patterns, and result in extended invasions, extirpations and substitutions 
of many marine commercially exploited species (Cheung et al. 2009). Hence, under-
standing the mechanisms of how climate change might influence natural populations 
is crucial for the development of effective monitoring techniques and a predictive 
framework that will help us cope with climate change impacts (Hansen et al., 2012).  

Although selection and genetic adaptation have been extensively tested in laboratory 
organisms, understanding the molecular mechanisms underlying environmental 
adaptation patterns of natural non-model organisms is hindered by the complexity of 
variables involved and the lack of individual pedigree and species genome informa-
tion. Nevertheless considerable progress has been made by comparing both neutral 
and non-neutral markers and evaluating their association with environmental va-
riables. Hansen et al. (2012) reviewed the use of genetic markers to evaluate adaptive 
responses to environmental change and produced criteria for demonstrating adaptive 
genetic change, which are summarised as: (i) suitable genetic variation exits; (ii) the 
monitored genes are relevant to the specific environmental stress; (iii) genes are ana-
lysed over time; (iv) selection is tested; (v) shifts in allele frequencies coincide with 
changes expected in response to the environmental change and (vi) adaptive genetic 
change is not inferred when replacement by a different genetic population has oc-
curred instead. 

It is important to note that while the previously discussed approaches (LOSITAN, 
BAYESCAN, ARLEQUIN) identify adaptive loci as outliers which show atypically 
high differentiation, the signals of environmental selection on selected loci may not 
necessarily appear as high differentiation (Narum and Hess, 2011). Hence, another 
way of detecting loci potentially under selection is pursuing the expectation that they 
will show allele distributions which are incongruent with patterns seen in other parts 
of the genome, which will show patterns resulting from evolutionary forces such as 
migration and drift. This approach was employed by Joost et al. (2008) to develop a 
Spatial Analysis Method (SAM), where correlations between allele frequencies and 
environmental variables are tested through univariate regression models. Significant 
associations between loci and environmental variables detected through the SAM 
method then need to be tested against neutral population structure to avoid targeting 
outlier loci, representative of population structure but not necessarily associated with 
the target environmental variable (Excoffier et al., 2009). It is worth noting that loci 
detected with the SAM method are not necessarily FST outliers (Narum et al. 2010). 
Despite the attractiveness of detecting adaptive markers associated with known va-
riables, the main limitation of SAM approach is the appropriate choice and collection 
of pertinent environmental variables.  

A similar approach was employed by Narum et al. (2010) who identified six SNP loci 
strongly associated to climatic regimes in redband trout (Oncorhynchus mykiss), by 
comparing montane and desert populations. Putatively neutral markers yield ex-
pected demographic patterns: desert populations were more isolated from each other 
than montane ones, which seemed to experience stronger gene-flow, with an isola-
tion-by-distance pattern; Conversely, SNPs identified to be associated with tempera-
ture or precipitation regimes, not only showed allele frequencies strongly correlated 
with specific climatic variables, but showed a two-fold increase in levels of differen-
tiation among populations experiencing variable extremes (despite neutral structure), 
and showed significant isolation-by-temperature across populations. Such work de-
monstrates the combined utility of correlation and outlier based tests for adaptive 
marker identification. 
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In a similar study evaluating the genetic component of the propensity for anadromy 
in O. mykiss populations, Narum et al. (2011) found three SNPs significantly asso-
ciated with anadromy, while controlling for neutral population structure and other 
markers associated with environmental variables (temperature, elevation, upstream 
distance, etc.).  These SNPs were then used to construct a model to predict propensity 
for anadromy in other local populations, which further corroborates their association 
with the trait of interest.   

Although the cases reviewed here (Narum et al., 2010, 2011) do not yet fulfil all the 
criteria stipulated by Hansen et al. (2012) (i.e. temporal analysis of allele shifts), they 
lay the necessary framework for the routine monitoring of markers associated to 
traits of interest to evaluate anthropogenic impacts such as climate change, and to 
formulate predictions of the potential for adaptation of specific populations. 

2.2.6 The WGAGFM recommend 

• That markers under directional selection continue to be identified and em-
ployed in analysis as such markers have been shown to yield informative 
insights on both the scale and dynamics of populations and in identifying 
potential underlying drivers.  

• That markers associated with functional variation be used to explore the 
predictive power to study the impacts of selective pressures including 
fisheries, climate change, and pollution. 

• That based on the binary nature and ease of cross laboratory calibration 
when considering SNP databases, that the potential to combine datasets 
over larger spatial scales across labs be explored. 

2.2.7 Action list  

• That biological inferences from adaptive markers be interpreted within a 
demographic framework (e.g. based on neutral markers) since population-
level demographic change will underpin long-term processes that influ-
ence, in part, the resilience and recovery of exploited individuals.  

• A comparative analysis of neutral, selective, combinations and subsets of 
markers is undertaken to maximise the power to detect signals of differen-
tiation across a range of geographic scales. 

• As with neutral markers, when adaptive markers are employed, temporal 
stability should be periodically checked (as selective pressures may change 
over time). 
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2.3 ToR c) Continuing assessment of the SNP-technology 

Geir Dahle, Naiara Rodriguez-Ezpeleta 

2.3.1 Preamble 

Technological and analytical developments in Single Nucleotide Polymorphism 
analysis, with special focus of applications in fish and fisheries are discussed. Due to 
rapidly increasing numbers of applications using RAD-based approaches, this tech-
nology receives special attention. 

2.3.2 State of the art  

Nowadays different reduced-complexity approaches to genome-wide data are avail-
able at a reasonable price. Of the different types of analyses, the Restriction site Asso-
ciated DNA (RAD) sequencing on the next-generation sequencers seems to be one of 
the most promising approaches to producing genomic data at population level in 
non-model organisms (Miller et al., 2007; Baird et al 2008). RAD sequencing is a 
method to identify thousands of informative SNPs using NGS (Next Generation Se-
quencing) suitable for genotype-phenotype association mapping, scaffolding genome 
assemblies through linkage mapping, QTL analysis, hybridization and gene flow 
analysis, phylogeography, and population genetics. The method involves cutting the 
genome with one or more restriction enzymes and then sequencing the ends of the 
resulting fragments. The fragments from one individual are ligated to a modified 
adapter containing a unique identifying sequence. The fragments from many indi-
viduals can therefore be pooled together and sequenced in one operation. The result-
ing reads can be separated bioinformatically by identifying the unique identifying 
sequence at the start of each read. Using this method many SNPs can be identified in 
a single experiment. The number of studies using RAD sequencing to identifying 
SNPs are growing fast and in a variety of species; barley (Poland et al., 2011), arti-
choke (Scaglione et al., 2012), eggplants (Barchi et al., 2011), stickleback (Hohenlohne 
et al., 2010), trout (Hohenlohe et al., 2011). 

2.3.3 High-throughput versus low-throughput 

We discriminate between low or medium-throughput genotyping, i.e. a genome wide 
analysis on a low number of individuals, and high-throughput genotyping, i.e. geno-
typing selected SNPs in a large number of individuals.  The latter uses the knowledge 
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acquired through a genome wide analysis (low-throughput) of a species, combined 
with annotation and validation of a large number of SNPs. From these data a panel of 
targeted SNPs is selected for any specific task. This method has been utilized in dis-
criminating between farmed and wild salmon in Norway. Karlsson et al (2011) se-
lected SNPs from a total panel of 7000. They found that the precision of assignment 
increased with the number of loci, and was close to 100 % using only the 60 highest-
ranked loci of the 7000 on the original SNP-chip. This selection enables less expensive 
high-throughput genotyping. 

2.3.4 Ascertainment bias  

Ascertainment bias is a systematic geographically correlated reduction in estimates of 
diversity caused by the discovery process of any molecular marker, and it has been 
identified as a significant impediment to the widespread utility of large SNP panels 
(Helyar et al. 2011). Theoretically, ascertainment biases could influence any analysis 
or inference based on SNP allele frequency when the SNPs are isolated from a limited 
sample but applied in a larger geographical context. The ascertainment panel used 
for development of SNPs should therefore be carefully matched with the type of 
question their application warrants. 

2.3.5 Validation of SNPs 

SNPs are the most versatile class of functionally associated genetic markers, and al-
low assessment of the correlation between genetic and phenotypic variation. How-
ever, some of the SNP candidates identified in initial rounds of sequencing are likely 
to be sequencing “artefacts”. Validation of the SNP markers is therefore necessary. 
Because of cost issues, validation is often based on a subset of the initially detected 
SNPs. Deep sequence coverage will detect SNPs with higher probability of being 
validated. Validation can be performed with various techniques, such as primer ex-
tension, hybridization, ligation, PCR amplification, and restriction enzyme digestion. 
Salmonid fishes have experienced several whole genome duplication events (Danz-
mann et al 2008). These duplicated genomes contain paralogous sequence variants 
(PSVs) which are readily mistaken for SNPs. A PSV is created when there is a base 
pair difference between the sequences of two paralogs, but the substitution does not 
segregate within either paralogue. Multisite variation (MSV) is another source of 
variation in polyploid genomes. MSVs are polymorphic and possibly informative; 
however, approaches to detect MSVs are limited, making analysis difficult. There has 
however been developed a software for identifying MSV on the salmon Illumina SNP 
array (Giskehaug et al 2010), increasing the number of usable polymorphic markers 
by 35%. 

2.3.6 Bioinformatics (handling and analysis of data) 

The preponderance of RAD sequencing and GBS data comes from the Illumina plat-
form instruments such as the GAIIx or the HiSeq 2000. The uniqueness of the data 
generated by these instruments is the number of files created and their size. Even 
after pre-processing, the primary data produced in a single sequencing run can reach 
1 terabyte, and, because the evolution of sequencing technologies is far from static, 
this number is expected to increase in a near future (Sexton, 2012). Thus, compared to 
previous eras in population genetics in which data generation was the limiting factor, 
the challenge now is not the data generation, but the storage, handling and analysis 
of the information obtained (Pennisi, 2011). Thus, as all other applications of these 
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new technologies, the SNP discovery and genotyping using next generation sequenc-
ing data requires unprecedented needs in infrastructure, software and personnel. 

2.3.6.1  Infrastructure 

High throughput sequencing datasets can range from occupying a few to hundreds 
of gigabytes per sample, implying high requirement of disk storage, memory and 
computing power for the downstream analyses, and often needing supercomputing 
centres or cluster facilities. A basic computational starting point consists on a server 
with 16 cores, 48 gigabytes of RAM and a 10 terabytes of disk space, but as sequenc-
ing throughput increases this needs to be scaled up through a larger server or a com-
puter cluster. If the sequencing throughput does not justify such a large scale 
computing set up for a single lab and/or the home institution is not equipped with an 
appropriate IT infrastructure, other alternatives exist, such as the use of cloud-
computing (e.g. the Elastic Compute Cloud from Amazon), which allows scientists to 
virtually rent both storage and processing power, by accessing servers as they need 
them. The downside of this option is that it requires moving data from researchers to 
‘the cloud’ back and forth, which given file sizes, is not trivial (Rodríguez-Ezpeleta et 
al. 2012). 

2.3.6.2 Software 

There are hundreds of commercial and open-source softwares available that provide 
some aspect of analysing next generation sequencing data, but none addresses the 
usual concern when it comes to high-throughput data analysis, there is no ‘Swiss 
army knife’-type software that covers all possible biological questions and combina-
tions of experiment designs and data types (Rodríguez-Ezpeleta et al. 2012). In gen-
eral, command line open-source customizable programs are preferred by expert 
bioinformaticians, but may be difficult to use for biologists that lack computing ex-
perience. In these cases, commercial easy-to-use software packages may be a solution. 
These tools have some lack of flexibility and configurability and can lead to the temp-
tation of simply applying a preconfigured workflow (“black box”) without fully con-
sidering or understanding whether each of the steps is appropriate for the particular 
project´s objectives and dataset (Paszkiewicz and Studholme, 2012). In all cases, a 
careful documentation of the analysis steps required for a given application, which 
often involves choosing among tens of available software and an extensive set of 
parameters for each step, is necessary. New algorithms are continuously emerging, 
adding increasing complexity to choosing to optimal analysis approach. 

The software pipeline Stacks (Catchen et al., 2011) has recently been developed for 
building genetic maps and for identifying thousands of SNPs from RAD-Tag NGS 
data, usable in phylogeography and population structure studies. Although Stacks 
can generate several summary statistics and compute population genetic measures 
such as Fis within populations and Fst between populations, additional downstream 
analyses using as input data the identified SNPs are required to fully understand the 
population structure of the species of interest. Given the large amount of SNPs to be 
used development of new or adaptation of existing software to handle thousands of 
loci is required (Helyar et al., 2011). 

2.3.6.3 Personnel 

To fully capitalise on next generation sequencing data for SNP identification and 
genotyping, a considerable degree of bioinformatics expertise is required. The bioin-
formatics pipeline is however only one of the major bottlenecks of the field. There-
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fore, along with technology considerations, it is additionally critical to have a well-
trained cadre of bioinformatics specialists operating in close cooperation with the 
research group. The tasks of these bioinformatics experts include, but are not limited 
to, participating in the experimental design, optimizing data analysis pipelines in the 
parallel computing environment, automating bulk transfers of large volumes of data, 
filtering data and assigning biological significance, making decisions and intervening 
in the course of analysis, and interacting with investigators to suggests analysis 
strategies and methods. Although in high demand, few individuals that are proficient 
at both ‘wet’ laboratory based disciplines and ‘dry’ computational methods are cur-
rently available (Sexton, 2012). 

2.3.6.4 Strategy 

A common workflow of a population genomic study using SNPs detected by NGS is 
illustrated in Figure 1. Steps inside the dotted line are the ones that can be considered 
new in experiments using NGS in comparison to experiments using more standard 
techniques. A company founded by the inventors of RAD sequencing, Floragenex 
(http://www.floragenex.com/), makes this technique commercially available provid-
ing ready-to-use genotypes following the reception of purified DNA, and some insti-
tutions, such as the University of Edinburgh (http://genepool.bio.ed.ac.uk/), provide 
RAD sequencing services in a collaborative framework. In both cases, RAD-Tag li-
brary preparation, Illumina sequencing (including quality control assessment) and 
bioinformatics analyses to identify genotypes are performed. Subcontracting implies 
a tight cooperation with the expert wet-lab and bioinformatics team that will generate 
and analyse the data so that experiment design and interpretation of the data takes 
data generation and analysis issues into account. Another alternative is to perform 
some or all of these steps in-house. This allows more control over the type of RAD 
tags obtained (different species may require different restriction enzyme combina-
tions, different coverage, etc.) and over the bioinformatics analysis to identify SNPs. 
Still, handling the large files obtained from next generation sequencing experiments 
in-house is only possible if the above requirements of infrastructure, software and 
personnel are fulfilled. Additionally, the downstream population genetic structure 
analyses will also require some degree of appropriate infrastructure and computa-
tional knowledge due to the large amount of data (thousands of SNPs) to be handled.  
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Figure 1: Workflow of a population genomic study using SNPs detected by next generation se-
quencing. Steps between the dotted line (all or a subset of them) can be subcontracted to compa-
nies such as Floragenex. Steps in grey require bioinformatics knowledge.   

2.3.6.5 Cost issues 

Compared to standard techniques, RAD sequencing is an extremely cost-effective 
approach for SNP discovery and genotyping (e.g. genotyping more than 10,000 SNPs 
in 200 individuals costs approximately 60,000 Euros if done commercially and even 
cheaper if done in house). Still, while the cost for SNP identification and genotyping 
is steadily decreasing as new advances in NGS technologies arose, this is still not the 
case for SNP validation, especially when large numbers of SNPs are concerned. Mi-
crochip based technology is still expensive for population based studies, and is cur-
rently restricted to commercial and/or large research centres. There are many low-to-
medium throughput options for SNP genotyping available, with no apparent consen-
sus as for the best system (i.e. comparison of performance in relation to technical 
genotyping issues: including genotyping errors and missing allele call; etc.). Technol-
ogy continues to move fast and deciding on a particular platform may be difficult 
(but see Fluidigm system for an interesting option). 

2.3.7 Recommendation 

That SNP technology due to the constant technological developments is assessed and 
discussed by WGAGFM members on a continuous basis. 
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2.4 ToR d) Contribute to the development of the scientific understanding 
of sustainability of aquaculture by collaborating with WGMASC and 
WGEIM and planning for the ASC 2012 theme session on “Genetic im-
pact of aquaculture on wild populations”  

All WGAGFM participants attending meeting 

2.4.1 Context 

WGAGFM has a long history of providing advice to ICES on genetic aspects of aqua-
culture, both with regards to use of molecular approaches to set up and optimize 
breeding designs, as well as assessments of potential effects of aquaculture on ecosys-
tems and fish and shellfish resources. Steps have been taken to develop collaboration 
between WGAGFM and the new EG “Sustainability of aquaculture”, and the scope 
for the WGAGFM chair and potentially other interested members of WGAGFM to 
participate in a meeting with the new WG during the next ASC in Bergen is being 
examined. WGAGFM has identified several areas of potential synergies emanating 
from collaboration between EGs. These include work on 1) the identification of mari-
culture issues and advisory needs with respect to status and sustainability of living 
marine resources in the face of mariculture, and 2) application of genomic marker 
based approaches to optimisation of breeding programs (e.g. using inference about 
intra-specific biodiversity associated with traits of interest), both in established and 
novel mariculture species. Other, yet unidentified, areas of potential synergies may 
also apply. At time of writing formal collaboration with the EG (integrating 
WGMASC and WGEIM) has not been established. Yet, WGAGFM agree that interac-
tion is likely to be beneficial, while at the same time it requires careful consideration 
how such interaction could and should take place. Resources for contributing to WGs 
and attending EG meetings are contributed by individual member countries’ institu-
tions’ own budgets. This is a significant limiting factor for the extent to which mem-
bers are able to contribute to multiple EGs and has to be taken into consideration, 
when drawing up specific plans to facilitate and ensure interaction. One way of inte-
grating activities could be for the two groups to exchange comments on respective 
relevant ToR resolutions and recommendations. Shared ToR could also be developed. 
WGAGFM suggest producing a commented list of areas of expertise held within 
WGAGFM that should be of relevance to work carried out by the “Sustainability of 
aquaculture” EG. The list could subsequently be submitted for the attention of the 
“Sustainability of aquaculture” EG. The list should be updated annually by 
WGAGFM. 

WGAGFM have not collaborated with WGMASC/WGEIM on the planning of the 
ASC 2012 theme session on “Genetic impact of aquaculture on wild populations”. 
However, the scope for the theme session falls within the field of expertise of 
WGAGFM, and individual WGAGFM members have submitted abstracts to the ses-
sion. 

2.4.2 WGAGFM recommends 

• That EG chairs (of the integrated WGMASC/WGEIM and WGAGFM) ex-
plore the scope for interaction during the ASC in Bergen 2012 and here-
under discuss the scope for exchanging ToR resolutions with the aim to 
provide comments on respective ToR, where appropriate. 
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• That ICES SCICOM SSGHIE compile and disseminate a portfolio of exper-
tise from individual EGs to facilitate future collaborations. 

2.5 Term of Reference e) Evaluate potential for collaboration with other 
EGs in relation to the ICES Science Plan and report on how such coop-
eration has been achieved in practical terms (e.g. joint meetings, 
back-to-back meetings, communication between EG chairs, having 
representatives from own EG attend other EG meetings). 

All WGAGFM participants attending meeting 

2.5.1 Context 

WGAGFM discussed the potential for collaboration and agree that there should be 
scope for collaboration between WGAGFM and several other EGs, both under the 
SSGHIE as well as between WGAGFM and EGs under other SCICOM steering 
groups. It was acknowledged that it is practically difficult for individual members to 
engage in regular interaction with all relevant EGs (apart from what is accomplished 
via ad hoc discussions between members from different EGs), but also that the aim 
should be for the widest possible levels of collaboration. In some cases, joint meetings 
could contribute to the collaboration, but it is also important that annual meetings 
allow WGAGFM members time to discuss specialized issues, which may not be at-
tainable to the same extent during multi-disciplinary meetings. Back-to-back meet-
ings may in some cases be a useful approach but are at the same time practically 
difficult to plan and require increased resource allocation from participating mem-
bers. Having representatives from own EG attend other EG meetings could be useful, 
but also requires close coordination of the respective EG activities. It is envisaged that 
the advertised shift to multi-annual ToR may improve the integration of work among 
EGs, as it gives EG chairs and members the opportunity to follow respective EG work 
developments over a longer time frame, hence enabling better scope for planning 
joint activities. To aid visibility of the issues discussed and capacity held within indi-
vidual EGs, portfolio of expertise could be compiled and disseminated for each EG.  

2.5.2 WGAGFM recommends 

That it remains an aim to develop collaborations and sharing of knowledge between 
EGs, both between those under SSGHIE and between WGAGFM and EGs under oth-
er steering groups.  

That ICES SCICOM scientific steering groups compile and disseminate a portfolio of 
expertise from individual EGs to facilitate future collaborations. 

2.6 ToR f) Contribute to the improved integration of genetic information 
into fisheries management under a reformed Common Fisheries Policy 
the Marine Strategy Framework Directive and the new Data Collection 
Framework 2014-2020 

Jann Martinsohn, Reinhold Hanel, Tom Cross and Dorte Bekkevold 

2.6.1 Abstract 

While genetic approaches in a number of examples have proven their value for the 
management of marine living resources and conservation measures, the inclusion of 
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genetic data for such purposes is not yet routinely applied, and integration of genetic 
information in marine fishery management schemes has been slow. 

The ICES WGAGFM has repeatedly and consistently advocated the improved inte-
gration of genetic data and information into fisheries management and conservation, 
also under the Common Fisheries Policy (CFP) remit. For example the WGAGFM 
recommended on various occasions the building of a “metadatabase for fish(eries) 
genetic data compilation”. Additionally in its 2011 report the WGAGFM suggested to 
explore opportunities for the integration of genetic data into fisheries management 
resulting from the European Union Data Collection Framework Regulation. This has 
also been discussed in March 2012 during an Expert Working Group meeting of the 
Scientific, Technical and Economic Committee for Fisheries (STECF), together with 
ICES one of the major advisory bodies to the European Commission, during which 
ICES was also represented. 

This ToR intends to reflect on opportunities arising from current EU policy develop-
ments, such as the implementation of the Marine Strategy Framework Directive, the 
ongoing CFP reform and the envisioned new DCF (2014–2020), for a better integra-
tion of genetic approaches and concepts into fisheries management and conservation 
measures, and to come forward with tangible recommendations to reach this goal. 

2.6.2 Rationale and background 

Genetic data can provide valuable information for fisheries management and conser-
vation measures, for example spatial and temporal trends in exploited fish stocks. 
While this has been shown in numerous scientific studies, demonstrated through the 
application of genetic approaches in fisheries management scenarios (Hauser, 2008 
and see below), and acknowledged by eminent scientific advisory bodies (STECF, 
2011) genetic analysis for fisheries management and conservation is far from being 
considered routinely. There are various reasons for this reluctant uptake of genetic 
information (discussed in Waples, 2008). Generally the current scientific infrastruc-
ture is unfavourable: With the exception of genetic species identification (“DNA-
Barcoding” Ward, 2009), at present the generation of genetic data and information on 
marine organisms is generally restricted to specific research projects with limited 
funding and timeframes. This, and the lack of robust and central data collection struc-
tures for genetic and genomic data (Verspoor, 2010), relevant for management of 
living marine resources is currently greatly impeding the uptake of genetic informa-
tion. 

The use of genetic and genomic information for fisheries and aquaculture manage-
ment as well as conservation is regularly addressed by ICES through the WGAGFM, 
and has also been subject during the 36th Plenary Meeting of the STECF (PLEN-11-
01) where outcomes of the FP7 funded project FishPopTrace 
(http://fishpoptrace.jrc.europa.eu), which performed extensive population genetic 
analysis on marine fish, including on historical samples, were presented and docu-
mented in the resulting report {STECF, 2011}. Also in March 2012, during the STECF 
– EWG 12- 01 Meeting on the future DCF Multi Annual Plan (MAP) 2014-2020, op-
portunities for fisheries management under the CFP remit, provided by modern ge-
netic and genomic analytical approaches were presented as well as emerging 
challenges concerning the collection of genetic data. It was discussed whether and 
how data resulting from genetic and genomic analysis and monitoring with relevance 
for fisheries management under the CFP remit, could be collected and included un-
der the DCF remit (STECF Report EWG 12- 01 in preparation). 

http://fishpoptrace.jrc.europa.eu/
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The currently ongoing developments in the EU marine-policy framework, such as the 
implementation of the Marine Strategy Framework Directive (MSFD; European 
Commission, 2008), the overhaul of the Common Fisheries Policy (CFP; European 
Commission, 2009) in combination with the creation of the European Maritime and 
Fisheries Fund (EMFF; European Commission, 2011) and the envisioned new Data 
Collection Framework 2014-2020 (STECF Report EWG 12- 01 in preparation) provide 
an excellent opportunity to re-launch the endeavour and develop sound strategies in 
order to improve the integration of genetic information into fisheries management, 
including aquaculture activity and also conservation. In the following, EU policies 
and legislation which can be supported by the use of genetic information are briefly 
introduced. Subsequently questions critical to sustainable fisheries management and 
conservation, which can be addressed by genetic approaches, are presented, followed 
by a brief critical reflection on opportunities and shortcomings. Finally a series of 
recommendations designed to improve the inclusion of genetic information in fisher-
ies management, aquaculture activities and conservation are put forward. 

2.6.3 Relevant current policy & RTD initiatives 

The Marine Strategy Framework Directive (Directive 2008/56/EC) 

The Marine Strategy Framework Directive (European Parliament, 2008) establishes a 
common framework and objectives for the protection and conservation of the marine 
environment. In order to achieve these common objectives, EU Member States (MS) 
will draw up and implement coherent management plans in each region, and subse-
quently monitor their application. By 15 October 2012, Member States are to complete 
and report to the European Commission their Initial Assessment (Article 8), determi-
nation of Good Environmental Status (GES) (Article 9) and establishment of envi-
ronmental targets (Article 10). 

ICES has provided scientific support to the European Commission as a background 
for the preparation of the Commission Decision on criteria and methodological stan-
dards on good environmental status of marine waters (European Commission, 2010). 
The resulting eight reports have been prepared by groups of independent experts 
coordinated by the European Commission Joint Research Centre (JRC) and ICES. 

EU Member States must determine the "ecological status" of their waters on the basis 
of 11 descriptors, which are further specified by a list of attributes, criteria and indica-
tors. Genetic information is explicitly mentioned as a substantial indicator: Popula-
tion genetic structure of key species is defined as an indicator for Descriptor 1 
(Biodiversity), and could also be used as an indicator in Descriptor 3 (Commercially 
Exploited Fish). In addition, genetically distinct forms of native species should be 
assessed. Such an assessment of genetically distinct forms also applies to Descriptor 2 
(Non-Indigenous Species). 

Once the process of selection of indicators nears completion there is a need for har-
monization of assessment and reporting between MS. It may not be appropriate to 
apply indicators in the same way within and between regions. However, the raw 
data obtained function as the fundamental building blocks for assessment. These data 
need to be compatible, reproducible and quality assured on a pan-European scale. 
This means that sampling and sample processing must follow internationally agreed 
procedures, independent of subsequent data analysis. Within several Descriptors, 
international standard guidelines may exist for some, if not all, of the selected indica-
tors (for example contaminants). For other Descriptors, such as Biodiversity, Non-
indigenous species, Food webs and Sea-floor integrity, there is likely to be a paucity 
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of technical guidelines. This specifically applies to indicators based on genetic infor-
mation. However, such indicators are essential and provide adequate tools to tackle a 
variety of questions on the environmental status of marine ecosystems. Priority 
should be given to matching the emerging needs of genetic information on a species, 
population and individual level with the availability of internationally approved 
technical guidelines/methodological standards. Where there is a lack of such guide-
lines, measures should be taken to ensure these are developed, within the timeframe 
relevant to the MSFD assessment process. 

The Common Fisheries Policy Reform and the European Maritime and Fisheries Fund  

The Common Fisheries Policy (CFP) is currently under reform, aiming to bring fish 
stocks back to sustainable levels. In its proposal for a regulation on the Common 
Fisheries Policy (European Commission, 2011), the European Commission empha-
sizes the need for a fundamental overhaul and identifies a series of measures to im-
prove the current situation. Examples are to ensure productivity of fish stocks and to 
maximise long-term yield, multi-annual plans governed by ecosystem approach, a 
ban on discards, new marketing standards and clearer labelling, regionalisation of 
fisheries management, a better framework for aquaculture, up-to-date information on 
state of living marine resources. 

The CFP reform is accompanied by the introduction of a new financial instrument, 
the European Maritime and Fisheries Fund (EMFF; European Commission, 2011) 
which will replace the current European Fisheries Fund (EFF). The EMFF, as part of 
the EU's multi-annual financial framework for 2014-2020, is designed such that it can 
help deliver the objectives of the reformed Common Fisheries Policy (CFP) but it also 
supports the implementation of the EU Integrated Maritime Policy (IMP; European 
Commission, 2007). Importantly it also foresees measures for data collection and sci-
entific advice. In its accompanying MEMO (European Commission, 2011, the Euro-
pean Commission emphasizes that scientists and researchers in the fields of marine 
environment, climate change, coastal protection, etc. should benefit from the EMFF. 
This should be further explored with respect to potential opportunities for the appli-
cation of genetic approaches and concepts to fisheries management and conservation 

As shown below by a list of fisheries and conservation relevant questions, genetic 
and genomic approaches can very well deliver great support to both the MSFD and 
the CFP. An opportunity will be missed if scientists and stakeholders do not find 
ways to integrate genetic information better and on a broader scale into fisheries 
management and conservation measures. 

2.6.4 Marine Knowledge 2020 and the Data Collection Framework 2014-
2020 

It is generally acknowledged that marine data is generated in a highly fragmented 
way by many stakeholders from diverse disciplines. This leads to data dispersal and 
loss, which does greatly impede a coherent approach to marine research, causes re-
dundant work on marine-related topics and has also a significant economic impact 
(European Commission, 2010). Also the field of fisheries genetics suffers from the 
lack of central databases compiling genetic data on marine organisms, which contrib-
utes to the slow uptake of genetic information into fisheries management and conser-
vation (Verspoor, 2010). 

Marine Knowledge 2020 is an EU initiative bringing together marine data from dif-
ferent sources with the aim of helping researchers, but also the industry and public 
authorities, to make more effective use of datasets to improve our understanding of 
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the marine realm and to develop new products and services. A key aspect is to com-
pile data from multiple sources to serve a wide array of end users. Following this 
approach, users can benefit by access to data that was collected for a certain purpose 
or in the context of a specific project but which is reusable for other purposes. The 
different users will process the data and transform it into information and knowledge 
in different ways for their particular aims. The same line of argument was also used 
by the WGAGFM group when advocating the creation of a meta-database for fish 
and shellfish genetic data (Verspoor, 2010). The EU takes several measures to pursue 
this goal, such as supporting Member States’ efforts on marine observations & data 
collection, development and implementation of EU policies to improve accessibility 
of public data & information (e.g. INSPIRE; European Parliament, 2007) and ultimate-
ly to transform the current fragmented arrangement of systems into one intercon-
nected and interoperable structure. Important pillars of Marine Knowledge 2020 are 
the Global Monitoring for Environment and Security (GMES; European Commission, 
2009), the European Marine Observation and Data Network (EMODnet; DG MARE, 
2010) and the EU Fisheries Data Collection Framework (DCF; European Council, 
2008). In the long run it appears that particularly EMODnet and the DCF could in-
corporate genetic data on marine organisms and commercially exploited fish respec-
tively. The feasibility of including fish(eries) genetic data in the DCF has been 
discussed in March 2012 during an Expert Working Group meeting of the Scientific, 
Technical and Economic Committee for Fisheries (STECF), during which ICES was 
also represented. It was agreed that genetic and genomic information can help to 
elucidate fisheries management relevant questions and provide support to the Com-
mon Fisheries Policy. It was also concluded that the current DCF already provides for 
the possibility to collect data sets which are currently not routinely included such as 
is the case for genetic/genomic data under its remit, on specific request by end-users. 
To this end, also studies addressing the use of any specific analytical approaches and 
technologies, species-specific issues and regions can be carried out and co-funded 
under the DCF provisions. 

Acknowledging the need to be able to accommodate opportunities arising from tech-
nology advancements and new data needs, the STECF DCF Expert Working Group 
endorsed to maintain this level of flexibility, also in the future DCF 2014-2020 (STECF 
Report EWG 12- 01 in preparation). 

With respect to fisheries genetic data an opportunity might also emerge from Fish-
Frame, a web based data-warehouse application (www.FishFrame.org) linking be-
tween stored nationally raw data and the aggregated data used in the assessment 
process, which is currently hosted by ICES and co-financed by the European Com-
mission. While the variables included in FishFrame should satisfy all data needs for 
most assessment models including fishery based assessment models (Degel, 2006), 
currently genetic data is not included. It should be explored whether the integration 
of genetic data in FishFrame is feasible. 

2.6.5 The CFP Control and IUU Regulations 

Illegal, Unregulated and Unreported (IUU) fishing and fraud along the supply chain 
(mislabelling of fish products) is vastly contributing to the predominant overexploita-
tion of many fish stocks worldwide. These illegal activities have severe adverse ef-
fects, as they undermine sustainable fisheries, cause destruction of marine 
ecosystems, obstruct socioeconomic development, and impede consumer information 
and protection (Martinsohn, 2011). 

http://www.fishframe.org/
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The European Union has recently taken initiative to curb illegal activities in the fish-
eries sector and developed two major and complementing legal instruments: in Janu-
ary 2010, Council regulation (EC) No 1005/2008, - the ‘IUU regulation’ (European 
Council, 2008), entered into force, and in November 2009, Council regulation (EC) No 
1224/2009 established a new Community control system (European Council, 2009). 

Both regulations place emphasis on detailed catch documentation and traceability for 
fishery products ‘from ocean to fork’, that is, covering all stages of the supply chain 
from catch, to landing, transport, processing, and the markets. Traceability is gener-
ally acknowledged as being a highly powerful tool in support of monitoring, control 
and enforcement in the fisheries sector. However, currently it is mainly based on 
certificates accompanying goods, and labelling of products, both measures which are 
vulnerable to falsification. Here genetic analysis can greatly help to authenticate fish 
and fish products, even if highly processed (Martinsohn, 2011). It is noteworthy that 
the CFP control regulation explicitly refers to ‘genetic analysis’ in Article 13 - Modern 
Technologies (European Council, 2009). 

2.6.6 Genetic applications in support of fisheries management & conserva-
tion 

Apart from fisheries control and enforcement (see above) a number of other issues or 
questions of relevance to fisheries management and conservation can be addressed 
using genetic approaches. These include 1) monitoring of biodiversity (among and 
within species), 2) identifying biologically relevant management units and identify-
ing origin of individuals and mixed samples (‘genetic stock identification’ GSI, and 
‘mixed-stock analysis’ MSA), 3) determining exploitation rates of individual popula-
tions and management units (monitored with GSI/MSA), 4) monitoring effects and 
scale of environmental change, 5) monitoring trophic interactions, e.g. from bar cod-
ing analysis of stomach contents and environmental samples, 6) genetic detection of 
stock sex- and age ratios, 7) monitoring of population sizes, 8) monitoring presence of 
escapees from aquaculture, and their interaction with wild stocks, 9) monitoring ef-
fects of stock-augmentation through releases/stocking. For the time being, some of 
these applications are more readily available outside an academic environment than 
others. The scope of this report is not to provide a review of applications and is far 
from being exhaustive; however a few illustrative examples of applications that are 
already available to management (albeit not in all cases implemented) are given here. 

2.6.6.1 Example: Atlantic Salmon Genetic Stock Identification 

The Irish Atlantic salmon genetic stock identification database is constructed using 
genotypic data from approximately 11 000 individual juvenile salmon screened for 
variation at 15 microsatellite loci. Samples of juvenile stages fry and parr were col-
lected from 117 rivers (out of 140 recognised salmon rivers in Ireland) from approxi-
mately 240 sampling locations, starting with locations of highest productivity. 
Approximately 25% of the samples represent temporal replicates. The sampling of 
juveniles was conducted by electrofishing with GIS aided targeting (largely con-
ducted by a Central Fisheries Board (now Inland Fisheries Ireland) team led by Drs P. 
Gargan and W. Roche) which identified major spawning areas in each river.  99% of 
total Irish salmon production is represented by the areas sampled. Genotypes of Irish 
ranched and farmed strains are also incorporated. The data are used from a manage-
ment perspective to associate rivers and/or populations into management units based 
on levels of differentiation.  We also endeavour to identify rivers/populations which 
may have special conservation importance, based on levels of allelic diversity and 
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differentiation from neighbouring rivers. We also examine the extent of temporal 
stability in small rivers particularly and the level of differentiation of these from 
neighbouring large populations, to determine whether these small rivers form parts 
of single management units or in contrast, show high levels of population genetic 
integrity.  Most importantly the data are used as a baseline for genetic stock identifi-
cation (GSI) in Irish commercial and recreational fisheries.  This baseline has been 
used to assess mixed stock fisheries in both inshore and offshore locations around 
Ireland by the Marine Institute and following special government Ministerial re-
quests (see references below).  Because of the novel method of targeted sampling, the 
extent of population coverage and the intensity of the genetic screening, the Irish 
database is recognised as a vital management tool, that is being emulated in other 
Atlantic salmon producing countries. (Source: Prof. T Cross & Dr J. Coughlan; Uni-
versity College Cork IE). 

2.6.6.2 Example: Atlantic Herring Genetic Stock Identification 

The EU FP7 funded project FishPopTrace (http://fishpoptrace.jrc.europa.eu) have 
established a genetic stock identification database using single nucleotide polymor-
phism (SNP) information obtained for individuals collected from 20 spawning loca-
tions in the Northeast Atlantic, focussing on major stocks in the area. Major 
population components were identified (Limborg et al. 2012) and the SNP marker 
data were used to construct genetic assays (“minimum assays with maximal power”; 
Nielsen et al., 2012) to identify populations of fish to a forensic level of validation. 
Results demonstrated how application of gene-associated markers will likely revolu-
tionise origin assignment. It was e.g. possible to correctly assign on average 99% of a 
sample of herring between two areas (W North Sea and Norway) between which, at 
best, very weak levels of genetic differentiation was previously reported, which pre-
viously prevented successful GSI using genetic markers such as microsatellite DNA. 
It was moreover demonstrated that the method could be used throughout the food 
supply chain, representing tissue samples ranging from freshly caught to highly 
processed fish (e.g. smoked, pickled). Improving this technology and spearheading 
its application in Europe, such new tools provide a new way forward for managing 
fish resources, as they will revolutionise origin assignment and become a highly 
valuable tool, also for fighting illegal fishing and mislabelling. (Source: Dr. D. Bek-
kevold; DTU Aqua DK & The FishPopTrace Consortium). 

2.6.6.3 Example: Norwegian Coastal Cod Management 

In the northeast, Atlantic cod is divided into two main management units, namely 
northeast Arctic cod and coastal cod. In Norway both groups can co-occur within the 
same fjords. While Arctic cod and coastal cod have traditionally been identified by 
otolith classification, meanwhile genetic analysis using microsatellites and the Pan I 
locus, which is under selection, is used to distinguish between both groups and to 
guide management decisions. (Source: Dr. G. Dahle; Institute of Marine Research 
Bergen, NO) 

2.6.7 Opportunities and Challenges  

It is meanwhile generally acknowledged that genetic analysis can provide valuable 
support to fisheries management and also contribute to scientific advice feeding into 
fisheries policy making and governance. A major opportunity arises through the 
swift advancement in the field of genetics and genomics and the rapid drop in costs 
of genetic analysis, particularly DNA sequencing, which also greatly benefits the field 

http://fishpoptrace.jrc.europa.eu/
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of fish(eries) genetics. This has been discussed extensively in recent literature 
(Waples, 2008; Hauser, 2008; Martinsohn, 2011).  

When applying genetic approaches, such as Genetic Stock Identification (GSI), for 
fisheries management purposes, the main effort lies in establishing and maintaining 
baseline data that will allow biologically significant inference in space and time. 
However, once a set of markers that allow assessment on the desired spatial scale is 
determined, the issue of database maintenance by temporal updates on baseline ge-
netic information (e.g. on a 5-10 year basis) is no different from requirements for 
other types of data. This should open a venue to tap into existing databases or data 
collection schemes, such as the DCF, which already compile and hosting fisheries 
relevant data and information. 

However, as stated above, currently genetic information on marine fish is still to a 
large degree exclusively accommodated in the research and academic environment. 
Therefore, a dialogue on how to best take advantage of genetic data and information, 
how and where to collect/compile/disseminate genetic data, and also how to finance 
such an endeavour, is needed. Only such a multi-disciplinary and multi-stakeholder 
approach will guarantee that genetic data and information will be available to fisher-
ies management, conservation and scientific advice such that the greatest possible 
benefit is created. Quite obviously the ICES is very well positioned to catalyse such a 
dialogue and to ensure its efficiency. 

2.6.8 Conclusion 

The WGAGFM agrees that the lack of genetic information integration in fisheries 
management and conservation poses a substantial underuse of available methods 
that needs to be highlighted at member state and EU levels. The compilation of avail-
able genetic information in support of EU policy should be facilitated. WGAGFM 
recommend that that member states, e.g., under the remit of MSFD and CFP, build 
the necessary capacity and infrastructure to enable genetic monitoring at national and 
regional levels. To reach this goal national governmental fisheries agencies should 
ensure the availability of genetic core competence (e.g. staff with expertise in popula-
tion genetics and genomics). Successful implementation in management and fisheries 
control and enforcement, requires national and/or regional databases, which could be 
initiated and maintained under the DCF. Acknowledging the importance of the sub-
ject, the WGAFGFM aims to continue discussions on how to implement genetic data 
in management and enforcement across fish and shellfish species in years to come. 

2.6.9 Recommendations 

The ICES WGAGFM recommends that: 

4 ) That SCICOM contribute to a process to support that member states build 
the necessary capacity and infrastructure to enable genetic monitoring at 
national and regional levels under the remit of the Marine Strategic 
Framework Directive and the Common Fisheries Policy. 

5 ) The ICES secretariat initiates and organises a workshop defining guide-
lines for the integration of genetic data and information in the Data Collec-
tion Framework in support of the implementation of EU policies such as 
the Marine Strategic Framework Directive (MSFD) and the reformed 
Common Fisheries Policy (CFP). Participants should include genetic ex-
perts as well as experts involved in the coordination and implementation 
of the MSFD and CFP. 
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6 ) The availability and feasibility of using national fisheries databases (such 
as the ICES hosted FishFrame) for the hosting of genetic data is explored. 
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Annex 2: Agenda 

Wednesday 2nd  

9.00  Welcome by local hosts Aitor Albaina Vivanco (University of the 
Basque Country, UPV/EHU) and Naiara Rodríguez-Ezpeleta (Marine 
Research Division, AZTI Foundation) 

9.30   Welcome and updates from WG chair Dorte Bekkevold 

9.45 - 12.30  Presentation and discussion of position papers for ToR a–f   

a ) Produce a review on the potential for using parasites and pathogens as “magni-
fying glass” for fish stock characterisation. Filip Volckaert (9:45-10:30)  
 

10:30-11:00  – Coffee 
 

b ) Produce a review and discussion on the use of adaptive SNP markers and other 
adaptive markers for genetic identification of populations (breeding stocks). 
Tom Cross (11:00-11:45) 

c ) Contribute to the continuing assessment of the SNP-technology. Geir Dahle 
(11:45-12:30) 

d) Contribute to the development of the scientific understanding of sustainability 
of aquaculture by collaborating with WGMASC and WGEIM and planning for 
the ASC 2012 theme session on “Genetic impact of aquaculture on wild popula-
tions”. Dorte Bekkevold (12:30-13:00) 

 
13:00- 14:00 - Lunch 

 
e) Evaluate potential for collaboration with other EGs in relation to the ICES Sci-

ence Plan and report on how such cooperation has been achieved in practical 
terms (e.g. joint meetings, back-to-back meetings, communication between EG 
chairs, having representatives from own EG attend other EG meetings). Dorte 
Bekkevold (14:00-14:30) 

f) Contribute to the improved integration of genetic information into fisheries 
management under a reformed Common Fisheries Policy and the new Data Col-
lection Framework 2014-2020. Jann T. Martinsohn (14:30-15:30) 

 

15.30 – 17.00  Formation of ToR working groups and parallel work sessions on ToR 
a-f. 

17.00 – 18.00  Open session. Presentation of results, projects, management issues 
that you would like to share and discuss. 

 

Thursday 3rd  

9.00   Morning assembly w. updates on activities and practical information 

9.15 – 13.00  Parallel work sessions on ToR a-f 

13.00 - 14.00  Lunch 

14.00 - 16.00 Work in groups on ToR a-f (continued) 

16.30 – 17.00  Status of work in ToR groups – each ToR lead gives an update 
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17.00 – 18.00  Open session. Presentation of results, projects, management issues 
that you would like to share and discuss.  

Friday 4th  

 

9.00   Morning assembly 

9.15 – 12.15  Presentation of ToR reports/recommendations 

12.15 - 13.30 Suggestions for new ToR’s for 2013, discussion of consequences of 
multi-annual management of SCICOM expert groups and future 
meeting venue. 

13.30 End of meeting 

13.30  Lunch 
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Annex 3: WGAGFM terms of reference for the next meeting 

The Working Group on Application of Genetics in Fisheries and Mariculture 
(WGAGFM), chaired by Dorte Bekkevold, Denmark, will meet in Reykjavik, Iceland, 
8-10 May 2012 to: 

a ) Produce a review of the identification and use of adaptive gene markers in 
shellfish aquaculture and for the genetic characterisation of wild 
populations; 

b ) Review and consider technological developments in fisheries forensics and 
management of exploited marine fishes with emphasis on contributions to 
sustainability and governance; 

c ) Produce a review on the use of metagenomics and metatranscriptomics as 
an approach for marine ecosystem management 

d ) Contribute to the continuing assessment of the SNP-technology. 

WGAGFM will report by 31 May 2013 to the attention of the SSGHIE Committee. 

Supporting Information 
  

Priority The current activities of this Group will lead ICES into issues related to the 
ecosystem affects of fisheries, especially with regard to the application of the 
Precautionary Approach. Consequently, these activities are considered to have a 
very high priority. 
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Scientific 
justification 

Term of Reference a) 
There is an increasing pressure for sustainable aquaculture of many shellfish 
species in Europe and worldwide. There is evidence of local adaptation in many 
species of shellfish and locally adapted populations are often characterized by 
traits allowing them to survive and thrive under heterogeneous environmental 
conditions. Some such traits are also likely to be of interest in relation to 
mariculture production. The fast developing field of genomics offers a potential 
to obtain necessary markers for investigation of population structuring, genetic 
basis of unique traits, effective population sizes, interspecies hybridization, etc. 
This information is valuable, not only to ensure sustainable shellfish 
aquaculture but also from a marine ecosystem management/biodiversity 
conservation point of view, where the aim is to identify and protect local 
populations. The recent and continuing development of new genetic screening 
technologies has the potential to significantly aid the identification of adaptive 
markers. Thus it is timely to consider the issues pertaining to the use of such 
markers in relation to both aquaculture traits and wild population genetics 
applications. We will review the current information in this field. 
Term of Reference b) 
While there are various strategies employed to promote sustainability of 
exploited marine fish resources, issues relating to the enforcement of 
regulations, and more widely, the governance of marine fisheries, continues to 
present a significant impediment to reducing stock declines. Recent advances in 
technology, especially of DNA-based methods, together with applications at a 
species and population-level, provide robust and informative tools to tackle 
issues relating to illegality and consumer fraud. Therefore, a review of the need 
for an enhanced framework for law enforcement and prosecution, key 
technological developments, the stringency (and distinct features) of the 
forensic approach, followed by a synthesis of potential and actual applications 
to date is required. 
Term of Reference c) 
Metagenomics and metatranscriptomics consist respectively on sequencing the 
total DNA or RNA present in a given environmental sample to determine the 
species present and their metabolic activity. Given that virtually anything that 
contains living organisms can be sequenced, these techniques can be applied to 
a vast range of biological questions. In the marine environment, metagenomics 
and metatranscritpomics can be applied i) to assess temporal and spatial 
biodiversity and/or metabolic changes to monitor the effects of stressors such as 
climate change and human activity in a given community, ii) to identify the 
preys of a given fish by sequencing its stomach content, iii) to identify the 
parasites infecting a given fish population or iv) to assess water quality in 
aquaculture installations. There are certainly many more applications of these 
techniques that will help maintaining a good status for marine waters, habitats 
and resources, all within the MSFD. Therefore, a review of the potential of 
metagenomics and metatranscirptomics as cost-effective approaches for marine 
ecosystem management is required. 
Term of Reference d) 
Issues pertaining to ascertainment bias, cost, SNP choice, ease of analyses, 
screening platform, technical aspects related to genotyping, data management, 
and broader technological and statistical approaches should be further 
considered by members of this working group on an ongoing basis.  

Resource 
requirements 

The research programmes which provide the main input to this group are 
already underway, and resources are already committed. The additional 
resource required to undertake additional activities in the framework of this 
group is negligible. 

Participants The Group is normally attended by some 20–25 members and guests. 

Secretariat 
facilities 

None. 

Financial No financial implications. 
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Linkages to 
advisory 
committees 

There are no obvious direct linkages with the advisory committees. 

Linkages to other 
committees or 
groups 

SIMWG, WGEVO, WGMASC, WGEIM 

Linkages to other 
organizations 

Linkage with the EC Joint Research Centre at Ispra, Italy. 
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Annex 4: Recommendations 

Recommendation Adressed to 

1. WGAGFM recommend that given that parasite population 
genetics can be a proxy for identifying host fish populations 
(including farmed and native groups), to make good use of it, 
when appropriate for the research question addressed. This 
requires promoting interdisciplinary interaction between fish 
biologists, fisheries scientist, ecologists, evolutionary biologists, 
parasitologists, bacteriologists and virologists in order to enhance 
parasite supported stock identification. 

SCICOM, WGPDMO 

2. That genetic markers under directional selection continue to be 
identified and employed in genetic stock identification analysis 
as such markers have been shown to yield informative insights 
on both the scale and dynamics of populations and in identifying 
potential underlying drivers 

SCICOM, SIMWG 

3. That markers associated with functional variation be used to 
explore the predictive power to study the impacts of selective 
pressures including fisheries, climate change, and pollution. 

SSGHIE, WGEVO 

4. That based on the binary nature and ease of cross laboratory 
calibration when considering Single Nucleotide Polymorphism 
databases, that the potential to combine datasets over larger 
spatial scales across laboratories be explored 

WGDIM 

5. That SNP technology due to the constant technical 
developments is assessed and discussed by WGAGFM members 
on a continuous basis. 

SCICOM 

6. That WGMASC/WGEIM and WGAGFM chairs explore the 
scope for interaction during the ASC in Bergen 2012 and 
hereunder discuss the scope for exchanging Term of Reference 
resolutions with the aim to provide comments on respective 
Terms of Reference, where appropriate. 

WGMASC/WGEIM 

7. That SCICOM SSGHIE compile and disseminate a portfolio of 
expertise from individual Expert Groups to facilitate future 
collaboration between Expert Groups. 

SCICOM 

8. That the ICES secretariat initiate and organise a workshop 
defining guidelines for the integration of genetic data and 
information in the Data Collection Framework and information 
in support of the implementation of EU policies such as the 
Marine Strategic Framework Directive  and the reformed 
Common Fisheries Policy. Participants should include genetic 
experts as well as experts involved in the coordination and 
implementations of the MSFD and CFP. 

ICES Secretariat 

9. That SCICOM contribute to a process to support that member 
states build the necessary capacity and infrastructure to enable 
genetic monitoring at national and regional levels under the 
remit of the Marine Strategic Framework Directive and the 
Common Fisheries Policy. 

SCICOM, SISAM 

10. That the availability and feasibility of using national fisheries 
databases (such as the ICES hosted FishFrame) for the hosting of 
genetic data is explored 

ICES Data Centre 
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