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1 We focus on the use of single�nucleotide polymor�
phisms (SNPs) in European populations of cod, her�
ring, hake and common sole, and explore how foren�
sics together with a range of analytical approaches,
and combined with improved communication of
research results to stakeholders, can be used to secure
sufficiently robust, tractable and targeted data for
effective engagement between science and policy. The
essentially binary nature of SNPs, together with gen�
erally elevated signals of population discrimination by
SNPs under selection, allowed assignment of fish to
populations from more areas and with higher certainty
than previously possible, reaching standards suitable
for use in a court of law. We argue that the use of such
tools in enforcement and deterrence, together with the
greater integration of population genetic principles
and methods into fisheries management, provide trac�
table elements in the arsenal of tools to achieve sus�
tainable exploitation and conservation of depleted
marine fish stocks.

1 The article was translated by the authors.

THE NATURE AND SIGNIFICANCE
OF POPULATION DIVERSITY

IN EXPLOITED FISHES

Although it is now well established that population
diversity, that is, a measure of the number of distinct
groups, or population units, recognizable by biological
differentiation, is a key resource endorsed by the UN
Convention on Biological Diversity, there continues
within the world of fisheries biology and management
a reluctance to actively manage stocks at a sub�specific
level. The notion that species should be managed at a
level below the species�level is long�standing and can
be traced back to the turn of the last century, when
F. Heincke and J. Hjort established the local self�sus�
taining population as opposed to the typological spe�
cies as the preferred unit of study for fisheries manage�
ment [1, 2]. Nevertheless, for various historical, polit�
ical and socio�economic reasons [3], major
international fisheries agencies collate and monitor
fisheries resources according to geographic coordi�
nates (e.g. ICES, FAO fisheries divisions), and it is at
this level that policies and harvesting restrictions are
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often imposed. Here, we focus on why the population
or stock unit is important to delimit in fisheries man�
agement, and then discuss aspects of methodological
developments and applications in the context of trac�
table tools for policy formulation and enforcement.
Such considerations coincide with recent shifts in pre�
viously enduring paradigms in fisheries genetics [4].

The classical notion of marine fishes occupying
“open” environments, with extensive gene flow and
infinite population size, has shifted. Although such
cases of wide�scale genetic homogeneity appear to
exist [5, 6], there has been an escalation of instances
where genetic structuring is evident, even across small
spatial scales [7–9]. Although there is almost certainly
a publication bias for studies detecting such differenti�
ation, these examples show that extensive population
structure in apparently homogenous species does
indeed exist. There has also been corresponding evi�
dence of adaptive variation at relatively small scales,
even in species with high dispersal potential (reviewed
in [4]). Our knowledge of the biology of marine organ�
isms and their interplay with the physical and chemi�
cal environment in the oceans is less advanced com�
pared to terrestrial species. The marine realm poses a
number of very obvious challenges for research in pop�
ulation biology. Few marine organisms can be visually
monitored, and therefore inferences on standard bio�
logical reference points such as population size,
migration and individual behavior have to rely almost
entirely on indirect measures. Numerous new analyti�
cal methods have been developed, significantly
improving geographical resolution and statistical
power, while enhancing speed of detection and reduc�
ing cost. Groundbreaking new tools have been devel�
oped such as “otolith microchemistry”, where the
chemical composition of a fish otolith can be matched
with composition of seawater to provide data on the
geographical origin of individual fish [10]. Likewise,
recent revolutions in molecular biology have facili�
tated development of very powerful tools for genetic
analysis of population structure in marine fishes, with
the majority of data on population structure originat�
ing in the last decade.

Whereas classical fisheries approaches typically
focused on factors driving short�term demographic
changes in populations (‘quantitative’ change),
genetic approaches examine the extent to which
changes in the composition of populations (‘qualita�
tive’ change) influence both short�term alterations in
phenotypic traits and longer�term response to natural
and anthropogenic perturbations [11]. Although the
notion that population dynamics and genetic structure
are inextricably linked was emphasized long ago [12],
traditional fisheries biology makes scant reference to
genetic factors in fish population ecology, as evidenced
by recent texts in the area [13, 14]. Yet, as is clear from
the recent boom in publications in the field [15], the
incorporation of such ‘qualitative’ thinking into fish
and fisheries biology has generated new insights into

the temporal and spatial scale of change in fish popu�
lations and communities [16, 17], culminating in a
considerable shift in how we view both the marine
environment and some of its key inhabitants.

SUSTAINABILITY AND THE NEED
FOR A POPULATION�LEVEL APPROACH

Three primary drivers highlight the significance of
population diversity in exploited species. First, it is
generally recognized that populations are the natural
unit of evolutionary change, and as such provide the
genetic resources required for adaptive response to
natural and man�made changes in the environment
[18]. It is therefore at the level of populations that
genetic and ecological diversity should be described
for conservation measures, which necessitates dis�
crimination between populations in relation to their
distribution and abundance across regional waters. To
preserve the evolutionary legacy and future evolution�
ary�potential of a given marine fish species, it is
important to secure viable populations covering the
full geographical and environmental range [19]. The
existence of biologically differentiated populations,
so�called ‘biocomplexity’ [20], even in marine pelagic
fishes [21, 22], has been credited with a major role in
conferring resilience and in buffering overall produc�
tivity of fish population complexes [23]. Thus, a key
aim of sustainable fisheries management is to identify
the spatial and temporal scale of population structur�
ing, and to devise tools to monitor its dynamics and
contribution to overall fisheries production. Even
apparently small genetic differences among popula�
tions of marine fishes at presumably neutral genetic
markers could translate into important adaptive varia�
tion distributed among populations [16].

Recent global estimates based on the analysis of
1519 FAO world fisheries over the last 50 years reveals
that 366 fisheries’ collapses have occurred, representing
nearly one fishery in four. More locally in European
waters it is estimated that over 88% of stocks are overex�
ploited. In combination with the high estimated levels
of IUU activity (e.g. cod in North Sea 2009: reported
landings 34000 t vs. actual removal of 91000 t), there is
a major ongoing challenge to attaining sustainable
yields, especially within the context of burgeoning cli�
mate change. There is thus an escalating need to
develop an integrated and holistic approach to manage�
ment of natural fish resources. In addition to population
delimitation, and associated biological information on
dynamics and distribution, there is an associated need
in relation to enforcement of regulations to enhance the
ability to trace fish and fish products. There is a corre�
sponding need in relation to governance to integrate
such data and traceability tools within a forensic frame�
work to enable traceability within the context of
enforcement and conservation policy. This in turn will
facilitate implementation of effort limitation and
regional allocation of quotas based on the relative abun�
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dance of respective stocks, not only in wild populations,
but also through enforcement based on fish products.
Traceability tools can also play a species and population
level, especially in the face of frequent mislabelling,
fraud and to sustain “ecolabelling” schemes of stocks
certified in various ways. Recent studies generated from
the EU�funded Framework 7 project, “FishPopTrace”
(http://fishpoptrace.jrc.ec.europa.eu/), have generated
tools within the context of the Common Fisheries Pol�
icy (CFP), aimed at promoting sustainability through
conservation of genetic resources, as well as in the pro�
tection of consumer interests. Incorporation of popula�
tion diversity into management instruments and poli�
cies will further underpin an ecosystem�based approach
to fisheries through recovery of declining stocks and
associated resilience in feeding interactions. Conserva�
tion of fish stocks has a positive effect not only on the
economics and sustainability of the industry, but also on
long�term sustainability of biodiversity.

SINGLE�NUCLEOTIDE POLYMORPHISMS 
(SNPS) AND THEIR USE IN DETECTING 

POPULATION DIVERSITY

Genetic markers are heritable, discrete and stable.
Their use in fisheries science dates back to the 1950s,
and encompasses a wide scope of applications [24].
Generally, the analysis of genetic markers can be sep�
arated into DNA�analysis, revealing DNA sequence
variation, and protein analysis, that reveals differences
in amino acids. For practical purposes, samples of fish
(or products) have to be collected, followed by DNA
or protein extraction from tissue, nowadays a routine
process facilitated by commercial kits. Protein analy�
sis, such as isoelectric focusing (IEF) and related tech�
niques [25], or assays based on antibodies binding to
proteins with high specificity [26], can provide high
species resolution and are still applied for fish food
authenticity control.

Here we will focus on those DNA markers, most
recently applied to analysis of population diversity and
traceability in marine fishes; single nucleotide poly�
morphisms, or SNPs. Nuclear SNPs are sites in the
genome with single base changes in a DNA sequence.
SNPs are very abundant and widespread in most
genomes, often every 200–500 bp. Individual SNP
loci are less informative than microsatellites, but the
ease of ascertainment due to their high abundance can
generate equal or higher statistical power with higher
quality data and better genomic coverage, making
SNPs the best candidate for genetic markers in ecol�
ogy, evolution and conservation. The application of
SNPs to population genetics is not without some
problems, including so�called “ascertainment
bias”—the selection of loci based on an unrepresenta�
tive sample of individuals. For example if SNPs have
been developed from a few individuals (small ascer�
tainment depth), SNPs with high heterozygosities are
preferentially found, providing a false impression of

overall genomic polymorphism. Likewise, if SNPs are
developed from a biased sample of individuals (e.g. not
covering the full range of populations), comparative
analysis with respect to population�specific indices of
variability can be biased. However, in the context of
mixed stock analysis (MSA) for example, ascertain�
ment bias is not expected to create problems. Popula�
tion�biased ascertainment could result in marginally
lower power for MSA in populations not included in
the ascertainment sample; however, the high number
of markers employed would most likely compensate
for this. Microsatellite�based MSA, though the domi�
nant approach, is beginning to be replaced by SNPs
and individual assignment in routine studies of popu�
lation�based management in Pacific salmon, primarily
to assure reproducibility and transferability of data.
Recent findings [27, 28] indicate that those SNP
markers under selection typically exhibit high levels of
divergence, making them especially valuable for dis�
closing subtle structuring and traceability studies.
However, it is important to recognise that markers
influenced by selection are less useful for estimating
the extent of demographic forces such as levels of gene
flow, most reliably inferred from neutral microsatellite
or SNP markers.

Compared to other genetic markers, where routine
genotyping and transfer of protocols between labora�
tories proves difficult, the information retrieved from
SNPs is categorical (presence or absence of alleles,
rather than their molecular size (bp)), and data can be
standardized across laboratories for forensic applica�
tions [29]. Genotyping of the same specimens by mic�
rosatellites and SNPs markers performed in two differ�
ent laboratories revealed obvious advantage of SNPs
although the methods of analysis differed [30]. The
rapid progress of DNA analysis technologies will have
significant effects on the development of population
analysis and traceability tools. High�throughput
sequencing has declined dramatically in cost, while
speed and quality of analysis has increased by orders of
magnitude, allowing high throughput analysis of indi�
viduals. This is well illustrated by human genome
sequencing, which can currently be accomplished in a
few weeks at costs below US$5000, compared to more
than a year and more than US$100 million in 2007
[31]. New sequencing technologies provide major new
opportunities for genetic fish population analysis and
consequently also for traceability in the fisheries
sector as shown by FishPopTrace (https://fishpoptrace.
jrc.ec.europa.eu) where in a few weeks over 100 million
bases of sequence data have been generated for Euro�
pean hake (Merluccius merluccius), Atlantic herring
(Clupea harengus) and common sole (Solea solea).

FISHPOPTRACE—IN A FEW WORDS
ABOUT THE PROJECT

During the FishPopTrace project four marine fish spe�
cies were investigated: Atlantic cod (Gadus morhua L.),
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Atlantic herring (Clupea harengus L.), European hake
(Merluccius merluccius L.) and common sole (Solea
solea L.). The choice of target species was based on
three main criteria related to conservation status,
traceability issues and their life�styles. All the selected
species are economically important, relatively wide�
spread on a European scale, known to exhibit popula�
tion structure and belong to EC priority species for
enforcement and/or conservation. All of them are vul�
nerable to a varying degree of overfishing. These spe�
cies represent four different life�styles ranging from a
small pelagic herring and coastal flatfish sole to
bentho�pelagic cod and demersal deep�sea hake. Two
of them, cod and herring, have a more northern distri�
bution than sole and hake. Such variety in life�styles
and habitats allows us to project the results of our study
to a wide range of marine fish.

Several tools are available to understand the extent
to which fish populations interbreed and to trace back
the geographic origin of landed fish. They are divided
into several groups namely artificial external tags; nat�
ural tags, including morphometric characteristics,
chemical content and shape of the otoliths and the
parasites composition; and various genetic markers.
However as one of the goals of the project was to design
the methodology suitable not only for population
studies but for traceability purposes as well the choice
of the main tool was based on its capacity to work good
irrespective of the material analyzed whether a
fresh/ethanol fixed fish tissue or a processed fillet (by
the way the logo of FishPopTrace project (Fig. 1)
reflects its main idea: “from ocean to fork”). Thus
only genetic DNA�markers answered the desired con�
ditions, and among the wide spectrum of them SNPs
were chosen because of their reproducibility and
capacity to be detected not only in genomic DNA of
good quality but even in processed food were DNA
may be digested to relatively short fragments.

On the other hand some phenotypic characteristics
may be very useful as indicators of the fish origin
though they are not available throughout the food sup�
ply chain. Since the beginning of the last century fish�
eries scientists have made regular collection of com�
mercial fish to monitor abundance, growth and condi�
tions. The otoliths collected for aging have frequently
been archived and now they may be used for creation a
historical baseline. Based on comparison of their
shape and chemical composition one may trace popu�
lation dynamics.

Besides generally acknowledged population tools
the aim of the project was to find new traceability tools.
The idea is that environmental differences, such as
water temperature or the fish nutrients might influence
specific features locally making it possible to trace the
fish origin. Three different approaches—fatty acids
profiles, gene expression and protein expression—were
tested for their fitness for traceability needs. Statistical
analysis of the fatty acids composition in the fish tissues
revealed a clear differentiation of geographical popula�

tions both within the Atlantic or the Mediterranean as
well as between these two basins. To examine the gene
expression, a DNA microarray for analysis of 14898
genes in the muscle of hake collected from six different
areas from the North Atlantic to the Mediterranean was
developed. We demonstrated that for certain areas
(North Sea, Aegean Sea) it might be possible to trace
back fish to their geographical origin measuring the
expression of few marker genes. Protein expression
analysis also allowed the identification of different hake
populations.

FISHPOPTRACE—A CASE STUDY
IN DETECTION OF POPULATION DIVERSITY

It is now possible (unpublished data; see FishPop�
Trace brochure available at: http://fishpop�
trace.jrc.ec.europa.eu/) to assign using SNPs fish to
populations from more areas and with higher certainty
than previously possible, reaching standards which
can be used in a court of law. Based on use of the most
highly distinct genes among populations, “minimum
assays with maximum power” with from 10–30 SNPs
have been generated. These assays have been devel�
oped to target some of the most pertinent needs for
traceability tools in European fisheries management.
For example, fast, efficient and forensically robust
tools to discriminate between cod from Canada,
North Sea, Baltic Sea and Northeast Arctic popula�
tions have been developed, between North Sea and
North Atlantic herring, between sole from the Irish
Sea and Thames and between hake from the Mediter�
ranean and Atlantic areas. The core approach was the
development of a “SNP chip” for each of three spe�
cies: sole, hake, and herring. These DNA�covered
microchip�like devices enabled testing the identity of
1536 possible SNPs for each group of individuals from
a specific population. Once all individual fish were
characterised, the frequency of each SNP variant was
determined, creating a potentially diagnostic pattern,
or “population signature.” The FishPopTrace consor�
tium investigated questions relevant to fisheries and to
European consumers.

A common concern for the latter is the source of
Atlantic cod, Gadus morhua. Fish from the Baltic are
worth less because they tend to have lower quality flesh
and higher levels of contaminants. The cod team used

FishPopTrace

Fig. 1. The FishPopTrace logo: “from ocean to fork”.
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its SNP chip to examine, without knowing the source,
samples from both locations. By looking at 20 SNPs,
the researchers correctly identified the origin of each
individual fish. With just 10 SNPs, 96% of the
unknown samples were still correctly identified. The
SNP chip for sole (Solea solea) also performed well.
This flatfish attracts the highest price of the four spe�
cies and 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,
which are considered to be of higher quality. Just one
SNP could reveal which sole was which with 96%
accuracy.

The European hake (Merluccius merluccius) is a spe�
cies managed by differing regulations. For example,
Atlantic hake must be 27 cm long to be legally landed,
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 Medi�
terranean. Since the removal of pre�reproductive small
individuals may undermine efforts to promote sustain�
ability, it is of considerable value to distinguish hake
from the Atlantic and Mediterranean. Findings from
FishPopTrace showed that just 10 SNPs could reveal the
origin of hake with near�perfect accuracy.

Long�considered a sentinel of studies on marine
fish population structure, the most challenging test
case was perhaps Atlantic herring, (Clupea harengus).
A geographically widespread and abundant species,
with complex seasonal migratory behaviour, herring
within European waters typically display only minor
and sometimes transient genetic differences among
populations. By applying the SNP chip to herring,
however, it was possible to accurately distinguish many
populations, 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 populations 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 population
across different geographic scales with high levels of
certainty and reproducibility. Such outputs are espe�
cially significant since previous types of genetic mark�
ers either detect levels of population differences that
are too low, or there are inherent difficulties in com�
paring data generated from different laboratories. The
use of a marker system such as SNPs, which is essen�
tially based on the presence or absence of large num�
bers of single genetic variants means that data can be
compiled from sources in a much more reliable and
high throughput way. The approach thereby enables
the generation of baseline and ongoing additions for
subsequent genetic monitoring of the distribution and

dynamics of fish populations or stocks. Moreover it is
imperative that any such tools can be used in a legal
context, necessitating forensic validation. This has
been achieved for SNP markers within FishPopTrace
across a range of policy�driven IUU scenarios.

TRACEABILITY AND FORENSIC 
APPLICATIONS

“Law without enforcement is just good advice”
(A. Lincoln). This quote is as relevant to regulations
governing the sustainable management and conserva�
tion of marine resources as any other type of legisla�
tion. The global level of Illegal, Unreported and
Unregulated (IUU) fishing and supply chain fraud
offer financial gains on a scale that attracts organized
criminal groups as well as unscrupulous individuals;
the tools required to tackle such activities and enforce
fishing regulations need to be equally sophisticated.
Over the past two decades, a great deal of progress has
been made in regulating commercial fisheries through
monitoring, control and surveillance (MCS) measures
[32]. A range of technologies are utilized to identify
infringements relating to individual vessels, but prob�
lems still exist in areas of catch identification and sub�
sequent fraud throughout the food supply chain. Mod�
ern biological classification increasingly relies on
genetic data to help define species boundaries and, as
we have seen, is also of great importance in elucidating
the structure of populations within species. It is there�
fore obvious to consider the use of DNA analysis to
identify the origin of fish in order to support investiga�
tions into IUU fishing and mislabeling.

The application of scientific analysis to provide
legal evidence is known as forensic investigation. DNA
forensics has rapidly become the single most impor�
tant forensic technique available for identifying
human evidence and in recent years attention has
turned to non�human, or wildlife DNA forensics [33].
The development of forensic techniques for genetic
species identification of fish and fish products began
twenty years ago [34, 35] and a number of prominent
examples of its successful application to legal prosecu�
tion exist (see [36] for review). However, existing fish�
eries legislation often refers to fish stocks or geo�
graphic regions, rather than species, as the relevant
units for law enforcement and this imposes the need
for methods identifying the population of origin of
landed fish. The production of genetic assays for the
forensic identification of fish populations and hence
the geographic origin of fish and fish products was a
key objective of FishPopTrace.

The research focus of FishPopTrace was to develop
a series of markers and databases for selected fisheries
that could be used to investigate and define population
structure. In order to convert this research into a set of
applied tools, the developmental and analytical pro�
cesses involved in characterizing populations required
validation within a forensic framework. In practical
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terms this meant going beyond the usual level of scien�
tific rigour by designing and implementing a series of
formal validation studies, each of which tested sepa�
rate aspects of the genetic techniques developed in
earlier stages of the project. This work included spe�
cific validation of sample type, SNP marker, reference
data, genotyping assay and assignment statistics
(table). The resulting data forms a body of evidence
that supports the application of DNA SNP genotyping

for the categorical assignment of fish and fish products
to their genetic population of origin. The validation
studies were designed to cover a range of testing sce�
narios in order to demonstrate the performance of the
assays across different possible enforcement applica�
tions and to address likely legal challenges. All of this
information ultimately formed the basis of Standard
Operating Procedures (SOPs), documents that set out
exactly how to perform the new assignment methods

    
Summary of validation studies performed to demonstrate the performance characteristics of the SNP genotyping assays for
population assignment

Validation study  Purpose  Approach Output

Sample type To assess the range of samples 
from which DNA could be 
reliably recovered for subse�
quent analysis

Assess the recovery and PCR 
amplification of DNA using 
multiple methods on pro�
cessed and preserved fish; 

Matrix of suitable sample 
types for subsequent testing

SNP marker  To confirm the existence and 
inheritance pattern of the 
SNP markers

Genotyping and Sanger se�
quencing of candidates 
SNPs; familial genotyping 

Confirmation of SNP mark�
ers in target species genome

Genotyping assay To demonstrate accuracy and 
reproducibility

Sensitivity, specificity and re�
producibility studies

Data on the optimum perfor�
mance conditions of the assay 

Reference data To demonstrate the reliability 
and accuracy of data

Individual genotyping of se�
lected SNPs and populations 
to confirm SNP chip results

Accurate population refer�
ence data for assignment of 
unknown samples

Assignment statistics To evaluate the assignment 
method and statistical power 
of the assays

Examination of assignment 
performance across popula�
tions and SNP panels

Accurate, precise identifica�
tion of population genetic or�
igin

Certification
Scheme

Random
Testing

DNA MCS

Result Data

Reward Deterrent

Improved Compliance

Directed
Investigation

DNA Forensics

Prosecution

Enforcement

Fig. 2. Flow diagram depicting the impact of genetic identification methods on monitoring (DNA MCS) and enforcement (DNA
forensics) to improve compliance with fishing regulations. Both types of application incorporate a deterrent effect to reduce IUU
fishing; an essential element of any effective enforcement system. Reproduced from [37].
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in each of the target species. The SOPs represent the
delivery of applied tools developed by FishPopTrace,
beyond the generation of novel research.

The scale of IUU fishing and subsequent illegal
trade is unlikely to ever be controlled by enforcement
alone. The overall aim of fisheries authorities is to
maximize compliance with regulations and there are
several strategies for achieving this. The basic system
of DNA�based population assignment may be applied
in the context of monitoring, certification schemes, or
enforcement action and a combined approach is likely
to be preferable (Fig. 2). It is important to note that
traditional research techniques are only sufficiently
robust for use in surveillance and monitoring; they
should not be used to generate forensic evidence. The
inclusion of a formal forensic validation process
within FishPopTrace expands the ways in which
genetic data can support fisheries management,
enabling a credible threat of criminal prosecution.
Although ultimately the use of DNA forensics in
investigations is likely to be restricted by the resources
available to fisheries enforcement agencies, the deter�
rent effect resulting from such applications is expected
to play an important role in promoting responsible
fishing and trade (Fig. 2).

FishPopTrace has demonstrated the technical feasi�
bility of producing forensic traceability systems in four
target species. From an applied perspective, this is only
the beginning; there is now a massive opportunity to
extend the range of origin assignment questions to other
geographic regions or indeed to more species. The next
steps are therefore to increase the number of assays avail�
able to address individual species × region assignment
issues and to develop capacity within fisheries inspec�
torates, industry and testing laboratories to be able to
collect samples, access services and deliver results,
respectively. To this end, one of the final activities of
FishPopTrace was to identify and engage with stake�
holders from across the international fisheries sector.

ENDOWING THE FISHPOPTRACE
LEGACY: DISSEMINATION

AND TECHNOLOGY TRANSFER

Bridging the gap between science and stakeholders in
the fisheries sector. FishPopTrace started out as an aca�
demic research project to test the hypothesis that there
is detectable genetic population stratification of the
four marine fish species, cod, hake, herring and sole
which could be applied, for example for traceability
purposes. Keeping in mind that for a long time marine
fish population stratification had been considered to
be only faint at best and that the FishPopTrace consor�
tium decided to use very advanced and, in a marine
context, largely untested approaches to this end
(otolith microchemistry and single nucleotide poly�
morphisms (SNPs)) this has been a highly ambitious
goal. The project could have culminated in publishing

valuable results in scientific articles, and could have
ended there.

We considered this, however, to be unsatisfactory
and set the goal to bridge the often prevailing gap
between academic science and stakeholders like the
fisheries management sector, control authorities and
policy making institutions. To this end a technology
transfer strategy has been developed and implemented
throughout the project activity. The technology trans�
fer approach was based on several components. These
were primarily aimed at public awareness building,
facilitation of data and results accessibility beyond the
project funding period, and the provision of applica�
tions adapted to the needs of end�users.

The challenges: the academic island; data dispersal;
non�accessibility of research results to end�users. Sev�
eral challenges arise when a research project originat�
ing from the academic environment sets out to engage
with a wider public. The academic realm, particularly
when linked to fundamental research, is often per�
ceived as being in an insular state: Generated data and
results might be of value for the development of ‘real�
world’ applications but seldom, or only over long time
periods, reach beyond the publishing in scientific arti�
cles. There are a number of reasons for this, a very
prevalent one being the dispersal and loss of data after
research projects come to an end. Due to the very
nature of research funding, researchers have to move
on after the conclusion of projects, plan for new
projects and look for new funding opportunities. This
does not leave resources to create and maintain a
proper data storage infrastructure, i.e. professionally
curated databases. For the flsh(eries) genetics field this
has been identified as a considerable problem and
impediment to scientific progress by the ICES Work�
ing Group on the Application of Genetics for Fisher�
ies and Mariculture (WGAGFM), which suggested to
establish a meta�database cataloguing molecular data
in the field of fish and shellfish population genetics
[38]. However such an endeavour requires financial
support, the provision of long�term resources, and
careful planning.

The challenges: solutions. FishPopTrace decided
therefore to develop in the meantime its own database,
compiling sampling and experimental data, largely
accessible to the public through the FishPopTrace
website (http://fishpoptrace.jrc.ec.europa.eu), and
maintained beyond the project’s research phase. This
should also ensure that data can be integrated into
other existing or planned marine data hubs such as the
European Marine Observation and Data Network
(EMODNET) [39], or that they can be accommo�
dated in fisheries management data collection
schemes such as the European Union data collection
framework (DCF) [40]. Moreover, to increase coher�
ence and awareness about research in the marine fish
and fisheries field, information on other related past
and ongoing research projects was assembled on the
FishPopTrace website and a web�based meta�crawler
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tool developed which provides access to data and
results of such projects. The meta�crawler tool relies
on web accessibility to databases of other projects, and
while trying to identify suitable projects a clear lack of
properly sustained project databases became apparent
further emphasizing the danger of data loss and dis�
persal and the need for tackling this issue. However
when reaching out to the non�scientific community
the mere provision of data and results are insufficient.
They need to be put in a context relevant for stake�
holders and disseminated using a language that is
commonly comprehensible. This is why FishPopTrace
decided to develop a geo�visualisation platform. This
public web�based, Geographic Information System
(GIS) driven tool enables the integration of popula�
tion genetic data with oceanographic and environ�
mental parameters (e.g. currents, salinity, sea surface
temperature, primary production) in a geographic
context (Fig. 3). This can be exploited on one hand by
scientists in seascape genetic approaches [41], on the
other hand it can be used to address questions relevant
to fisheries management such as the extent to which
natural populations of marine fish (biological units)
match stocks (the management units), and ultimately
in can be used as a supportive fisheries management

decision finding tool. The FishPopTrace geo�visuali�
sation tool is currently under development
(http://fishpoptrace.jrc.ec.europa.eu/map/geobrow�
ser.html).

As outlined above, illegal fishing activities and
fraud along the supply chain are a major concern in
the fisheries sector and pose a challenge to control and
enforcement measures. Traceability, albeit indispensi�
ble to fisheries control, is currently mostly based on
labeling rules and certification schemes, and powerful
tools to independently test the truthfulness of the
information provided are lacking. To this end Fish�
PopTrace put particular focus on origin assignment, to
strengthen the ability of control and enforcement
authorities to independently test the geographical ori�
gin of fish and fish products. Also here considerable
effort needs to be put in properly communicating
research and resulting applications to stakeholders. A
crucial component and asset with respect to availabil�
ity to control and enforcement authorities and courts
of law is the forensic framework developed by Fish�
PopTrace (see above). In particular, carefully designed
inter�laboratory validations and the development of
Standard Operating Procedures guarantee that the
protocols designed for origin assignment can be

Fig. 3. Geo�visualisation platform (detail). The public web�based, GIS driven geo�browser is currently under development
(http://fishpoptrace.jrc.ec.europa.eu/data�access). It enables the integration of population genetic data with oceanographic and
environmental parameters (e.g. currents, salinity, sea surface temperature, primary production) in a geographic context. Here the
sample locations of all the four FishPopTrace target species (cod, hake, sole and herring) are plotted. The opened query window
allows to filter the locations according to sample size (courtesy of Eoin MacAoidh, JRC Ispra).
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adopted by control and enforcement authorities and
will be accepted before courts of law.

On costs and benefits. Interestingly especially DNA�
based technologies have already found widespread use
in fisheries control and enforcement throughout the
world as shown by numerous examples [42]. While the
general trend is that the costs for DNA analysis decrease
swiftly, which is paralleled by a constant increase in ana�
lytical power [43] its value for control and enforcement
purposes might not yet be taken for granted by stake�
holders in the fisheries sector.

For this reason FishPopTrace decided to assess the
value of DNA�based analytical applications for fisheries
control and enforcement objectively by performing a
Cost Benefit Analysis (CBA). A CBA weighs costs and
benefits of procedures or actions in monetary terms and
can thereby rationalise and facilitate the decision find�
ing process on their implementation. To obtain data on
the use of DNA�base analysis, 73 institutions (con�
trol/enforcement and customs laboratories, national
fishery ministries) in 26 countries have been contacted.
At the writing of this article the CBA is being evaluated
and the results will soon be published.

Towards the integration into a policy framework
(FishPopTrace as an example for a successful dialogue
between science and the policy realm). One of the prime
achievements of FishPopTrace, with respect to ‘com�
municating science to stakeholders’ was its engage�
ment with the European Union Common Fisheries
Policy (CFP). As the activities of each fishing fleet
affect the opportunities of other fleets, the 27 EU
member countries have decided to manage their fish�
eries in collaboration, through the CFP. This policy
brings together a range of measures aimed at achieving
a healthy and sustainable European fishing industry
[44]. Scientific advice is anchored in the CFP. For
example the International Council for the Exploration
of the Sea (ICES) and STECF, which is the European
Commission’s Scientific, Technical and Economic
Committee for Fisheries, are consulted at regular
intervals on matters pertaining to the conservation and
management of living aquatic resources, including
biological, economic, environmental, social and tech�
nical considerations. However, fisheries genetics, even
though being fundamental to the understanding and
conservation of the living resource fish, are not yet
taken into account at all on EU�level.

FishPopTrace took advantage of two occasions to
draw the attention to the potential of genetics and
genomics for fisheries management on the EU policy
level. In 2008 it responded with an opinion to the pub�
lic consultation launched by the European Commis�
sion on a reform of the CFP control scheme
(http://ec.europa.eu/fisheries/partners/consultations/
control/contributions/index_en.htm.

We regard the dialogue that materialized between
the policy and scientific realm as a very positive exam�
ple for a successful communication between different
stakeholders. For instance the impact assessment by

the European Commission that later accompanied the
Commission proposal for a new regulation establish�
ing a community control system for ensuring compli�
ance with the rules of the Common Fisheries Policy,
FishPopTrace has been explicitly mentioned [45, 46].
Moreover in the final new control regulation, article
13 ‘New technologies’ refers explicitly to “traceability
tools such as genetic analysis” having a potential to
improve compliance with the rules, even though that
implies by no means any obligation for the EU member
states to use genetic analysis [47]. In 2009, the Euro�
pean Commission in its Green paper on a reform of the
CFP [48] outlined the challenges facing Europe’s fish�
eries and launched a public debate on the way EU fish�
eries are managed (http://ec.europa.eu/fishe�
ries/reform/consultation/index_en.htm). Also to this
consultation the FishPopTrace consortium answered
with the document “Integrating Genetic, genomic, and
Chemistry Tools into an improved Management Scheme
under the Common Fisheries Policy Remit.” Both con�
sultation contributions can also be downloaded from
the FishPopTrace website.

Into the future. Preserving and enhancing result and
application availability beyond the term of a projects
natural life. As mentioned, a major impediment for the
transfer of research results into applications, here for
fisheries management, arises from the relative short
life of scientific project consortia. Both the communi�
cation of scientific applications to and uptake by
stakeholders require time and ideally a unrelenting
dissemination effort. We believe that by building a
properly curated database which is connected to a
public web�interface and linked to a geo�visualisation
platform, FishPopTrace has created an opportunity
for the continued engagement with stakeholders
beyond the project funding period. This approach will
help to disseminate the opportunities both for fisheries
management in general and control and enforcement
in particular that have emerged through FishPopTrace
activities. For example the origin assignment tools and
the established forensic framework can provide a pre�
cious asset for control and enforcement authorities,
but their uptake will depend on the proper future
engagement with the end�users. That requires on one
hand effortless access to the tools and on the other
hand continued availability of FishPopTrace consor�
tium members for information and support. We made
sure that both requirements are met, and hope that
these efforts will help to finally integrate genetics
properly into fisheries management, including control
and enforcement.

CONCLUSION

Although our consideration of molecular markers
and population diversity in the context of fisheries
management has been selective, we have aimed to
emphasize the breadth and practical utility of their
application, with some specific illustration. As pointed
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out elsewhere [4], the application of population
genetic markers in fisheries management falls broadly
into two types: their use as “tags” (e.g. traceability
markers) to identify individuals and populations, such
as in population assignment and traceability of indi�
viduals, and the rather more prosaic, but fundamental
role that population diversity (genetic resources) plays
in the resilience and recovery of exploited populations.
Coincident with the availability of markers such as sin�
gle nucleotide polymorphisms that enhance the tar�
geting of genes under selection, as well as exploring
linkages between ecological trait and genetic variation,
has been the bourgeoning of genomic technologies.
The generation of large DNA sequence data bases and
expressed sequence tags (ESTs) provides the basis for
studies on gene expression, as well as facilitating a
search for candidate genes [17, 49], both of which
afford novel ways for examining adaptive variation in
the wild. In addition to classical approaches for
detecting local adaptation [50], innovative methods
based on parentage analysis that enable empirical esti�
mates of fitness variation in wild fish [51, 52], com�
mon garden experiments [53, 54], and the application
of landscape genetics to examine covariance in spatial
patterns of environmental and genetic variation [8, 55,
56] have further advanced our insights into the dynam�
ics of adaptation in wild fish.

It is only through the judicious identification and
monitoring of population diversity, especially those
features determined genetically, that it becomes possi�
ble to develop strategies to maximize and conserve
genetic resources for adaption to environmental
change. Indeed, there has been an identifiable shift in
the nature of marine fisheries genetics in the past
decade—from predominantly descriptive studies that
provide the spatial and temporal framework of pat�
terns of genetic variability in the wild, to increasingly
mechanistic approaches that explore empirically some
of the biological (e.g. life history, population demogra�
phy and connectivity) and environmental factors (e.g.
oceanic hydrography, environmental stress, harvest�
ing) shaping such patterns. Importantly, such efforts
not only inform our understanding of the distribution
and dynamics of species, but provide also a range of
tools and conceptual platform for the design and
implementation of management and conservation
strategies. The key to future developments will con�
tinue to depend upon the integration of principles and
practice, especially between scientists and practitio�
ners in fisheries biology and management. A key mes�
sage to embrace is acknowledgement and promotion
of the ethos that fundamental features of a species
biology (recruitment, migration and mortality)
depend upon the nature, pace and extent of interac�
tions between the genotypic composition of popula�
tions and their environment.
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