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Abstract – The use of genetic, biochemical and electronic markers in population biology and ecology has been grow-
ing tremendously during the last two decades. The first part of this paper aims at reviewing the main principles and
advances of these individual markers through a few key applications on exploited marine fish populations. The second
part is more prospective and investigates some possibilities that could arise in the near future through: (i) the devel-
opment of new markers, (ii) the combination of different markers and (iii) the combination of quantitative approaches
-whether classical or new- with individual markers. It is finally stressed how crucial individual markers will be to unravel
the biocomplexity of wild fish populations and the key role they should play in the implementation of the ecosystem
approach to fisheries.

Key words: Genetic marker / Biochemical marker / Electronic tag /Otolith / Isotope / Population structure / Statistical
and mechanistic model / Fisheries

Résumé – L’utilisation de marqueurs génétiques, biochimiques et électroniques en biologie et en écologie a consi-
dérablement augmenté au cours des 20 dernières années. La première partie de cet article tente de synthétiser les
principes et les progrès apportés par ces marqueurs individuels au travers de quelques applications marquantes menées
sur les populations marines nectoniques exploitées. La seconde partie est plus prospective et examine quelques possi-
bilités d’avenir : (i) le développement de nouveaux marqueurs, (ii) la combinaison de différents marqueurs et (iii) la
combinaison d’approches quantitatives -classiques ou nouvelles- et de marqueurs individuels. Nous concluons sur l’ap-
port crucial qu’auront les marqueurs individuels pour défricher la biocomplexité des populations de poissons sauvages
et le rôle-clé qu’ils devraient jouer au sein de l’approche écosystémique des pêches.

1 Introduction

Fishery science has focused on scientific issues directly
or indirectly related to stock assessment for more than half a
century. Fisheries information (catch and fishing effort) was
therefore the main if not the only source of data for fish-
eries scientists (Hilborn and Walters 1992). Since the 1990s,
fisheries-independent information from scientific monitoring
(e.g. acoustic surveys) has become crucial to quantitative stock
assessment. More importantly, the general context of the world
fisheries has considerably changed over the last two decades.
Total catch of the world fisheries has indeed become stable at
around 90 to 100 millions tonnes meanwhile reports of overex-
ploitation on commercially-important stocks have proliferated
(FAO 2004). This difficult context has therefore questioned

the viability and sustainability of exploitation systems, from
the viewpoint of both the resources and the human communi-
ties that depend on them (e.g. Pauly et al. 1998; Garcia and
Grainger 2005; Hilborn et al. 2005). The causes of overex-
ploitation (i.e. access rights, race for fish, overcapacity, subsi-
dies, etc.) are nowadays widely acknowledged by the interna-
tional scientific community and have led to key modifications
in the perception of the dynamics of marine natural resources,
their exploitation and governance (FAO 2002). Consequently,
the scientific community has progressively moved from a stan-
dard stock-by-stock approach towards a more integrative ap-
proach which includes the various components of the marine
ecosystems, called “Ecosystem Approach to Fisheries” (EAF,
see e.g. Larkin 1996; Garcia et al. 2003; Browman et al. 2004;
Turrell 2004; Fromentin et al. 2007).
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Since the early 1990s, the use of genetic, biochemical
and electronic markers in population biology and ecology has
grown tremendously because of the development of efficient
and relatively inexpensive techniques. The EAF will proba-
bly make these natural and artificial individual markers more
and more popular in fishery research. Such tools indeed al-
low the investigation of a wider range of novel and traditional
issues than standard methods and provide a new and origi-
nal perspective. The outputs of these new tools have already
changed considerably our perception of several key ecologi-
cal processes and have serious implications for management,
as they often challenge current stock delimitations, connectiv-
ity between sub-populations, fish behaviour and responses to
extrinsic forcing or reproduction success (e.g. Palsbøll et al.
1997; Gunn and Block 2001; Morin et al. 2004; Bekkevold
et al. 2007; Rooker et al. 2008; Waples et al. 2008).

Despite the availability of a few reviews in some specific
fields, such as marine fisheries genetics (see e.g. the stimu-
lating article by Hauser and Carvalho 2008), there is, to our
knowledge, no review of the use of different individual mark-
ers on marine populations. Because the EAF is by essence
multidisciplinary, comparing and combining these different
techniques is of interest when investigating exploited marine
resources. Therefore, this article is an attempt to review some
advances through a few applications and to investigate some
possibilities that could arise in the near future through: (i) the
development of new markers, (ii) the combination of different
markers and (iii) the combination of classical and new quanti-
tative approaches with individual markers.

2 Advances in individual markers

2.1 Genetic markers

Three main types of genetic markers are available cur-
rently (Fig. 1): mitochondrial DNA sequences (mtDNA), mi-
crosatellite loci (μSATs) and single nucleotide polymorphisms
(SNPs). All mtDNA is inherited from the mother. μSATs are
portions of nuclear DNA consisting of short tandem repeat se-
quences of nucleotides (most μSATs are based on 1 to 6 base
pairs (bp) repeated units, Chistiakov et al. 2006). μSATs are
biparentally inherited, hyper-variable in length (variability in
length representing different alleles) due to fast mutation rates,
moderately abundant, and can be found every 5 to 50 kbp.
SNPs are the most recently developed markers (early 2000s,
although the technology has been around for longer). They cor-
respond to locations in the nuclear DNA at which various nu-
cleotides can be found in the population due to nucleotide sub-
stitutions resulting from point mutations, the DNA sequence
being thus polymorphic (variable) at these locations. SNPs are
biparentally inherited, extremely abundant (millions of SNPs
exist and are potentially available) and can be found every 0.3–
1 kbp (Morin et al. 2004).

Because of their high variability, which results from their
rapid evolution, mtDNA and μSATs have a strong discrimina-
tive power for any identification purpose, be it among popula-
tions, sub-populations or individuals. However, fast mutation
rates (∼10−2 to 10−6 per locus per generation) may also lead to

a high degree of homoplasy, i.e. the fact that genes are identi-
cal because of parallel evolution and not of coanscestry, thus
imposing limitations on the interpretability of data analysis
(Chistiakov et al. 2006). In contrast, SNPs do not suffer from
homoplasy because of much lower mutation rates (∼10−9 per
locus per generation) and are also much less variable. The re-
sulting lack of discriminative power can be compensated by
scoring more loci, which is not very demanding due to their
abundance and the ease with which they can be identified
(Brumfield et al. 2003). Notably, although mtDNA displays
stronger drift at a single locus than nuclear markers, the power
of the latter rapidly exceeds that of the former when consider-
ing multiple loci, because of the unlimited number of nuclear
markers. These three types of genetic markers also differ in
whether they lie in coding or non-coding parts of the genome.
While μSATs are mostly found in non-coding regions of the
genome (85% to 91% of μSATs are non-coding in vertebrates,
Chistiakov et al. 2006), mtDNA and SNPs can be easily found
in both coding and non-coding parts of DNA. This difference
has obvious implications in the choice of markers to study ei-
ther neutral or adaptive processes. Note that the present paper
does not investigate the use of genetic markers from the coding
part of the genome which are, however, widely used for studies
on natural selection and adaptive evolution, as we concentrate
on issues related to the use of markers for identification pur-
pose in the context of the EAF.

Beyond the plethoric field of phylogeny and phylogeog-
raphy, neutral genetic markers, i.e. from the non-coding
part of the genome, have been traditionally used to unravel
population-level processes falling within three broad cate-
gories: (i) genetic variation, (ii) population abundance (and
size) and (iii) population structure and migration (gene flow,
Schwartz et al. 2007, Fig. 2). Genetic variation is generally
assessed through allelic richness or diversity (total number of
alleles or mean number of alleles per locus, A) and heterozy-
gosity (the average number of heterozygous genotypes in the
population, H, as a surrogate of the probability of finding two
different alleles at a given locus when drawing them at ran-
dom in the population). Sometimes it is also approached by
considering the inbreeding coefficient FIS that estimates the
decrease in heterozygosity due to inbreeding. These measures
of genetic diversity allow evaluating genetic consequences of
purely demographic processes (versus genetic adaptation to
environmental conditions), such as reductions in population
size or even population bottlenecks that lead to allele fixation
by genetic drift (i.e. purely random processes versus adaptive
processes). Monitoring genetic variability has obvious applied
interest for biodiversity conservation. For instance, genetic di-
versity has been shown to be significantly higher in Mediter-
ranean populations of white sea-bream located in a marine
protected area (Pérez-Ruzafa et al. 2006). Temporal changes
in neutral genetic variability can also be used as a fingerprint
of fishing mortality. Several studies based on DNA extracted
from archived samples of otoliths or scales have depicted a
decrease in genetic diversity (A and H) in New Zealand snap-
per (Hauser et al. 2002) and North sea cod (Hutchinson et al.
2003), as well as an increase in inbreeding (FIS) in North Sea
plaice (Hoarau et al. 2005), during prolonged periods of over-
exploitation.
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Fig. 1. Three main types of genetic markers (from Morin et al. 2004).

Regarding population abundance, neutral genetic markers
can be used to estimate effective population size. The effective
size of a population (Ne) is the number of breeding individuals
in an ideal theoretical population exhibiting the same magni-
tude of genetic drift as the actual population (Wright 1938;
Hartl and Clark 1997). In other words, the effective population
size evaluates the part of the population actually contributing
to the next generation (Hauser and Carvalho 2008). Ne is there-
fore related to the reproductive success in the population and
the size of the actual reproductive component, but it does not
inform on the individual contributions (i.e. a given Ne can re-
sult from a moderate number of spawners with equal repro-
ductive success or from a larger number of spawners with un-
even reproductive success so that a few provide most of the
recruits). Despite large census sizes, populations of marine
fish actually appear to have relatively small effective popula-
tion sizes that are 2-to-5 orders of magnitude lower than the
census population sizes (N, Hauser et al. 2002; Turner et al.
2002; Hutchinson et al. 2003; Hoarau et al. 2005). High fecun-
dity, variance in reproductive success, strong variation in year
class strength and size-dependent fecundity are characteristics
of marine fish, and more generally of many marine organisms;
that may explain such discrepancy between effective and cen-
sus size (Hedgecock 1994). Besides this general feature, effec-
tive population size allows following population dynamics (as
it was done with salmon populations, see Waples 2002) and
identifying events, such as population bottlenecks (i.e. dras-
tic reduction in genetic variability generally related to strong
population decline), as exemplified in lake trout and sockeye
salmon (see Guinand and Scribner 2003; Ramstad et al. 2004).
Effective population size, when estimated on a regular basis,
could also be applied in stock assessment and management

procedures as a complementary indicator to spawning stock
biomass (Waples 2002; Waples et al. 2008). Note that some au-
thors also advocated monitoring the expected heterozygosity
(He) or the allelic diversity to detect variation in population
size (Schwartz et al. 2007).

Studies on population structure and connectivity rely on
the estimation of genetic differentiation between population
components. Several measures of genetic differentiation pro-
posed by various authors are available: FST (Wright 1951),
GS T (Nei 1973), D (Nei 1978) and RST (Slatkin 1995), the first
indicator being the most widely used. FST estimates the rela-
tive decrease in heterozygosity due to population sub-structure
relative to the expected heterozygosity in an equivalent but
panmictic population. FST thus provides a measure of genetic
difference between sub-populations at a given point in time.
Genetic differentiation allows studying population structuring
by identifying partly reproductively isolated sub-populations
as well as by estimating gene flow, a genetic surrogate of
net migration flow, between these sub-populations. However,
population structure is more difficult to detect for large pop-
ulations such as marine species (e.g. Hauser and Carvalho
2008). Nonetheless, population structure on a relatively small
geographical scale has been identified in North Sea, Baltic
and Northeast Arctic cod (Hutchinson et al. 2001; Nielsen
et al. 2001), North Pacific walleye pollock (O’Reilly et al.
2004), North Sea and Baltic Sea turbot (Nielsen et al. 2004) or
Mediterranean sea bass (Lemaire et al. 2005), as well as gene
flow or migration, like in the green turtle in the Southwest In-
dian Ocean (Bourjea et al. 2007). One of the most subtle exam-
ples is a recent study on Atlantic herring in the North Sea and
adjacent waters (Ruzzante et al. 2006; Bekkevold et al. 2007).
These works have shown that individuals originating from
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Fig. 2. Population level application of molecular markers. A: allelic diversity, H: heterozygosity, FIS: inbreeding coefficient, Ne: effective
population size, Nc: census population size, FST, GST, RST: Wright’s, Nei’s and Slatkin’s measures of genetic differentiation (Wright 1951; Nei
1973; Slatkin 1995), D: Nei’s genetic distance (Nei 1978). MPA: Marine Protected Area. Ascertainment bias: bias due to non-random sampling
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various spawning components, differing either in spawning lo-
cation or in spawning season at the same location (i.e. sym-
patric spawning with seasonal segregation), are found on the
same feeding and overwintering grounds. Such a population
structure implies natal homing and spawning season fidelity
(a feature that has been recently demonstrated with isotopic
markers for another highly migratory pelagic fish, the Atlantic
bluefin tuna, see below). From an applied point of view, infor-
mation on population structure and connectivity can obviously
be used to identify biologically meaningful management units
(Palsbøll et al. 2007) as well as to delineate marine protected
areas (Pérez-Ruzafa et al. 2006). It is also highly relevant in
the assessment of mixed fisheries, i.e. fisheries targeting ag-
gregations of individuals of a given species pertaining to dif-
ferent spawning components, such as in the North Sea cod
(Nielsen et al. 2001) or North Sea herring (Bekkevold et al.
2007). Equivalent measures of temporal genetic differentiation

between two points in time within a given population (gener-
ally called FTemporal) can also be evaluated. This measure has
been advocated as a sensitive indicator of population decline
(Schwartz et al. 2007) and has been already used to track long-
term changes in marine and aquatic populations, such as in
brown trout (Østergaard et al. 2003).

2.2 Otolith microchemistry

The idea that the otolith chemical composition might
be a valuable source of information emerged from progress
achieved in using biocarbonates (corals, foraminifera, mol-
lusc shells) as a proxy for current and past environments (e.g.
Druffel 1997) because the chemical composition of these ma-
terials reflect that of the environment in which the organ-
isms have lived. However, investigations for otolith chemical
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Fig. 3. Example of the temporal variation of a chemical marker (here Sr/Ca, see below) from the core (fish birth) to the edge (fish death) of an
otolith of European eel. Photo P. Camoin and F. Daverat.

proxies do not relate so much to past environments (Ivany et al.
2000; Andrus et al. 2002) but to the fish itself. The scope of
otolith chemical tracers covers questions such as, among oth-
ers, individual life histories, population life traits, population
structures, larval dispersal and population connectivity. Be-
cause they are metabolically inert (unlikely to be resorbed)
and grow throughout the lifespan of the fish, otoliths are con-
sidered to be precise and continuous recorders of the physical
environment experienced by the individuals (Campana 1999).
As the accretion process follows a daily rhythm, otoliths can
provide detailed chronologies whose temporal resolution de-
pends on the analytical methodology used (Fig. 3). Although
being particularly pure compared to other biogenic carbonates,
otoliths offer various chemical proxies whose choice depends
on the question to be addressed. An introduction to this field
is presented below through a few illustrative examples (for
detailed information on chemicals, applications, assumptions
and methodologies, see Campana 1999; de Pontual and Geffen
2002; Elsdon et al. 2008).

Strontium (Sr) and strontium/calcium (Sr/Ca) ratios have
been mostly used because otolith takes up Sr in proportion to
environmental Sr/Ca. In seawater, the latter is only slightly
variable (de Villiers 1999) and is often much higher (8–10
folds) than in fresh water. As a consequence, the otolith Sr/Ca
ratio broadly acts as a proxy for ambient salinity and al-
lows a distinction between contrasted environments, i.e. ma-
rine versus estuarine and freshwater. This property has largely
been used for the analysis of migrations of diadromous species
and the identification of population strategies and individual
tactics. Salmonids and eels have been particularly studied. For
instance, the analysis of Sr/Ca signal demonstrated that eels
have a facultative catadromy such that marine residency is an
ecotype to be considered (Tsukamoto et al. 1998). This finding
has been confirmed since then for the American, European and
Japanese eels, which actually show a higher flexibility in habi-
tat use than previously thought (Daverat et al. 2006). Aiming
at filling the gap in the currently available statistical treatments

of such data, Fablet et al. (2007) have recently proposed a
robust, unsupervised and automatic method of detection of
movements between given habitats. This approach allows to
fully exploit the individual chronologies and to quantify the
occurrences of the extracted tactics (Fig. 4).

It is worth noting that, whatever the indisputable interest
of Sr and Sr/Ca ratios, their use should be cautiously consid-
ered, as several factors such as temperature, ontogeny, stress,
might be misleading (Kalish 1992; Secor 2000; de Pontual
et al. 2003; Elsdon et al. 2008). Besides Sr elemental concen-
tration, the Sr isotopes ratio (87Sr/86Sr) is particularly valuable
for freshwater fish (Kennedy et al. 2000) because Sr isotopic
signatures reflect the composition of continental waters which
can vary greatly even among adjacent watersheds. Following
Sr, barium (Ba) can substitute to Ca in the otolith mineral frac-
tion, and otolith Ba concentration is known to be driven by its
concentration in ambient water. Conversely to Sr, freshwater
is often enriched in Ba relative to the open ocean (Broecker
and Peng 1982). This element, therefore presents a high po-
tential for analysing movement patterns between coastal and
continental habitats, particularly when used in conjunction
with Sr (Elsdon and Gillanders 2006). Many other elements
are linked to either the organic or mineral fractions of the
otolith. The combinations of elements at trace or infratrace
levels (often called “elemental fingerprints”) have been widely
used for a variety of applications, including populations struc-
ture and connectivity (Campana 1999; de Pontual et al. 2000;
Gillanders 2002; Rooker et al. 2003).

Stable isotopes constitute another group of prevailing
markers. In particular, it has been shown that otolith oxygen
isotopes (δ18O) are deposited in thermodynamic equilibrium
with those in ambient water whereas carbon isotopes are not
(Kalish 1991; Hoie et al. 2004). As marine waters present a
narrow range of variations in oxygen isotopic composition,
otolith δ18O represents a valuable proxy of ambient temper-
ature, allowing the reconstruction of individual thermal his-
tories of marine species. Using this tracer in freshwater or in
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(a)

(b)

(a)

(b)

Fig. 4. (a) Principle of the reconstruction of the time habitat sequence
of eels from the Gironde based on Sr/Ca measurements spatially sam-
pled on a standardized otolith growth axis; (b) Unsupervised analysis
of the movement patterns: frequencies of the movement patterns ex-
tracted from the estimated habitat sequences using a hidden Markov
model framework. Each habitat sequence is synthesized by the se-
quence of habitat changes (R = river, E = estuarine, M = marine) e.g.
the habitat sequence EEEEEERRRRRRRR would be represented by
the pattern ER (from Fablet et al. 2007).

coastal environments affected by freshwater run-off requires
concurrent sampling of waters because the salinity and the
water origin influence the oxygen isotopic composition. Con-
versely to oxygen, carbon isotope fractionation is affected by
“vital effects” which encompass physiological process that po-
tentially influence the preferential incorporation of isotopes.
Thus, although partly determined by temperature, otolith δ13C
also reflects metabolic effects (Hoie et al. 2003).

Current analytical limitations are still restricting the spa-
tial (temporal) resolution of stable isotope records on otoliths.
However, this approach has already provided valuable infor-
mation. For instance, δ18O and δ13C have recently been used
to investigate the reproductive strategy and the connectivity
between the eastern and western stocks of Atlantic bluefin tuna
(Rooker et al. 2008). Although only δ18O proved to be useful,
this study tends to confirm natal homing for adults (i.e. indi-
viduals reproduce where they were born, i.e. in the Mediter-
ranean Sea or in the Gulf of Mexico). Furthermore, East-to-
West trans-Atlantic migrations were shown to be significant

but size-dependent, with a high proportion of medium-size fish
of eastern origin mixing with those of western origin along the
US Atlantic coasts. Such information is critical for a sustain-
able exploitation of the resource, currently severely depleted,
as it directly affects the efficiencies of management strategies
and rebuilding plans (Fromentin and Powers 2005).

In conclusion, otolith chemical markers are precious tools
for addressing numerous questions at both the individual
and population scales. This field is strongly developing, and
progress is still expected at different levels. Beside analyti-
cal improvements, a better understanding of the otolith chemi-
cal response to environmental and endogenous factors remains
critical, and advances will depend upon both further experi-
mental calibration studies as well as a better knowledge of the
biomineralisation process (Allemand et al. 2007).

2.3 Electronic tags

Sea water is nearly opaque to electromagnetic radiation
and it has been difficult therefore to track marine animals in
situ. Marine biologists have been working for several decades
to develop operational electronic devices aiming at studying
behaviour, physiology, biology and ecology of these animals
(Sibert 2001). This long-term effort led to two main categories
of electronics tags: the acoustic telemetry and the archival
ones. The former are small transmitters that are implanted ei-
ther in the abdominal cavity of the fish, or attached externally.
Those tags emit a signal at constant time intervals and are
adapted to follow rapidly moving fish from a boat during a
few days. This technique has been widely applied for two-to-
three decades on salmonids, eels and many coastal shelf fish to
understand spatial behaviour at small scales (see Arnold and
Dewar 2001 for a review). More recently, it has been used
to track tropical tunas to investigate their behaviour around
fish aggregation devices (Dagorn et al. 2001). Acoustic tags
can further be coupled with listening stations to study the be-
haviour of fish within a given location, such as a protected
area, an estuary, a strait. . . This system has been applied to
study the behaviour of post-smolt Atlantic salmon during their
seaward migration (Lacroix and McCurdy 1996; Voegeli et al.
2001). Following these successful experiments in coastal wa-
ters, an ambitious USD168-million conservation project from
Canada, “The Ocean Tracking Network (OTN)”, has been set
up to track in the near future thousands of marine animals us-
ing acoustic tags and acoustic receivers deployed in 14 ocean
regions, mostly to understand the impact of climate changes
on coastal and open-sea marine organisms (Fig. 5).

The second type of electronic tags, archival tags, can be as-
similated to small computer data loggers that record and store
information on time, swimming depth, water temperature and
light levels. The different sensors sample at preset time in-
tervals (fixed by the user or the manufacturer) and the data
are stored in the hard memory of the tag. Internal archival
tags are implanted in the abdominal cavity of the fish and
can additionally store information on the body temperature
but fish, however, must be recaptured. In that sense, archival
tags provide fisheries-dependent information, as conventional
tags. The high tag cost (up to USD 2 500) and low recapture
rates (often < 10%) have strongly limited their application and
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Fig. 5. Schematic representation of a fixed hydrophone array (or listening lines) for acoustic tag fixed on fish (or other marine animals) with
radio or satellite transmission to shore stations (the present picture is taken from the Ocean Tracking Network, http://oceantrackingnetwork.org).

have further led to the development of new devices, called
“pop-up” tag (Sibert 2001). Pop-up tags are attached to the
back of the fish and detach themselves after a given preset
time. First-generation pop-up tags (called “single point pop-up
tags”) do not store any data and simply transmit to a satellite
the “pop-off” (detachment) location (Arnold and Dewar 2001).
Second-generation pop-up tags, called “archival pop-up tags”,
include sensors of temperature, depth and light which are pre-
processed by the tag/computer. These data are then transmit-
ted to a satellite together with the end-point location when the
tag reaches the surface after detachment. Although costly, such
electronic devices have thus the great advantage of providing
fisheries-independent information.

Archival and pop-up archival tags have been intensively
deployed for a decade on large pelagics fish (tunas, marlins and
sharks), demersal fish (mostly cod), flatfish as well as turtles
and marine mammals. These experiments have deeply modi-
fied our understanding of the spatial dynamics and habitat pref-
erences of these animals that, here again, appear to be more
complex than previously thought (e.g. Holland et al. 2001;
Gaspar et al. 2006; Prince and Goodyear 2006; Sibert et al.
2006; Sims et al. 2008). To illustrate these advances, Atlantic
bluefin tuna is a good example, as this species has been partic-
ularly studied because of its high economic value and strong
conservation and management concern (Fromentin and Ravier
2005; Porch 2005). Both archival and pop-up archival tagging
have showed that bluefin tuna can sustain cold (down to 3 ◦C)
as well as warm (up to 30 ◦C) temperatures while maintain-
ing stable internal body temperature (Block et al. 2001). Until
recently, it was assumed that this species preferentially occu-
pies the surface and subsurface waters of the coastal and open-
sea areas, but archival tagging showed that both juveniles and
adults frequently dive to depth of 500 to 1000 m (Block et al.
2001; Brill et al. 2001). Similar behaviour has also been re-
ported for southern bluefin tuna, bigeye tuna and swordfish
and is generally related to foraging in deep scattering layers
and/or to physiological constraints to cool the body tempera-
ture (Holland et al. 1992; Gunn and Block 2001; Musyl et al.
2003). These results make clear that bluefin tuna habitat (as
those of bigeye tuna and swordfish) cannot be solely described
in two dimensions.

More importantly for stock assessment and management
purposes, electronic tagging brought key information on mi-
gration patterns, residency times as well as useful pieces of
information about population structure and stock delimitation.
Repetitive archival tagging experiments on bluefin tuna by US
teams demonstrated that movement patterns vary considerably
between individuals, years and areas (Lutcavage et al. 1999;
Block et al. 2001). Furthermore, electronic tagging strongly
challenges stocks delimitations currently used for bluefin tuna
management, as higher rates of trans-Atlantic migration than
suspected have been detected. Based on an impressive and
unique tagging effort (772 electronic tags deployed from
1997 until 2005), Block et al. (2005) advocated for the two-
populations hypothesis, each with its distinct spawning area
(i.e. the Mediterranean Sea and the Gulf of Mexico) but with
an overlapping distribution on North Atlantic feeding grounds.
Although this hypothesis is still debated (Carlsson et al. 2004;
Fromentin 2009), archival tagging has been shown to be a
powerful tool to propose original hypotheses about the spa-
tial dynamics of highly migratory species that can be seldom
studied with standard scientific surveys (such as acoustic sur-
veys). Additionally, archival tagging information allows us to
describe the behaviour of tuna in the water column, an infor-
mation that can be valuable to estimate the probability of de-
tection from a plane and thus to calibrate aerial surveys (Willis
2008) or refine standardized CPUE indices through habitat-
based models (Bigelow and Maunder 2007).

The accumulation of tracking data from archival tagging
further leads to a unique and highly valuable source of infor-
mation to study and determine more precisely key habitats,
as well as the impact of environmental changes on popula-
tion and spatial dynamics (e.g. Kitagawa et al. 2006; Bestley
et al. 2008). Pop-up archival tags deployed by Ifremer in 2006
and 2007, albeit strongly limited in number and time scale,
provide an interesting illustration of this. This survey indi-
cated that all the 10 medium-sized fish (young spawners of
30–50 kg) tagged and released 12 miles offshore Marseille
rapidly left the Gulf of Lions. These fish, however, remained
in the Western Mediterranean and did not migrate to adjacent
areas, such as the Eastern Atlantic or the Central Mediter-
ranean, within five months’ time. The spatial analysis of these

http://oceantrackingnetwork.org
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Fig. 6. Interpolation (i.e. kriging with a spheric model and moving
neighbourhood) of 10 tracks obtained from pop-up archival tags de-
ployed on bluefin tuna offshore Marseille.

tracks indicated a possible hotspot for foraging southeast of
the Gulf of Lions (Fig. 6). This result remains preliminary
because it is based on a small number of tags that did not
exceed five months’ time-at-liberty. However, it is generally
in agreement with more extensive tagging surveys carried out
on large bluefin tuna and which also showed residency time
in the Mediterranean (de Metrio et al. 2001). If the tagging
effort can be reinforced, such technique could provide a de-
scription of the foraging habitat of bluefin tuna in the Western
Mediterranean and how this habitat changes through time. It
would further give an estimation of migration rates between
this basin and the Central Mediterranean as well as the East
Atlantic and could serve to depict the main spawning migra-
tion routes of the young spawners.

By evidencing precisely spawning and foraging habitats
and estimating migration rates between main areas, informa-
tion from acoustic and archival tags is becoming crucial to
establish appropriate time-area closures. The latter turns out
to be a prevalent management tool within the ecosystem ap-
proach to fisheries and within various fisheries bodies (see
Turrell 2004; FAO 2005).

3 Prospects

3.1 New markers

The three main types of individual markers are still evolv-
ing and their full potential is far to be achieved. For instance,
new opportunities have come up through the application of
neutral genetic markers to individual level issues. These appli-
cations can again be grouped in three categories: (i) individual
assignment, (ii) relatedness and (iii) individual identification

(Fig. 7). Individual assignment consists in assigning individ-
uals to a group of origin, which can correspond to different
levels of aggregation (e.g. population, sub-population or fam-
ily, thanks to similarities in alleles at neutral loci among in-
dividuals pertaining to the same group). Initially applied for
species identification and traceability of fish products, assign-
ment methods are starting to be applied at lower levels of ag-
gregation, such as populations (Nielsen et al. 2001) or sub-
populations (Bekkevold et al. 2007). This technique further
presents obvious applications in the context of mixed fish-
eries to differentiate among contributions of various spawn-
ing components to the fisheries. Individual assignment gives
access to information on individuals’ origins in terms of popu-
lation spawning component which, combined with knowledge
about life history and ecology, may help in understanding natal
homing, feeding migration or contribution of various nurseries
to the adult population. Furthermore, in sufficiently closed
populations such as marine mammals or salmonids, assign-
ment of individuals to families (or parentage analysis) may be
envisaged.

This links to the second category of application, namely
relatedness. Two types of measure of relatedness of increasing
precision are possible, using neutral markers (Blouin 2003).
The pairwise coefficient of relatedness r is the proportion of
alleles that are shared by two individuals identical by de-
scent as a surrogate of probability of gene-identity (Queller
and Goodnight 1989; Ritland 1996; Lynch and Ritland 1999;
Casteele et al. 2001; Wang 2002). Alternatively, individuals
can be assigned to categories of relationship by evaluating
the likelihood that an individual has the observed multilocus
genotype given a known relationship category (parent, off-
spring, brotherhood, etc.) relative to the other individuals of
the population. This so-called parentage analysis thus leads
to the reconstruction of pedigrees (Goodnight and Queller
1999). While to our knowledge the first method has not been
applied to wild fish, the second one has been used with
success on bluegill sunfish (Neff 2001) and Pacific salmon
(Bentzen et al. 2001). A recent analysis showed that the parent-
age analysis can provide more accurate estimates of connec-
tivity in marine fish populations in situations of high gene
flow (Saenz-Agudelo et al. 2009). Measures of individuals’
relatedness have been proposed to infer quantitative genetic
parameters of observed phenotypic traits in the wild, such as
heritability (Ritland 2000), the fuel of evolution, thus permit-
ting to estimate the potential for evolutionary adaptive changes
of these traits. Although highly stimulating, for instance to in-
vestigate the adaptive response of fish to climate change, con-
taminants and exploitation, the use of measures of individuals
relatedness from neutral genetic markers to infer quantitative
genetic components require high precision estimates currently
only reachable for rather small and closed populations.

Finally, neutral markers can be used to identify individuals
just as if marked with artificial tags. So-called “genetic tag-
ging” consists in a mark-recapture programme of free-ranging
animals based on individual genetic markers that, in some
cases, do not imply the capture or even the observation of
these animals. For large marine top predators, for instance, a
small biopsy can be extracted without manipulating and dam-
aging the fish (for instance using soft harpoons) and is then
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Fig. 7. Individual level application of molecular markers. r: pairwise coefficient of relatedness, i.e. probability of gene-identity between two
individuals due to coancestry; h2: heritability, i.e. the proportion of phenotypic variance for a given trait in the population due to genetic
variability, determines the rate of evolution; G: genetic covariance matrix, i.e. quantification of genetic variation within a population for a given
trait and genetic co-variation between traits, determines evolutionary trajectories of phenotypic traits.

sent for identification of specific neutral markers that are pre-
cise enough to distinguish among individuals (Palsbøll 1999).
Recapture operations are done by repeating the same proce-
dure in a different area and at a different time, e.g. by col-
lecting biopsies on landed fish. Mark and recapture genetic
identifications are then compared and used within a statisti-
cal framework to estimate mortality and abundance (Lukacs
and Burnham 2005; Miller et al. 2005; Petit and Valiere 2006).
Genetic tagging thus avoids two crucial problems encoun-
tered in conventional tagging operations: i) post-release mor-
tality and ii) inaccurate estimate of the reporting rate. Another
advantage is the use this genetic information for population
structure studies (see above). This technique implies high sam-
pling rate and has therefore been applied with success on rather
small/closed populations, such as marine mammals (hump-
back whale) and terrestrial mammal populations (bear, marte,
see Palsbøll et al. 1997; Woods et al. 1999; Mowat and Paetkau
2002). However, it could be of interest for species for which
catch and effort data are incomplete, strongly biased or for
species for which stock structure and migration patterns are
unclear. This technique is currently tested for several marine
exploited fish species, such as sebaste spp. from the North-
east Pacific coasts, seabass and southern bluefin tuna. For the
latter (a highly valuable species which has been strongly over-
fished for more than two decades), the aim is to estimate the

absolute spawning stock size using the genetic identification
of parent-offspring matches in samples from Indonesia and
the Great Australian Bight (Bravington and Grewe 2007). The
great advantage of this approach is to assess the stock size us-
ing fisheries-independent information thus avoiding the use of
fisheries data (i.e., catch or Catch-Per-Unit-Effort) which are
known to be biased and subject to severe interpretation prob-
lems for this species (see CCSBT 2008).

Finally, although this paper is restricted to the use of neu-
tral genetic markers, it is worth mentioning the explosion of
studies on gene expression patterns over the last decade (see
Goetz and MacKenzie 2008 for a recent review). The growing
interest in this topic has been triggered by the development of
DNA microarrays and the improvement of sequencing meth-
ods. DNA microarray is a new technology to characterize gene
expression profiles. It has been mostly used to study physio-
logical, developmental or cellular processes, especially to in-
vestigate the regulation of gene expression as a function of
environmental conditions and/or developmental stages in con-
trolled conditions. Such technique can now be used to address
ecological, evolutionary and environmental questions, includ-
ing the variability of gene expression in natural fish popu-
lations, ecotypic diversity, or local adaptation due to natural
selection or adaptive responses to human impacts.



404 J.-M. Fromentin et al.: Aquat. Living Resour. 22, 395–408 (2009)

3.2 Combining different individual markers

Genetic tagging represents a combination of neutral ge-
netic markers with the classical mark-recapture statistical the-
ory (e.g. Lebreton et al. 1992; Pollock 2000). Additionally,
it might be of interest to combine several individual mark-
ers to circumvent theoretical and/or practical limitations of a
given marker. Concerning electronic tagging, a new “revolu-
tion” could come from the combination of the acoustic and
archival technology. Two prototypes are currently under devel-
opment, i.e. the “chat tag” and the “business card tag” (Dagorn
and Holland, pers. comm.). The former is an acoustic tag that
can record and store information on depth, temperature and
light which is transmitted to listening stations when the tagged
fish swim close by. The latter is a two-way receiver tag that
identifies and stores acoustic signals sent by other acoustic
tags. These new technologies (that could be further combined)
thus have a great potential for the supervision and monitoring
of MPAs and could improve greatly the estimation of survival
rates of fish populations displaying known migration routes,
such as salmon and eel.

As we already stressed, a growing and impressive effort
has been made during the last two decades to develop and
apply genetic, biochemical and electronic markers to address
a wide range of questions in fisheries science. Consequently,
most of these applications have used individual markers in-
dependently from one another. However, all individual mark-
ers have intrinsic limitations. Electronic tags were chiefly used
to describe migration patterns and spatial distribution. They
can further help in better understanding reproduction strategy
or population structure, but they cannot solely reach validated
and firm conclusions on these issues as the natal origins of
the tagged fish remain unknown. In contrast, microchemistry
analyses and neutral genetic markers can allow to distinguish
between different spawning sub-populations possibly related
to different spawning grounds (i.e., origins of the fish), but
provide limited understanding of the real-time spatial dynam-
ics and potential levels of mixing of fish living in a rather
homogeneous environment. Such limitation could, however,
be circumvented by using these powerful techniques in par-
allel (i.e. on the same individuals), so that we may obtain
information about the migration pattern of a given fish to-
gether with its place of birth, heredity and reproductive po-
tential. For instance, it is reasonable to postulate that individ-
uals of a given sub-population are not only characterised by
a given spatial distribution, but also by particular physiolog-
ical (e.g. different tolerance to temperature or salinity), bio-
logical (e.g. distinct growth rates or age-at-maturity) and eco-
logical (e.g. specific migration patterns and spawning sites)
features. On large migratory species, such as temperate and
tropical tuna, electronic tagging, genetic and isotopic analyses
have been widely used (see above), but always independently.
There would be a significant gain to use all these techniques
simultaneously, i.e. by deploying electronic tags and getting
biochemical and/or genetic information from a non-invasive
biopsy on the same fish which would enable scientists to obtain
information on population structure as well as information on
key biological/ecological processes (e.g. identification of the
spawning and foraging sites, detection of natal homing, migra-
tion patterns and connectivity between main areas). Therefore,

it might be possible to investigate residency/migratory be-
haviour among different sub-populations as well as the level of
adaptation of some key biological processes to local/regional
environments. By combining individual markers, it would be
thus possible to obtain complementary information, but also
to get higher validation and precision, as genetic, chemical
and electronic markers display different types of limitation and
performance.

3.3 Combining markers and models

Given the differences in the nature of the information pro-
vided by each type of markers (mostly qualitative from ge-
netic markers versus quantitative from otoliths and electronic
tags, or temporal from electronic tag or otolith transects versus
mostly spatial from genetic markers), appropriate models and
inference methods have to be considered. Two complementary
approaches are particularly appealing to address this issue: the
mechanistic bio-energetic models and the Bayesian state-space
models.

State-space models (within a Bayesian framework or not)
aim at reconstructing an unobserved state sequence (i.e. the un-
derlying and not directly observed biological/ecological pro-
cess of interest) from an observed series of markers. These
models imply two main components. The first one is a dynamic
model characterizing the dynamics of the state sequence. The
state sequence may involve two types of state variables: con-
tinuous state variables (e.g. geographical positions) and dis-
crete state variables (e.g. geographical areas). This is of partic-
ular interest for the combination of multiple individual markers
which are related to different state variables both continuous
and discrete (e.g. natal origin, metabolic regime, geographi-
cal zone, geographical positions). For instance, when the state
sequence corresponds to geographical positions, this dynamic
model is typically a Brownian motion (e.g. Sibert and Fournier
2001). For discrete state variables, such as geographical zones,
the dynamic model states the transition likelihood from one
area to another (e.g. Fablet et al. 2007). The second compo-
nent is a probabilistic observation-driven model which relates
the state variables to the observations (from the markers). The
definition of the latter observation-driven component is gener-
ally the most critical aspect for the efficiency of a state-space
model. It may be derived from additional information. In the
case of the archival tags, the geographical positions are esti-
mated from the light records (sunset giving the longitude and
length, the day the latitude). However, these estimates remain
largely uncertain, but can be greatly improved by introducing
constraints on temperature, so that the temperature recorded
by the tag at the estimated daily position matches the tempera-
ture field given by oceanic models (Royer et al. 2005; Nielsen
and Sibert 2007). Such supplementary information or a priori
models are not always available and have often to be inferred
from the data itself. For instance, in the study on the individual
chronologies of habitat use of European eel (either river, estu-
ary, or coastal) estimated from the Sr/Ca measures acquired
along an otolith growth axis, the model of Sr/Ca signatures in
the different geographical zones was directly derived from the
data (Fablet et al. 2007). This is one important contribution
of the state-space models which were initially introduced with
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linear models (i.e. the well known Kalman filter which was
widely used by oceanographers for several decades; Kalman
1960). New approaches, such as the particle filter (which are
non-linear models), have been recently developed and have
been successfully applied to reconstruct the track of a fish from
archival tags data (Royer et al. 2005).

Regarding the latter observation-driven model, a challenge
is to relate, within a unified framework, the physiological state
variables (e.g. the metabolic regimes) to the observations of the
marker(s). Some benefit in this respect may be gained from the
advances in modelling individual bio-energetic dynamics, es-
pecially the Dynamic Energy Budget theory (DEB, Kooijman
2000). A joint model relating otolith growth and opacity to
fish metabolism and environmental factors (temperature and
feeding conditions) is currently under development (Fablet
et al., unpublished). This model describes the formation of
the otolith as a DEB product, i.e. as resulting from metabolic
fluxes, namely dissipation and somatic growth fluxes. An ad-
ditional temperature-specific effect accounts for the known ef-
fect of temperature on otolith growth (more specifically on
the rate of the precipitation of aragonitic calcium carbonate,
see Romanek and Gauldie 1996). Validated for different cod
stocks, this model permits the appreciation of differences in
otolith growth and opacity patterns as a result of differences
in the environments and life histories experienced by the fish.
From a computational point of view, this model resorts to a
continuous dynamic model specified by ordinary differential
equations that describe the fish and otolith state variables. The
potential of this model for the reconstruction of individual life
history traits that has also been demonstrated using optimal
control theory techniques (Lions 1971) thus provides the ba-
sis for integrating otolith chemical markers (especially trace
elements and stable isotopes) with key physiological and bio-
logical processes. The application of such model to the fusion
of multiple individual markers then presents a great potential.
It could lead to distinguish different types of state variables,
such as:

� Phenotype, the stock and/or the natal origin which could
be viewed as hyper-parameters of the bio-energetic model,
defining different initial parameterization of the models;

� Metabolic activity, e.g. swimming speed and the migratory
behaviour which could act as modulation factors for some
model parameters;

� Somatic maintenance rate and variables which are pre-
dicted by the bio-energetic model such as somatic growth
and otolith markers.

Hence, this type of model would provide a mathematically-
and biologically-sound fusion approach.

4 Conclusion

Individual markers have been shown to be very useful and
successful in a wide range of issues of fisheries research, es-
pecially for investigating population structure, individual be-
haviour, migration patterns, reproductive biology and strategy,
natal origin, nurseries contribution, habitat uses and responses
to extrinsic/environmental forcing. It results that individual
markers have already considerably modified (and most often

highly complexified) our perception of several key physiologi-
cal, biological and ecological processes in exploited fish popu-
lations. Because of this impressive progress, fisheries scientists
can understand more precisely the complex interactions be-
tween fish and environment and thus the biocomplexity of wild
fish populations (Hilborn et al. 2003; Ruzzante et al. 2006).

Future developments through new markers, the combina-
tion of different markers and the emergence of new quanti-
tative approaches further offer new promising roads to better
understand biological processes and to assess quantitatively
wild populations. Individual markers are thus not limited to
academic research. They already have critical implications for
management of exploited fish, as these tools have challenged
stock delimitations and connectivity, habitat uses as well as
impact of fishing on wild populations. New techniques (such
as the systems of listening stations) and new markers appear
promising also for the establishment and the monitoring of ma-
rine protected areas and thus should be key tools in the imple-
mentation of the ecosystem approach to the fisheries.
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