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The complex life cycle of the European eel predestines unique formation of the
population genetic structure. The sweepstakes reproductive success and the cha-
otic genetic patchiness are the characteristics of this species and its population
genetic structure could be described as a genetic mosaic, whose formation is pre-
determined by the reproductively isolated groups of eels. Due to the fact that until
now it was impossible to investigate the genetic parameters of the spawning eels in
their spawning grounds the population genetic structure and its formation is still
not understood. Currently three main models are available: panmixia, isolation by
distance and isolation by time. In order to understand the formation of the popu-
lation genetic structure of the European eel its intraspecific evolution should be
more comprehensively studied and the multidisciplinary seascape genetics should
be applied.
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INTRODUCTION

The European eel Anguilla anguilla (L.) is a com-
mercially important fish species (Dekker, 2004;
Shiao et al., 2006) which belongs to the Anguil-
lidae family (Bastrop et al., 2000) and is naturally
distributed in the Atlantic Ocean and Europe
(Albert et al., 2006). The European eel has been
recently listed in Appendix II of CITES Red List
of Endangered Species (Maes, Volckaert, 2007)
according to regulation No. 1100/2007 by Europe-
an Commission as the stock of this species signi-
ficantly declined several decades ago and had not
recovered since then in Europe (Astrom, Dekker,
2007; Winter et al., 2007). Despite necessary res-
trictions and control in the exploitation and trade
market of this species, the principal obstacles for
the protection, conservation and management of
the European eel are the deficiency of informa-
tion regarding biology of this fish (Boétius, Har-
ding, 1985; Casellato, 2002; Dannewitz et al., 2005;
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Bonhommeau et al., 2009) and the primary cause
of its decline (Bonhommeau et al., 2008; Aoyama,
2009). The biology of this fish is not sufficiently
studied because the life cycle of this species is qui-
te complicated (Daemen et al., 2001; Lecomte-Fi-
niger, 2003; Vasemagi, 2009). The complicated life
cycle of the European eel is mainly characterized
by the facultative catadromy (Edeline, 2007) and
surely predestines unique formation of the popu-
lation genetic structure of this species.

The population genetic structure, the formation
of which depends on fish spawning, of any fish spe-
cies could be defined as a pattern of distribution
of genetic variation in space and time within and
between populations (Laikre et al., 2005; Samuilo-
viené, Kontautas, 2012). An exhaustive examina-
tion of population genetic structure using different
molecular markers provides us knowledge that en-
sures the opportunity to create the strategy of su-
stainable exploitation of resources at a genetic di-
versity level (Hauser, Carvalho, 2008) and preserve
the genetic diversity of the species (Laikre et al,,
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2008). Whereas the information regarding the for-
mation of the population genetic structure of fish
species is important both for the theoretical and
practical perspectives. Despite many investiga-
tions into the population genetic structure of the
European eel it is still not completely studied (Avi-
se et al., 1986; Dannewitz et al., 2005; Maes et al.,
2006; Cagnon et al, 2011) and understood (Va-
semagi, 2009; Kettle et al., 2010; Avise, 2011). In
fact, thus far the accumulated molecular data gives
only limited insights into the formation of the po-
pulation genetic structure of this species.

The main objectives of this paper are to present
what is currently known about the formation of
population genetic structure of the European eel
and how our understanding about this fundamen-
tal process could be improved.

MATERIALS AND METHODS

Main aspects of the European eel biology and
genetics

The life cycle of the European eel. Due to the fact
that the spawning sites of the European eel have
not been found and spawning eels have not been
observed by scientists yet (Boétius, Harding, 1985)
almost all available information concerning the
biology of the eels in their breeding grounds was
accumulated using indirect methods (Maes, Volc-
kaert, 2007; Aoyama, 2009; Bianchini et al., 2009;
Bonhommeau et al., 2009). It is generally accepted
that the spawning of the European eel should take
place in the Sargasso Sea because here >10 mm
in size leptocephalus larvae was found and it is
known that eels, inhabiting the water bodies of
Europe, are capable of reaching this sea (5 000-
6 000 km) (Van Ginneken, Maes, 2005; Van Gin-
neken et al., 2005). Experimentally determined
18.7-18.8 °C temperature and 250-302 m depth
indicate that the spawning of eels should take
place in the warm waters of the upper layers of
the sea (Fricke, Kaese, 1995). Since the European
eel is considered to be semelparous fish each in-
dividual presumably participates in the spawning
process only one time, i. e. after the spawning
eels die (Bastrop et al., 2000). It is supposed that
the spawning of eels is collective and females are
able to produce more than 9 million pelagic eggs
that are 0.9-1.4 mm in size (Virbickas, 2000; Van
Ginneken, Maes, 2005). From the fertilized pela-

gic eggs larva hatches, which after a short growth
period obtains specific features and is called lepto-
cephalus larva (Miller, 2009). With the help of va-
rious sea currents, of which the Gulf stream is the
most important, the leptocephalus larvae travel
from the Sargasso Sea to Europe or the northern
part of Africa (Bonhommeau et al., 2008). Thus
far it is not clear whether the transportation of
the leptocephalus larvae is passive or they are able
to swim actively and in turn influence the final
destination of their journey (Bonhommeau et al.,
2009). When leptocephalus larvae reach the conti-
nent they metamorphose to the glass eels that are
able to inhabit seas and estuaries or migrate ups-
tream to the rivers (Edeline, 2007). The movement
of the glass eels from the sea to the outfall of the
rivers is determined by the chemoreception (Sola,
Tongiorgi, 1996): it was experimentally demons-
trated that some cues and water salinity (in other
words, the particular molecules, their concentra-
tions and their interactions with other molecules)
have influence on the behaviour of the glass eels.
It should be noted that the upstream migration
of eels is also density- dependent, i. e. the greater
density of eels predestines deeper inland invasions
into the continent. After a short period spent in
the continental water ecosystems the transparent
bodies of the glass eels begin to lose transparency
because of appearance of pigmentation and glass
eels at first become elvers and when pigmentation
process is completed they are called young yellow
eels (Albert et al.,, 2006). In the continent yellow
eels could live and grow from several years to se-
veral decades (Ringuet et al., 2002). Pronounced
sexual dimorphism is the characteristic of this
species: the eel males tend to be smaller and ma-
ture faster compared to females (Winter et al.,
2007; Kettle et al., 2010). The determination of sex
is not dependent on the particular chromosomes,
it mainly depends on the density of young eels in
water volume (Huertas, Cerda, 2006). The greater
density of the individuals predestines the larger
number of eel males. Growth rate, higher water
temperatures and saline conditions may be also
involved in the mechanism of sex differentiation
(Davey, Jellyman, 2005). For instance, individuals
experiencing rapid growth prior to gonad diffe-
rentiation tend to develop as males, whereas eels
that initially grow slowly are more likely to deve-
lop as females. Holmgren (1996) experimentally
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demonstrated that water temperature influenced
the observed sex ratios, but probably not through
direct influence on the sex differentiation. Sexually
maturing eels are called silver eels because after
the silvering process the dominant color of their
bodies is silver (Durif et al., 2005). The silvering
process starts earlier in the eel males (>4 years
old) compared to the females (>7 years old) (Van
Ginneken et al., 2007). Before and / or during the
final journey from the continent to the Sargasso
Sea eels experience many morphological, physio-
logical and ethological alterations (Fricke, Kaese,
1995; Lintas et al., 1998). For example, the body
darkens, the size of eyes increases to ensure im-
proved vision in the depth, jaws become more
extended, the bones and the muscles deminerali-
ze, gonads develop, the digestive tract attrofies and
eels stop feeding. From the conducted experiments
it is known that the sexual maturation of eels can
be completed only during their travel to the Sar-
gasso Sea or when they reach their spawning sites
(Palstra et al., 2008) and the distance of 6 000 km
could be overcome within 180 days by silver eels
(Van Ginneken et al., 2005). The migration of the
European eel is mainly initiated by the tempera-
ture of the water, the moon phase and the pho-
toperiod (Okamura et al., 2002). The migrations
of eels from rivers and lakes can be massive and
collective (Cullen, McCarthy, 2003). The time of
the migration is diverse because it depends on the
accumulated eel fat reserves (Sveding et al., 1996)
and geographical location (Maes, Volckaert, 2007).
Eel females start their migration after the vacuo-
lization of their oocytes (Virbickas, 2000). There
are indications that even 57 years old eels are able
to travel to the spawning grounds (Poole, Rey-
nolds, 1998). During migration to their spawning
sites, instead of feeding, eels are using accumula-
ted fat reserves (Geeraerts, Belpaire, 2010). Eco-
logical studies concerning eels migration to their
spawning sites are currently lacking (Boétius, Har-
ding, 1985; Casellato, 2002; Chow et al., 2009). Se-
veral silver eels that were caught in the 220-660 m
depth of the Mediterranean Sea indicate that eels
could swim in groups to their spawning grounds
(Bianchini et al., 2009).

Migration loops. During the analysis of the
life strategies of the representatives of the Anguilla
genus it is accepted to use the migration loop con-
cept (Tsukamoto et al., 2002). The migration loop

is the migration route of the animal that migrates
between the different environments, i. e. eels move
from the ocean to freshwater ecosystems. Schema-
tically the migration loop is presented as an ellip-
se, the different ends of which mark the spawning
site and the growing grounds of the migrating
fish, respectively. Due to distant migrations of the
European eel the extent of the migration loop of
this species (5.2 x 10° km?) is greater compared
to other representatives of the Anguilla genus (Van
Ginneken, Maes, 2005). The distance from the
Sargasso Sea to the growing grounds varies from
2 500 km to more than 7 000 km (Kettle et al.,
2010). In order to schematically represent three
different groups of eels that are travelling from
the Sargasso Sea to the Mediterranean Sea, the
North Sea and the Baltic Sea it would be neces-
sary to draw three migration loops. The number
of the migration loops depends not only on the
geographical distances but also on the different
habitats, i. e. sea, estuary, lagoon, river, lake. The
length of migration loops between different sexes
of eels is different. Firstly, the journey from the
continent to the spawning grounds of most male
eels begins from the seas or lagoons while most
females have to travel longer distances from their
growing places in the continental freshwater water
bodies (Virbickas, 2000). Secondly, the European
eel is characterized by the sex-biased latitudinal
distribution (Maes, Volckaert, 2007). For example,
in the northern parts of Europe, such as the Baltic
Sea region, females are more common. Sex-biased
geographical distribution is mainly predetermined
by the density-dependent migrations of young eels
into the continent (Andersson et al., 2012). In the
context of the decreasing population size of Euro-
pean eel during several decades period the density
dependent changes in sex ratio (towards higher
female:male proportion) were evident in European
countries, such as Norway, Italy and the United
Kingdom. It is noteworthy that in the Baltic Sea
region lower recruitment was historically observed
(Dekker, 2004). Consequently, due to poor stock
conditions and low densities in this region females
dominate not only in freshwater environment but
also in the sea.

Sweepstakes reproductive success (SRS). Just
as many other marine organisms the European eel
is characterized by the following: the extensive ge-
ographical distribution, long age, late maturation,
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great fertility, small number of survivors that reach
their spawning sites due to the continuously chan-
ging conditions in the ocean (Daemen et al., 2001;
Bonhommeau et al., 2008; Hedgecock, Pudovkin,
2011). All these aspects of the eel biology prede-
termine that the individuals from different gene-
rations differ genetically because in each spawning
process a relatively small number of silver eels
that produce many offsprings participate. Such si-
tuations are described by the SRS concept which
explains how abundant marine organisms can
have low effective population sizes (N ).

Chaotic genetic patchiness (CGP). The groups
of the glass eels that arrive to the same geographi-
cal locations in different times are called the
recruitment waves (Pujolar et al., 2006). When
the statistically significant genetic differentiation
is determined between the recruitment waves, but
not between the samples of the adult eels, then
this phenomenon is defined by the CGP concept
(Hellberg et al., 2002). In the marine organisms
CGP could appear because of several fundamental
reasons (Selkoe et al., 2006; Hedgecock, Pudovkin,
2011): young individuals come from the different
populations (the distribution of these individuals
could be affected by the sea currents), the natural
selection on early life stages could winnow the ge-
netic diversity of larvae and recruits, differential
survival of genotypes after settlement and before
sampling, SRS. It should be noted that nowadays
there is a tendency to use the CGP concept in
the situations when the major reason of the de-
tected genetic differences between the samples of
marine organisms is not clear (Selkoe et al., 2010;
Pujolar et al., 2011a). Consequently, currently two
different phenomena are described with just one
CGP concept: i) statistically significant genetic
differentiation is determined between the temporal
samples of young organisms, but not between the
samples of the adult organisms; ii) the major rea-
son of the detected genetic differences between the
samples of marine organisms is not clear becau-
se the determination of these genetic differences
could not be explained by the spatial and temporal
differences between the collected samples. In our
opinion, in the future it would be rational to define
a new concept for the situations when the genetic
differences between the samples of marine orga-
nisms are statistically significant, but not stable in
space and time.

The genetic mosaic. The population gene-
tic structure of the European eel is characterized
by a genetic mosaic, which is formed due to the
existence of reproductively isolated groups (Dae-
men et al, 2001). The recent data (Ragauskas,
2013; Baltazar-Soares et al., 2014) shows that the
appearance of the genetic mosaic in the species
is mainly predetermined by the existence of the
different genetic lineages, represented by phyloge-
nies of different mtDNA regions, in this species.
The appearance of the genetic mosaic in the Euro-
pean eel to a lesser degree is predetermined by the
CGP and the SRS.

The main models of the formation of the
population genetic structure of the European eel
Nowadays there are three main models explaining
the formation of the population genetic structure
of the European eel: panmixia, isolation by distan-
ce (IBD) and isolation by time (IBT). Schemati-
cally these models are presented in Figure.
Panmixia. Unpredictable conditions in the
ocean, the variations of sexual maturity at age,
the mixed groups of eels, which are migrating
to their spawning grounds, prolonged spawning
season, the sexual dimorphism and differences
between the migration loops of males and fema-
les together with the information obtained from
the studies of the population genetics of the Eu-
ropean eel indicate that the formation of the po-
pulation genetic structure of this species is best
explained by the model of panmixia (Figure A)
(Maes, Volckaert, 2007; Vasemagi, 2009; Avise,
2011). Due to the fact that several publications
challenging the panmixia hypothesis were publis-
hed quite recently (Daemen et al., 2001; Wirth,
Bernatchez, 2001; Maes, Volckaert, 2002) cur-
rently the maintainance of the panmixia hypot-
hesis requires the SRS and the CGP concepts
(Pujolar et al., 2007, 2011a). These concepts are
necessary because the population genetic structu-
re of the European eel is characterized by a gene-
tic mosaic, which indicates the existence of re-
productively isolated groups (Kettle et al., 2010),
and statistically significant genetic differentiation
could be determined between the recruitment
waves (Pujolar et al., 2006). Despite many recent
publications confirming that SRS phenomenon is
common in marine animals and the fact that it
clearly explains how marked genetic differences
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Figure. The main models of the formation of the population genetic structure of the
European eel: A - panmixia; B - isolation by distance; C - isolation by time; migration
loops of eels are represented by ellipses; different colors of silhouettes of eels and eggs
represent their genetic differences; eggs in the circle represent spawning site or sites in the
Sargasso Sea; dotted line shows that some individuals from the distinct populations can
meet and spawn together in one particular spawning site

between the different groups of individuals can
appear in panmictic species (Hedgecock, Pudov-
kin, 2011), based on the results of Selkoe et al.
(2010) research it might be suggested that CGP is
not an argument solid enough for validation of the
panmixia hypothesis in the European eel. Firstly,
the CGP may emerge not only due to stochastic
processes in the ocean but it can have a biologi-
cal meaning (Selkoe et al., 2008). Secondly, nowa-
days we still lack the essential information about

the formation of the population genetic structu-
re of the European eel (Daemen et al., 2001; Va-
semdgi, 2009; Avise, 2011) because the collection
of spawning eels samples in precise spawning sites
is problematic. Finally, thus far there were no at-
tempts to connect the seascape variables in order
to explain the formation of the population genetic
structure of this species. Other arguments for or
against the panmixia hypothesis are presented in
the work of Van Ginneken, Maes (2005).
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Isolation by distance (IBD). The oldest alter-
native to the model of panmixia is the model of
IBD (Figure B): different groups of the European
eel migrate to mate non-randomly in at least two
geographically separated spawning sites (Boétius,
Harding, 1985). Nowadays it is agreed that the spa-
tial restrictions of the gene flow is likely to occur
only between small groups of eels in the Sargasso
Sea (Andrello et al., 2011). This is supported by
the results of the investigations into population
genetic structure of eel using DNA microsatellites:
i) Dannewitz et al. (2005) demonstrated that the
population genetic structure of this species is not
stable over time; ii) the newest comprehensive re-
search based on DNA microsatellites (Als et al.,
2011) suggests that the spawning of the European
eel takes place only in the Sargasso Sea. Whet-
her the offsprings of these reproductively isolated
groups of eels in the Sargasso Sea are able to return
to the breeding grounds of their parents after their
journey to the continent is unknown (Kettle et al,,
2010), but the results of Kettle, Haines (2006) mo-
deling and recent indications of female philopatric
behaviour from the genetic studies using mtDNA
markers (Ragauskas, 2013; Baltazar-Soares et al,
2014) do not reject this possibility. It is interesting
to note that in the begining of the 20th century it
was hypothesized that eels living in the eastern part
of the Mediterranean Sea could reproduce in this
sea (Casellato, 2002; Bianchini et al., 2009) and in
turn should be ascribed to the distinct population
(Lintas et al.,, 1998). Nowadays this hypothesis is
still not discarded and the results of some genetic
investigations in part support it (Wirth, Bernat-
chez, 2001; Maes, Volckaert, 2002). Even so, thus
far the spawning sites of the European eel in the
Mediterranean Sea were not detected (Van Ginne-
ken, Maes, 2005) and possibility that eels can breed
here is very low.

Isolation by time (IBT). The groups of spawning
eels can be separated between each other not only
by space but also by time (Maes et al., 2006). The
temporal restrictions of the gene flow are represen-
ted by the model of IBT (Figure C) and appear due
to some features of the life cycle of the European
eel, such as the variation of age of mature eels and
the differences in the length of migration loops of
eels inhabiting the continent, and the continuously
changing conditions in the ocean (Maes, Volc-
kaert, 2007). The gene flow between the groups

of eels that arrive from the different geographical
regions to spawn at similar time in the same part
of the sea is possible. Nowadays it is accepted that
not the spatial but the temporal restrictions of
the gene flow have a greater influence on the for-
mation of the population genetic structure of the
European eel (Van Ginneken, Maes, 2005). Due to
several reasons it is assumed that the primary rea-
son for the detection of the statistically significant
IBT is the stochastic processes in the ocean (Pujo-
lar et al., 2007). Firstly, it is known that the popu-
lation genetic structure of the European eel is not
stable in time (Dannewitz et al., 2005). Secondly,
thus far the statistically significant temporal res-
trictions were detected only between the samples
of the glass eels, which represented the groups of
eels that arrive to the continent in different years
(Maes et al., 2006). Finally, statistically significant
IBT was not detected using various samples of eels
in the newest investigations into population gene-
tic structure of the European eel (Palm et al., 2009;
Als et al., 2011; Cagnon et al., 2011; Pujolar et al.,
2011a).

Towards a better understanding of the
formation of the population genetic structure of
the European eel
Due to the fact that the present methodological
problems prevent direct observations of the Euro-
pean eels both in their spawning sites and in the
open ocean, the genetic and otolith investigations
serve as the main tools for the extension of know-
ledge of eel biology, especially its ecology in the
Atlantic Ocean (Casellato, 2002; Albert et al., 2006;
Shiao et al., 2006; Maes, Volckaert, 2007; Aoyama,
2009). Unfortunately, the currently accumulated
molecular data gives only limited insights about
the formation of the population genetic structu-
re of this species. This raises a question: what is
supposed to be undertaken prior to detecting the
spawning eels in their spawning sites?
Multidisciplinary seascape genetics. One of the
solutions for increasing our knowledge about the
formation of the population genetic structure of the
European eel is the multidisciplinary seascape ge-
netics (Selkoe et al., 2008). In fact, the combination
of genetic approaches with other tools to test eco-
logically grounded hypotheses has already begun
to reveal important insights into the patterns, cau-
ses and consequences of population structure and
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connectivity of marine populations, and has helped
to guide new approaches to fisheries management
and marine reserve networks. Probably the most
common area in the multidisciplinary seascape
genetics is the landscape genetics, which in the
context of marine environment is called ‘seascape
genetics' and attempts to connect the molecular
data with geographical, physical and ecological
data of marine environment (Manel et al., 2003;
Selkoe et al., 2010). Other important areas of the
multidisciplinary seascape genetics are reviewed by
Selkoe et al. (2008). In general, these areas are the
following: modeling, improved sampling design of
larvae and recruits, statistical analysis and pairing
of the molecular data with other non-genetic data
(demographic, behavioural and data obtained from
the natural and artificial tags). It is worth to empha-
size that the best results are obtained when several
different areas of the multidisciplinary seascape ge-
netics are interconnected and used for answering
particular ecological questions.

Thus far the investigations into the population
genetic structure of the European eel did not incor-
porate the information about the marine environ-
mental features. One of the fundamental reasons
is that scientists still lack information about the
ecosystem where eels spawning sites are located
(Maes, Volckaert, 2007). Even so, it is obvious that
both different currents in the Sargasso Sea and the
temperature in the eel spawning sites, as well as the
thropic conditions, surely affect the formation of
the population genetic structure of the European
eel (Kettle, Haines, 2006; Bonhommeau et al,,
2008, 2009). Since Kettle, Haines (2006) modelling
indicated that the silver eel spawners can develop
strategies for spawning location and migration
depth to preferentially target particular regions in
the adult range it could be hypothesized that the
restrictions of the gene flow in the Sargasso Sea
could be predestined even by the variance in depth
where the breeding eel groups mate. While our hy-
pothesis remains to be tested there are examples in
the scientific literature that the variance in depth
could restrict gene flow between different fish po-
pulations. For instance, the depth as potential dri-
ver of genetic structure was proposed to the deep-
sea redfish Sebastes mentella (Stefansson et al.,
2009). Consequently, the seascape genetics could
and should be applied to the investigations into
the population genetic structure of the European

eel. Thus far the applications of other important
areas of the multidisciplinary seascape genetics to
the genetic research of the European eel are also
limited. For example, until now there has been no
attempts to directly connect the molecular data
with the data obtained from the natural and arti-
ficial tags. Even so, nowadays scientists are trying
to combine oceanographic modeling with modern
population genetics or incorporate the obtained
molecular data into the new models. For instan-
ce, recently Baltazar-Soares et al. (2014) combined
dispersal simulations using half century of high-
resolution ocean model data with population ge-
netics tools. It should be noted that this was done
for the first time in the studies of the population
genetics of the European eel. The main foundings
of their work are the following: i) regional atmos-
pherically driven ocean current variations in the
Sargasso Sea were the major driver of the onset of
the sharp decline in eel recruitment in the begin-
ning of the 1980s; ii) coastal genetic differentia-
tion is consistent with cryptic female philopatric
behaviour within the Sargasso Sea. Such results
demonstrate the key constraint of the variable oce-
anic environment on the European eel population.
Regarding the incorporation of the obtained mo-
lecular data into the new models, the first attempt
to model the full life cycle of the European eel and
its genetic structure was done by Andrello et al.
(2011). They presented a demographic-genetic
model which expanded our knowledge regarding
the influence of demographic processes on the for-
mation of the population genetic structure of this
species. This demographic-genetic model indicates
that: i) in general, the European eel should be tre-
ated as panmictic species; ii) the different groups
of breeding individuals can be separated in space
and / or time. Based on the results of the mode-
ling of Pujolar et al. (2011a) it could be suggested
that in the Sargasso Sea should be approximate-
ly 2 000-5 000 reproductively isolated events and
each of them should consist of 130-375 individu-
als (if we assume that 700 000 individuals could
reach the spawning grounds). The relatively small
numbers of the spawning eels in each reproducti-
vely isolated group suggest that the gene drift in
this species may be more pronounced than pre-
viously anticipated. Even so, the most recent Pu-
jolar et al. (2011b) study indicates that after the
strong decline in the abundance several decades
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ago the N_ of the European eel (3 000-12 000) was
quite stable, i. e. the species did not experience the
bottleneck effect.

Intraspecific evolution. Due to the fact that the
currently existing population genetic structure of
the species was affected by the various events in the
past it has signatures of the population history (Ber-
natchez, Wilson, 1998). The concept of the popu-
lation history encompasses the circumstances of the
origin of the population, demographic processes in
this population and its surrounding environment
(Marko, Hart, 2012). The signatures of the popu-
lation history can be detected by studying the in-
traspecific evolution of the species. The intraspecific
evolution could be defined as evolution within the
species and from the genetic point of view it deals
with the historical population genetic structure of
the species and its formation and shaping. When
the information about the intraspecific evolution is
supplemented with the biogeographic data a new
research area, called phylogeography, emerges (Ma-
nel et al., 2003). The phylogeography is mainly con-
cerned with the reconstruction of the population
history of the species.

Thus far several investigations into the intraspe-
cific evolution of the European eel using different
mtDNA markers were conducted (Lintas et al.,
1998; Daemen et al., 2001; Butkauskas et al., 2009;
Ragauskas, 2013; Baltazar-Soares et al., 2014), but
no publications of the purely phylogeographic stu-
dies of this species are currently available. The most
recent data (Ragauskas, 2013; Baltazar-Soares et al.,
2014) indicates that the different mtDNA lineages
of eels exist in the European eel population. In
fact, this data suggests a presumable existence of
retrospective local populations, i. e. reproductive-
ly isolated groups of eels, characterized by juveni-
les ability to return to the spawning sites of their
parents for at least several generations. While it is
not clear whether the local populations of eels still
exist today, the disappearance of the local popu-
lations of presumably non-panmictic species could
be explained by the historical natural processes. For
instance, it is known that the glaciations greatly
affected the historical distribution of the European
eel in Europe (Kettle et al., 2008). It could be hy-
pothesized that the changes in the distribution at
the growing grounds influenced eels breeding in the
spawning grounds and in turn had a strong impact
on the formation and shaping of the population ge-

netic structure. To a lesser degree spatio-temporal
stability of the population genetic structure of the
European eel probably was alterated by the anthro-
pogenic activity, especially restocking (Palm et al.,
2009; Ragauskas, 2013). Restocking started in the
begining of the 20th century and could be defined
as catching of glass eels, elvers or young yellow eels
in the United Kingdom and France and their intro-
duction to ponds, lakes or rivers of other countries
(Dekker, 2004). Since this activity is not restricted
just in European countries, nowadays the natural
distribution of the European eel and several other
species of Anguilla genus is changed (Maes, Volc-
kaert, 2007). The assumption of panmictic breeding
system was thought to limit any consequences of
restocking, but recent work of Baltazar-Soares et al.
(2014) suggests that this activity may have unexpec-
ted impacts and furthermore may affect the recove-
ry of the European eel. Actually, more investigations
into the intraspecific evolution of this species using
larger number of geographical samples and archival
material are needed in order to evaluate the impacts
of various historical processes on the formation and
shaping of the population genetic structure of the
European eel. Due to the fact that the spawning
grounds of both A. anguilla and A. rostrata species
are located in the Sargasso Sea (Lecomte-Finiger,
2003) hybridization occurs (Als et al., 2011) and la-
ter viable hybrids are found exceptionally in Iceland
(Albert et al., 2006). Consequently, after the inves-
tigations into the intraspecific evolution of different
species of the Atlantic eels it is possible to study the
historical hybridization between these species and
its impact on the formation of the population gene-
tic structure of the European eel. However, to our
knowledge thus far there were no attempts to study
the intraspecific evolution of the American eel using
direct sequencing of different mtDNA fragments.

CONCLUDING REMARKS

The formation of the population genetic structu-
re of the species is a fundamental process. The
multidisciplinary seascape genetics enables scien-
tists to answer many important questions about
the biology of the European eel and is a valuable
tool for the investigations into the formation of
the population genetic structure of this species.
The investigations into the intraspecific evolution
of the European eel (especially coupled with the
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biogeographic data) are also important because
they could provide the crucial information about
the historical population genetic structure of the
species and its formation and shaping by the past
events. Summing up the afore-said, it should be
stated that in order to comprehensively investigate
the formation of the population genetic structure
of the European eel it is not enough to find the
spawning sites of this species and to determine
the genetic parameters of the spawning eels and
their offsprings, but it is also necessary to obtain
the information about the population history and
to take into account the influence of the seascape
variables on the reproduction process.

ACKNOWLEDGEMENTS

The authors want to express their gratitude to two
anonymous reviewers for their help to improve
the quality of the manuscript. The authors are also
grateful to the Lithuania-Latvia-Taiwan (Republic
of China) Mutual Fund for the financial support
for collaborative research projects among the
countries. Sincere gratitude goes to the Lithuanian
State Studies Foundation and Research Council of
Lithuania for providing PhD scholarships.

Received 30 August 2013
Accepted 12 December 2013

REFERENCES

1. Albert V, Jonsson B., Bernatchez L. 2006. Natural
hybrids in Atlantic eels (Anguilla anguilla, A. ros-
trata): Evidence for successful reproduction
and fluctuating abundance in space and time.
Molecular Ecology. Vol. 15(7): 1903-1916.

2. AlsT.D.,Hansen M. M., MaesG.E., Castonguay M.,
Riemann L., Aarestrup K., Munk P, Sparholt H.,
Hanel R., Bernatchez L. 2011. All roads lead to
home: Panmixia of European eel in the Sargasso
Sea. Molecular Ecology. Vol. 20(7): 1333-1346.

3. Andersson J., Florin A. B., Petersson E. 2012.
Escapement of eel (Anguilla anguilla) in coas-
tal areas in Sweden over a 50-year period. ICES
Journal of Marine Science. Vol. 69(6): 991-999.

4. Andrello M., BevacquaD., Maes G.E.,DeLeo G. A.
2011. An integrated genetic-demographic mo-
del to unravel the origin of genetic structure in
European eel (Anguilla anguilla L.). Evolutionary
Applications. Vol. 4: 517-533.

5. Aoyama J. 2009. Life history and evolution of
migration in catadromous eels (genus Anguilla).
Aqua-BioScience Monographs. Vol. 2(1): 1-42.

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Avise]. C., Helfman G. S., Saunders N. C., Hales L. S.
1986. Mitochondrial DNA differentiation in North
Atlantic eels: Population genetic consequences of
an unusual life history pattern. Proceedings of the
National Academy of Sciences of the United States
of America. Vol. 83: 4350-4354.

Avise J. C. 2011. Catadromous eels continue to
be slippery research subjects. Molecular Ecology.
Vol. 20(7): 1317-13109.

Astrom M., Dekker W. 2007. When will the eel
recover? A full life-cycle model. ICES Journal of
Marine Science. Vol. 64: 1491-1498.
Baltazar-Soares M., Biastoch A., Harrod C., Ha-
nel R., Marohn L., Prigge E., Evans D., Bodles K,
Behrens E., Boning C. W.,, Eizaguirre C. 2014.
Recruitment collapse and population structure
of the European eel shaped by local ocean cur-
rent _dynamics. Current Biology.
prg/10.1016/j.cub.2013.11.031]

Bastrop R., Strehlow B, Jirss K., Sturmbauer C.
2000. A new molecular phylogenetic hypothesis
for the evolution of freshwater eels. Molecular
Phylogenetics and Evolution. Vol. 14(2): 250-258.
Bernatchez L., Wilson C. C. 1998. Comparative
phylogeography of Nearctic and Palearctic fishes.
Molecular Ecology. Vol. 7(4): 431-452.

Bianchini M. L., Vaggelli G., Cossio R., Palmegia-
no G. B., Gai E, Sola L., Rossi A. R., Crosetti D.,
Giusto G. B., Gancitano S., Ragonese S. 2009.
European eels from deep Mediterranean waters.
American Fisheries Society Symposium. Vol. 69:
871-874.

Boétius J., Harding E. F. 1985. A re-examination
of Johannes Schmidt’s Atlantic eel investigations.
Dana. Vol. 4: 129-162.

Bonhommeau S., Chassot E., Rivot E. 2008.
Fluctuations in European eel (Anguilla anguilla)
recruitment resulting from environmental chan-
ges in the Sargasso Sea. Fisheries Oceanography.
Vol. 17(1): 32-44.

Bonhommeau S., Blanke B., Tréguier A. M,
Grima N., Rivot E., Vermard Y., Greiner E., Le Pape
0. 2009. How fast can the European eel (Anguilla
anguilla) larvae cross the Atlantic Ocean? Fisheries
Oceanography. Vol. 18(6): 371-385.

Butkauskas D., Ragauskas A., Sruoga A., Lozys L.,
Tzeng W. N. 2009. Current knowledge about
European eel Anguilla anguilla (L.) mtDNA
D-loop region haplotypic variety. Acta Zoologica
Lituanica. Vol. 19(4): 253-267.

Cagnon C., Lauga B., Karama S., Mouches C.
2011. Temporal genetic variation in European eel
Anguilla anguilla (Linnaeus, 1758): A fine scale in-
vestigation in the Adour estuary. Marine Biology
Research. Vol. 7(5): 515-519.

Casellato S. 2002. European eel: A history which
must be rewritten. Italian Journal of Zoology.
Vol. 69(4): 321-324.



http://dx.doi.org/10.1016/j.cub.2013.11.031
http://dx.doi.org/10.1016/j.cub.2013.11.031

152

Adomas Ragauskas, Dalius Butkauskas

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Chow S., Kurogi H., Mochioka N., Kaji S,
Okazaki M., Tsukamoto K. 2009. Discovery of ma-
ture freshwater eels in the open ocean. Fisheries
Science. Vol. 75: 257-259.

Cullen P,, McCarthy T. K. 2003. Hydrometric and
meteorological factors affecting the seaward mi-
gration of silver eels (Anguilla anguilla L.) in the
lower River Shannon. Environmental Biology of
Fishes. Vol. 67: 349-357.

Daemen E., Cross T., Ollevier E, Volckaert F. A. M.
2001. Analysis of the genetic structure of European
Eel (Anguilla anguilla) using microsatellite DNA
and mtDNR markers. Marine Biology. Vol. 139:
755-764.

Dannewitz J., Maes G. E., Johansson L., Wickst-
rom H., Volckaert E A. M., Jarvi T. 2005. Panmixia
in the European eel: A matter of time... Proceedings
of the Royal Society B. 272: 1129-1137.

Davey A. J. H,, Jellyman D. ]. 2005. Sex determi-
nation in freshwater eels and management options
for manipulation of sex. Reviews in Fish Biology
and Fisheries. Vol. 15: 37-52.

Dekker W. 2004. Slipping through our hands - po-
pulation dynamics of the European eel. PhD thesis,
University of Amsterdam, Amsterdam.

Durif C., Dufour S., Elie P. 2005. The silvering pro-
cess of Anguilla anguilla: A new classification from
the yellow resident to the silver migrating stage.
Journal of Fish Biology. Vol. 66: 1-19.

Edeline E. 2007. Adaptive phenotypic plasticity
of eel diadromy. Marine Ecology Progress Series.
Vol. 341: 229-232.

Fricke H., Kaese R. 1995. Tracking of artificially
matured eels (Anguilla anguilla) in the Sargasso
Sea and the problem of the eel’s spawning site.
Naturwissenschaften. Vol. 82: 32-36.

Geeraerts C., Belpaire C. 2010. The effects of conta-
minants in European eel: A review. Ecotoxicology.
Vol. 19: 239-266.

Hauser L., Carvalho G. R. 2008. Paradigm shifts in
marine fisheries genetics: Ugly hypotheses slain by
beautiful facts. Fish and Fisheries. Vol. 9: 333-362.
Hedgecock D., Pudovkin A. I. 2011. Sweepstakes
reproductive success in highly fecund marine fish
and shellfish: A review and commentary. Bulletin
of Marine Science. Vol. 87(4): 971-1002.

Hellberg M. E., Burton R. S., Neigel J. E.,
Palumbi S. R. 2002. Genetic assessment of con-
nectivity among marine populations. Bulletin of
Marine Science. Vol. 70(1): 273-290.

Holmgren K. 1996. Effect of water temperature
and growth variation on the sex ratio of experi-
mentally reared eels. Ecology of Freshwater Fish.
Vol. 5: 203-212.

Huertas M., Cerda J. 2006. Stocking density at
early developmental stages affects growth and sex
ratio in the European eel (Anguilla anguilla). The
Biological Bulletin. Vol. 211: 286-296.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Kettle A. J.,, Haines K. 2006. How does the
European eel (Anguilla anguilla) retain its popu-
lation structure during its larval migration across
the North Atlantic Ocean? Canadian Journal
of Fisheries and Aquatic Sciences. Vol. 63: 90—
106.

Kettle A. J., Heinrich D., Barrett J. H., Benecke N.,
Locker A. 2008. Past distributions of the European
freshwater eel from archaeological and palaeon-
tological evidence. Quaternary Science Reviews.
Vol. 27: 1309-1334.

Kettle A. J., Vollestad L. A., Wibig J. 2010. Where
once the eel and the elephant were together: de-
cline of the European eel because of changing
hydrology in southwest Europe and northwest
Africa? Fish and Fisheries. Vol. 12: 380-411.
Laikre L., Palm S., Ryman N. 2005. Genetic popu-
lation structure of fishes: implications for coastal
zone management. Ambio. Vol. 34: 111-119.
Laikre L., Larsson L. C., Palmé A., Charlier J,
Josefsson M., Ryman N. 2008. Potentials for moni-
toring gene level biodiversity: Using Sweden as an
example. Biodiversity and Conservation. Vol. 17:
893-910.

Lecomte-Finiger R. 2003. The genus Anguilla
Schrank, 1798: Current state of knowledge and
questions. Reviews in Fish Biology and Fisheries.
Vol. 13: 265-279.

Lintas C., Hirano J., Archer S. 1998. Genetic vari-
ation of the European eel (Anguilla anguilla).
Molecular Marine Biology and Biotechnology.
Vol. 7(4): 263-269.

Maes G. E., Volckaert F. A. M. 2002. Clinal genetic
variation and isolation by distance in the European
eel Anguilla anguilla (L.). Biological Journal of the
Linnean Society. Vol. 77: 509-521.

Maes G. E., Pujolar J. M. Hellemans B,
Volckaert F. A. M. 2006. Evidence for isolation by
time in the European eel (Anguilla Anguilla L.).
Molecular Ecology. Vol. 15(8): 2095-2107.

Maes G. E., Volckaert E A. M. 2007. Challenges for
genetic research in European eel management. ICES
Journal of Marine Science. Vol. 64: 1463-1471.
Manel S., Schwartz M. K., Luikart G., Taberlet P.
2003. Landscape genetics: Combining landscape
ecology and population genetics. Trends in
Ecology and Evolution. Vol. 18(4): 189-197.
Marko P. B., Hart M. W. 2012. Retrospective co-
alescent methods and the reconstruction of me-
tapopulation histories in the sea. Evolutionary
Ecology. Vol. 26(2): 291-315.

Miller M. J. 2009. Ecology of Anguilliform lepto-
cephali: Remarkable transparent fish larvae of the
ocean surface layer. Aqua-BioScience Monographs.
Vol. 2(4): 1-94.

Okamura A., Yamada Y., Mikawa N., Tanaka S.,
Oka P. H. 2002. Exotic silver eels Anguilla an-
guilla in Japanese waters: Seaward migration and



153

Adomas Ragauskas, Dalius Butkauskas

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

environmental factors. Aquatic Living Resources.
Vol. 15: 335-341.

Palm S., Dannewitz J., Prestegaard T., Wickstrom H.
2009. Panmixia in European eel revisited: No genetic
difference between maturing adults from southern
and northern Europe. Heredity. Vol. 103: 82-89.
Palstra A. P, Schnabel D., Nieveen M. C,
Spaink H. P, Van den Thillart G. E. E. ]. M. 2008.
Male silver eels mature by swimming. BMC
Physiology. Vol. 8: 14.

Poole W. R., Reynolds J. D. 1998. Variability in
growth rate in European eel Anguilla anguil-
la (L.) in a western Irish catchment. Biology and
Environment: Proceedings of the Royal Irish
Academy. Vol. 98B(3): 141-145.

Pujolar J. M., Maes G. E., Volckaert F. A. M.
2006. Genetic patchiness among recruits in the
European eel Anguilla anguilla. Marine Ecology
Progress Series. Vol. 307: 209-217.

Pujolar J. M., Maes G. E., Volckaert F. A. M. 2007.
Genetic and morphometric heterogeneity among
recruits of the European eel, Anguilla anguilla.
Bulletin of Marine Science. Vol. 81(2): 297-308.
Pujolar J. M., Bevacqua D. Andrello M,
Capoccioni F, Ciccotti E., De Leo G. A., Zane L.
2011a. Genetic patchiness in European eel adults
evidenced by molecular genetics and population
dynamics modelling. Molecular Phylogenetics and
Evolution. Vol. 58: 198-206.

Pujolar J. M. Bevacqua D., Capoccioni E,
Ciccotti E., De Leo G. A., Zane L. 2011b. No ap-
parent genetic bottleneck in the demographically
declining European eel using molecular gene-
tics and forward-time simulations. Conservation
Genetics. Vol. 12: 813-825.

Ragauskas A. 2013. Investigation into population
genetic structure of eel Anguilla anguilla (L.)
and perch Perca fluviatilis L. within the context
of anthropogenic activity. PhD thesis. Vilnius
University, Vilnius, Lithuania.

Ringuet S., Muto F, Raymakers C. 2002. Eels:
Their harvest and trade in Europe and Asia. Traffic
Bulletin. Vol. 19(2): 2-27.

Samuiloviené A., Kontautas A. 2012. Population
genetics of Atlantic salmon and brown trout and
its revelance for management of genetic resources.
Ekologija 58(4): 427-441.

Selkoe K. A., Gaines S. D., Caselle J. E.,
Warner R. R. 2006. Current shifts and kin aggre-
gation explain genetic patchiness in fish recruits.
Ecology. Vol. 87(12): 3082-3094.

Selkoe K. A., Henzler C. M., Gaines S. D. 2008.
Seascape genetics and the spatial ecology of ma-
rine populations. Fish and Fisheries. Vol. 9: 363-
377.

Selkoe K. A., Watson J. R., White C., Horin T. B.,
Tacchei M., Mitarai S., Siegel D. A., Gaines S. D.,

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Toonen R. J. 2010. Taking the chaos out of gene-
tic patchiness: Seascape genetics reveals ecological
and oceanographic drivers of genetic patterns in
three temperate reef species. Molecular Ecology.
Vol. 19(17): 3708-3726.

Shiao J. C., Lozys L., lizuka Y., Tzeng W. N. 2006.
Migratory patterns and contribution of stocking to
the population of European eel in Lithuanian wa-
ters as indicated by otolith Sr:Ca ratios. Journal of
Fish Biology. Vol. 69: 749-769.

Sola C., Tongiorgi P. 1996. The effect of salinity on
the chemotaxis of glass eels, Anguilla anguilla, to
organic earthy and green odorants. Environmental
Biology of Fishes. Vol. 47: 213-218.

Stefdnsson M. O., Reinert J., Sigurdsson O.,
Kristinsson K., Nedreaas K., Pampoulie C. 2009.
Depth as a potential driver of genetic structure of
Sebastes mentella across the North Atlantic Ocean.
ICES Journal of Marine Science. Vol. 66: 680-690.
Sveding H., Neuman E., Wickstrom H. 1996.
Maturation patterns in female European eel: Age
and size at the silver eel stage. Journal of Fish
Biology. Vol. 48: 342-351.

Tsukamoto K., Aoyama J., Miller M. J. 2002.
Migration, speciation, and the evolution of diadro-
my in anguillid eels. Canadian Journal of Fisheries
and Aquatic Sciences. Vol. 59: 1989-1998.

Van Ginneken V. J. T., Maes G. E. 2005. The
European eel (Anguilla anguilla, Linnaeus), its
lifecycle, evolution and reproduction: A literatu-
re review. Reviews in Fish Biology and Fisheries.
Vol. 15: 367-398.

Van Ginneken V., Antonissen E., Miiller U. K.,
Booms R., Eding E., Verreth J., Van den Thillart G.
2005. Eel migration to the Sargasso: Remarkably
high swimming efficiency and low energy costs.
The Journal of Experimental Biology. Vol. 208:
1329-1335.

Van Ginneken V., Durif C., Balm S. P, Boot R., Vers-
tegen M. W. A,, Antonissen E., Van den Thillart G.
2007. Silvering of European eel (Anguilla anguil-
la L.): Seasonal changes of morphological and
metabolic parameters. Animal Biology. Vol. 57(1):
63-77.

Vasemdgi A. 2009. Eel mystery: Time makes a
difference. Heredity. Vol. 103: 3-4.

Virbickas J. 2000. Lietuvos zuvys (Fishes
of Lithuania). Trys Zvaigzdutés, Vilnius (in
Lithuanian).

Winter H. V., Jansen H. M., Breukelaar A. W. 2007.
Silver eel mortality during downstream migration
in the River Meuse, from a population perspective.
ICES Journal of Marine Science. Vol. 64: 1444-
1449.

Wirth T., Bernatchez L. 2001. Genetic evidence
against panmixia in the European eel. Nature.
Vol. 409: 1037-1040.



154 Adomas Ragauskas, Dalius Butkauskas

Adomas Ragauskas, Dalius Butkauskas

EUROPINIO UPINIO UNGURIO ANGUILLA
ANGUILLA (L.) POPULIACINES-GENETINES
STRUKTUROS FORMAVIMASIS: TRUMPA
APZVALGA

Santrauka
Sudétingas europinio upinio ungurio gyvenimo cik-
las lemia unikalios populiacinés-genetinés struktaros
formavimasi. Rusiai budinga varzovy reprodukcinés
sékmeés loterija ir chaotiSkas genetinis nevienodumas, o
jos populiaciné-genetiné strukttra gali buti apibudina-
ma kaip genetiné mozaika, kurios susiformavimg lemia
reproduktyviai izoliuoty unguriy grupiy egzistavimas.
Kadangi iki $iol néra galimybiy istirti europinio upinio
ungurio nerstavietéje pagauty nersianciy unguriy gene-
tiniy parametry, tad Sios rasies populiaciné-genetiné
struktdra vis dar nepakankamai istirta ir suprasta, o jos
formavimosi ypatumai ai$kinami naudojant modelius.
Siuo metu yra pasiilyti trys pagrindiniai europinio
upinio ungurio populiacinés-genetinés strukttros for-
mavimosi modeliai: panmiksija, erdviné izoliacija ir
laiko izoliacija. Siekiant atskleisti europinio upinio un-
gurio populiacinés-genetinés struktiros formavimo-
si désningumus, reikéty taikyti metodus, naudojamus
multidisciplininéje juros krastovaizdzio genetikoje, ir
i$samiau istirti $ios Zuvies vidurasine evoliucija.
Raktazodziai: Anguilla anguilla, populiaciné-gene-
tiné struktara, formavimasis, modeliai



