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M arin e  o rg an ism s e x p e rien ce  a  b ro a d  ran g e  o f  In trin sic  a n d  ex trin sic  In fluences d u r in g  th e ir  lives, w h ich  Im p a c t th e ir  p o p u la tio n  

d y n am ics  a n d  g e n e tic  s tru c tu re . S u b tle  In te rp o p u la tlo n  d iffe ren ces re flec t th e  c o n tin u ity  o f  th e  m a rin e  e n v iro n m e n t, b u t  a lso  p o se  

c h a llen g es to  th o se  w ish ing  to  d e fin e  m a n a g e m e n t un its . T h e  c a ta d ro m o u s  E u ro p ean  eel (Anguilla anguilla)  Is n o  ex c e p tio n . Its sp a w n 

ing h a b i ta t  In th e  Sargasso  Sea a n d  long  m ig ra tio n  acro ss th e  N o rth  A tla n tic  qualify  It as m arin e . H ow ever, th e  synergy b e tw e e n  hydro- 

g rap h ic  variability , ch an g in g  c lim ate , a n d  th e  Im p a c ts  o f  h a b ita t  d e g ra d a tio n  a n d  overfish ing  In c o n tin e n ta l  w a te rs  has negatively  

a ffe c ted  s to c k  sizes. Its p ro tra c te d  sp a w n in g  period , v a rian ce  In ag e -a t-m a tu rlty , p a re n ta l c o n tr ib u tio n  a n d  re p ro d u c tiv e  success, 

a n d  th e  d ifficu lty  In sa m p lin g  th e  sp a w n in g  reg ion  to g e th e r  m ay  m ask  a  w eak  geo g rap h ica l g e n e tic  d iffe ren tia tio n . R ecen t m o lecu la r  

d a ta  r e p o r t  e v id en ce  fo r spa tia l as well as te m p o ra l d iffe ren ces b e tw e e n  p o p u la tio n s , w ith  th e  te m p o ra l  h e te ro g e n e ity  b e tw e e n  In tra- 

a n n u a l re c ru itm e n t  a n d  a n n u a l c o h o r ts  ex cee d in g  th e  spa tia l d ifferences. D esp ite  Its c o m m o n  n a m e  o f  "fre sh -w a te r  eel", th e  E uropean  

eel sh o u ld  really be  m a n a g e d  o n  a  N o rth  A tla n tic  scale. T h e  fishery  m ay  have to  be cu rta iled , m ig ra tio n  ro u te s  k e p t o p e n  a n d  w a te r  

q u a lity  re s to re d  If It Is to  survive. Eel a q u a c u ltu re  has to  fo cu s o n  effic ien t rea rin g  In th e  sh o r t  te rm  a n d  c o n tro lle d  b reed in g  In th e  long 

te rm . F u tu re  re sea rch  o n  eel g e n e tic s  sh o u ld  fo cu s o n  (I) sa m p lin g  a n d  analysing  sp a w n in g  p o p u la tio n s  a n d  re c ru itm e n t  w aves to  

d e te c t  sp a tio - te m p o ra lly  d isc re te  g ro u p s, a n d  e s tab lish in g  a  biological baseline fro m  p re -d e c lin e  h isto rical co lle c tio n s  fo r critical 

lo n g -te rm  m o n ito r in g  a n d  m o d e llin g  o f  Its g e n e tic  c o m p o s itio n ; (¡I) th e  analysis o f  a d a p tiv e  g e n e tic  p o ly m o rp h ism  (g en es  u n d e r  se lec

t io n )  to  d e te c t  a d a p tiv e  d iv e rg en ce  b e tw e e n  p o p u la tio n s , p e rh a p s  req u irin g  se p a ra te  m a n a g e m e n t stra teg ies ; a n d  (Ml) Im prov ing  a r t i

ficial re p ro d u c tio n  t o  p ro te c t  n a tu ra l s to c k s  fro m  heavy  ex p lo ita tio n , especially  n o w  th e  species has b een  c a te g o riz e d  as e n d a n g e re d .

Keywords: effective popu la tio n  size, genetic  patchiness, isolation-by-distance, isolation-by-tim e, m odelling, p opu la tion  genetics, 
reproduc tive  variance.

Received 3 January  2007; a c c e p te d  15 June  2007; a d v an ce  access pu b lica tio n  13 July 2007.

C. E. M aes and  F. A. M. Volckaert: Laboratory o f  A n im al Diversity and  Systematics, Katholieke Universiteit Leuven, Ch. Deberiotstraat 32, B-3000 
Leuven, Belgium. Correspondence to  C. E. Maes: tel: + 3 2  16 323966; fax: + 3 2  16 324575; e-mail: gregory.maes@ bio.kuleuven.be.

Introduction
For decades, the p opu lation  dynam ics o f  m arine  organism s have 
been a key issue in  m anagem ent. Populations o f  m arine  species 
are often large, w ith  great dispersal capacity and h igh fecundity  
(W aples, 1998; Flowers et al., 2002). The m ain  source o f  in fo r
m ation  o n  p o p u latio n  com position , num bers, stability, and 
fitness o f  fish, alm ost all for com m ercially im p o rtan t species, is 
fisheries data. Because o f  their biological characteristics, m arine 
species are m uch  influenced by ocean curren ts and food a b u n 
dance, leading to  unpredictable reproductive success and heavy 
larval m ortality, depending o n  the  m atch  (or m ism atch) o f 
larvae hatching w ith in  spring  algal bloom s (H jort, 1914; 
H edgecock, 1994). F rom  the late 1980s on, it becam e clear that 
m any  m arine  fish stocks were fully exploited or even over- 
exploited, leading to  declines o r even near-collapses in  populations 
(Pauly et al., 2002; Myers and W orm , 2003; M ullon  et al., 2005). 
Indeed, a clear gap exists betw een census popu lation  size (Nc) 
and  effective popu lation  size (Ne), the N c /N e  ratio  often  being 
lower th an  expected (H auser et al., 2002; T urner et al., 2002). 
Genetics has proven  to  be valuable in  discrim inating  indepen
dently  evolving populations (Park and  M oran, 1994; W ard, 
2000) and providing indirect estim ates o f  dispersal, p opu lation

size, dem ography, and  stock sustainability  (Palum bi, 1994; 
W aples, 1998; Avise, 2004). The synergy betw een clim ate change 
and  an thropogenic  influences, such as heavy fisheries and 
hab ita t degradation, has played a m ajor role in  the decline o f 
m any  com m ercial species (D ulvy et al., 2003).

The life h isto ry  o f  the  catadrom ous European eel (Anguilla  
anguilla L.) depends on  oceanic conditions; m atu ration , m igra
tion , spawning, larval transport, and  recru itm en t dynam ics are 
com pleted in  the  open  ocean (Knights, 2003; Tesch, 2003; Kettle 
and  Haines, 2006). Despite the  biological im portance o f  the 
m arine phase (Knights, 2003), m ost research to  date has focused 
o n  the  fresh-w ater phase o f  the  life history. The European eel is 
beyond safe biological lim its (Dekker, 2003), because fisheries 
data  indicate th a t the  stock is at its historical m in im u m  (1%  o f 
the  1960 recru itm en t level). E uropean eels have several life 
h isto ry  characteristics th a t m ake them  particularly  vulnerable to 
overexploitation: they are long-lived, are large, m atu re  late, 
p roduce all their offspring a t once, are subject to  heavy m ortality, 
and  m igrate long distances, right across the A tlantic. There is sig
nificant in ternational trade  dem and  for the species, b o th  for live 
glass eels (from  Europe to Asia) and  the  highly valued m eat o f 
adults. Reports have show n th a t poaching and  the illegal trade
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are a concern  for the species, suggesting th a t better regulation  o f 
in te rnational trade is necessary, given th a t fu rther decline m ay 
be exacerbated by  o th er an thropogenic  factors such as fresh
w ater and  coastal hab ita t loss, po llu tion , parasitism , clim ate 
change, change in  ocean currents, and  blocking o f  inland 
m igration  routes (Dekker, 2003; Knights, 2003). A synergy 
betw een all these factors seems the  m ost likely cause o f  the  declines 
(W irth  and  Bernatchez, 2003). In  practice, genetic da ta  m ay help 
assess species integrity  w ith in  the  N o rth  A tlantic, evaluate the 
n u m b er o f  genetic stocks o f  the  E uropean eel, clarify the spatio- 
tem poral stability o f  genetic structure, define the influences o f  
oceanic conditions o n  genetic variability, and  evaluate the  effect 
o f  p opu lation  decline o n  genetic variability and  the  overall 
fitness o f  eels.

The European C om m ission recently p roduced  an  action  plan  
for the  European eel, w hich aim s to  strengthen the re tu rn  rate o f  
adu lt eels to  the Sargasso Sea and  includes the  developm ent o f  
national m anagem ent plans (CEC, 2005). Further, the  European 
eel has been  added recently to  A ppendix  II o f  the CITES Red 
List o f  Endangered Species, im plying drastic restrictions o n  
trading. To bette r p ro tec t the species, it is im p o rtan t to  m ain tain  
intraspecific genetic diversity, to develop sound  restocking p ro 
gram m es for b roodstock  enhancem ent, and  to  help realize p ro fit
able artificial breeding. The aim  here is to  in troduce briefly the 
genetic consequences o f  typical m arine  life-history traits and 
an thropogenic  pressures, to  synthesize the m ost recent genetic 
knowledge o n  the European eel, and to  provide an  overview o f 
possible bette r use o f  genetics in  fu tu re  m anagem ent decisions 
on  this declining species.

Biological characteristics of marine organisms 
and genetic consequences
M arine organism s experience a w ide range o f  in trinsic  and ex trin 
sic influences du ring  their lives, w hich im pact the p opu lation  
dynam ics and  the genetic struc tu re  (W aples, 1998). Because o f 
the lack o f  obvious barriers to  dispersal, delineation  o f  m arine  b io 
logical populations requires great research effort to avoid overex
plo iting  seemingly w ell-connected stocks. O n  the  one hand, such 
subtle genetic differences reflect the co n tin u ity  o f  the  m arine 
environm ent, o n  the  other, they  pose serious challenges to the 
defin ition  o f  m anagem ent units (K enchington et al., 2003). 
M arine fish are expected to  exhibit great genetic variability, a 
high rate o f  exchange betw een populations (gene flow), inducing 
low  genetic differentiation  (low genetic signaknoise ratio), and 
a large genetic p opu lation  size (W aples, 1998). In  d iadrom ous 
species, selection pressure during  larval m igration  and fresh
w ater/m arin e  residence m ay further influence the  genetic 
pa tte rn  o f  populations (M itton , 1997).

W idely d istribu ted  species are rarely fully panm ictic  (m ating 
random ly), b u t are com m only  divided in to  subgroups in  a 
pa tte rn  that can be described by  one o f  the classical p opu lation  
m odels, e.g the  island m odel, the  stepping-stone m odel, o r the 
iso lation-by-distance (IBD) m odel (Rousset, 1997). In  p o p u 
lations consisting o f  a m ix ture  o f  individuals reproducing  at differ
en t tim es w ith in  a reproductive season, tem poral differentiation 
m ay supplem ent geographical partition ing . U nder such con
ditions, gene flow betw een early and  late reproducers w ould 
be expected to  be lim ited, possibly creating a p a tte rn  o f 
iso lation-by-tim e (IBT) (H endry  and  Day, 2005; Maes et al., 
2006b). A dditionally, tem poral heterogeneity  in  the  genetic

com position  o f  recruits is likely to  result from  large variance in 
parental reproductive success, driven by the unpredictability  o f  
the  m arine  env ironm ent (Waples, 1998). U nder the  hypothesis 
o f  “sweepstakes reproductive success” (Hedgecock, 1994), 
chance events determ ine w hich adults are successful in  each 
spaw ning event, a ttribu ting  the varia tion  in  reproductive success 
o f  adults to spatio -tem poral varia tion  in  oceanographic con
ditions, w ith in  and  am ong seasons. M any m arine  species split 
their reproductive effort betw een several events du rin g  a p ro 
tracted  spaw ning season, to  m axim ize reproductive success 
(H utchings and  Myers, 1993; Maes et al., 2006b).

G ood knowledge o f  stock structure, dem ographic dynam ics 
and  stability, and the sustainability  o f  harvested stocks is there
fore required  for effective m anagem ent o f  n a tu ra l resources 
(K enchington et al., 2003). Such in fo rm ation  is vital in  assessing 
and  establishing m anagem ent units, o r in  de term in ing  w hether 
un ique  (neu tra l o r adaptive) genetic varia tion  is restricted to 
specific regions. For exam ple, a local fishery m ight collapse if  
genetic varia tion  is reduced massively. Recent advances in  b io tech 
nology have p roduced  exciting h igh-resolution  techniques th a t can 
be applied to  long-standing problem s in  fisheries science and con
servation biology. M arine conservation genetics presents m any 
challenges, because o f  the high rate o f  gene flow, the  openness 
o f  populations, and  the  lack o f  obvious barriers to  dispersal 
(W aples, 1998). The p o p u latio n  dynam ics o f  m arine  species are 
som etim es so com plex th a t the  results o f  genetic studies becom e 
increasingly difficult to in te rp ret to  infer the dem ographic stability 
o f  harvested stocks. For instance, the  occurrence o f  overlapping 
generations, plasticity in  life-history traits, and  low  N e /N c  ratios 
m ake it difficult to  in te rp ret the  biological significance o f  genetic 
param eters such as the level o f  genetic differentiation  (e.g. Fsr) 
and  effective p opu lation  size values (e.g. N e), despite their statisti
cal significance (W aples, 1998).

The European eel: current genetic status
Early p opu lation  genetic studies, based o n  differences in  transfer
rins and liver esterases, resulted in  claims that European eel p o p u 
lations differed betw een con tinen tal European locations (D rilhon 
et al., 1966, 1967; Pantelouris et al., 1970), suggesting a sou theast
ern  M editerranean reproductive area. Later allozym atic studies 
failed to  detect obvious spatial genetic differentiation  (De Ligny 
and  Pantelouris, 1973; C om parin i et al., 1977-, C om parin i and 
R odino, 1980; Yahyaoui et al., 1983). M itochondria l DNA initially 
provided only lim ited insight in to  the geographical p artition ing  o f 
genetic variability in  the  E uropean eel, suggesting a single com m on  
gene pool (Lintas et al., 1998). This com m only  accepted view o f  a 
panm ictic  genetic p opu lation  structure, based on  oceanographic 
(Sinclair, 1988; Tesch, 2003) and  genetic features, was, however, 
recently challenged by  three independent studies (D aem en et al., 
2001; W irth  and Bernatchez, 2001; M aes and  Volckaert, 2002). 
W irth  and  Bernatchez (2001) and  Maes and Volckaert (2002) 
detected a relationship betw een genetic and  geographic distance 
(the so-called IBD), suggesting a subtle spatio -tem poral separation  
o f  spawning populations, w ith som e degree o f  gene flow. Ocean 
currents, causing differential d istribu tion  o f  eel larvae, have also 
been suggested partly  to  explain the  observed clinal genetic vari
a tion  (Kettle and  Haines, 2006). However, the unstable genetic 
architecture o f  European eel populations over tim e m ay be 
linked to  it (D annew itz et al., 2005).
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Recent advances in European eel genetics
Genetic knowledge in  anguillids continues to  grow  and, over the 
past few years, several new  insights have been  gained to  help m an 
agem ent o f  eels. Research focus can be separated in to  studies on  
the  genetic species and  hybrid ization  status, spatio -tem poral 
genetic structure, genetic variab ility -fitness correlations, and  the 
application  o f  genom ics in  eel aquaculture.

Genetic identification of species and hybrids
In  all, 15 species o í  Anguilla  are form ally recognized. However, the 
m orphological and  m eristic characteristics are highly unstable, 
even betw een phylogenetically d istan t species, and  they rem ain  
difficult to use for species identification (Tesch, 2003). A recent 
reassessm ent o f  eel m orphology  resulted in  the  detection  o f  only 
four unam biguous groups and the detection  o f  m uch  overlap in 
form erly  accepted m orphological characters (W atanabe et al.,
2004). Species identification is problem atic at the  larva stage, 
w here essential traits such as colour and den titio n  characters are 
lacking (Tesch, 2003; W atanabe et al., 2004). O w ing to  the 
rem ote  translocations o f  non-native  species for aquaculture, the 
na tura l d istribu tion  o f  several species has been d isrupted . T hat 
in troduced  European eels represent up  to  31% o f  the eel p o p u 
lation  o f  som e Japanese rivers and are know n to co-m igrate and 
form  viable hybrids in  aquaculture w ith  the  native Japanese eel 
(A. japonica) (Zhang et al., 1999; O kam ura et al., 2002, 2004; 
Tesch, 2003), highlights the need for rap id  identification  o f 
species and possible interspecific hybrids. This issue has m any 
repercussions on  eel m anagem ent, m ainly  for fish traceability, 
fish p roduct forensics, law enforcem ent, the  detection  o f  in te r
crossing betw een species, and  the evolutionary  im plications o f 
hybridization. U ntil now, eel taxa have been identified by 
various m olecular techniques (C om parin i and R odino, 1980; 
Tagliavini et al., 1995; Aoyam a et al., 2001; Lin et al., 2002; 
Rehbein et al., 2002; H w ang et al., 2004; M inegishi et al., 2005), 
and  several reliable m olecular tests are available to  identify 
Anguilla  spp. sim ultaneously in  processed, historical o r alcohol- 
preserved sam ples w ithou t the  need for sequencing (Lin et al., 
2002; W atanabe et al., 2004; Ito i et al., 2005; Sezaki et al., 2005; 
Gagnaire et al., in  press). Recently, Maes et al. (2006a) showed 
reliable species identification using a single PC R  reaction  o f 
nuclear m arkers, perm itting  the  jo in t assessm ent o f  species iden
tity  and the presence o f  hybrids betw een eel species. Such efficient 
m olecular tools to  m o n ito r and docum en t harvesting and  m arket
ing o f  food p roducts are highly suited  to  identifying illegal fishing, 
fraud, and  crim inal activities.

The two N o rth  Atlantic eel species can be separated based on  
the  nu m b er o f  vertebrae. The A m erican eel (A. rostrata) has a ver
tebral coun t ranging from  103 to  110 (m ean 107.1) com pared w ith 
the  110 -1 1 9  (m ean 114.7) o f  the  European eel (Boëtius and 
H arding, 1985). Using genetics, b o th  species are reliably d iscrim i
n ated  w ith  the allozyme locus M DEl-2* (W illiams and Koehn, 
1984) and m itochondria l DNA m arkers (Avise et al., 1986), w ith 
only a sm all fraction o f  genetic exchange in  Iceland (Avise et al., 
1990). Recently, M ank and Avise (2003) reassessed these con
clusions using highly polym orphic  m icrosatellites m arkers, bu t 
surprisingly found  no  obvious indications for hybridization. 
This result p ro m p ted  fu rther investigation o f  the  paradigm  o f 
com plete isolation  o f  E uropean and  A m erican eels and  reopened 
the  debate on  the existence and  m aintenance o f  a hybrid zone 
m ore th an  6000 km  from  the  spaw ning site. Very recently, two

studies re-analysing sam ples o rig inating  from  Iceland found  evi
dence o f  a greater p ro p o rtio n  o f  hybrids in  Iceland th an  before 
(Maes, 2005; A lbert et al., 2006), even suggesting backcrosses 
betw een hybrids. The na ture  and  orig in  o f  such a hybrid zone 
rem ains to  be discovered.

Spatio-temporal genetic structure
The study o f  genetic diversity w ith in  a species is o f  im portance in 
defining reproductively isolated stocks, in  giving fisheries m anage
m en t advice, in  preserving genetic diversity, in  facilitating sound  
m anagem ent o f  fisheries stocks, and  in  assessing the level o f 
gene exchange betw een ne ighbouring  populations. A recent 
genetic study  o n  European eels increased significantly the  geo
graphic sam pling (42 sites), and  included tem poral replicates (at 
12 sites) to  check for consistency in  the  spatial p a tte rn  observed 
(D annew itz et al., 2005). Surprisingly, no  stable spatial genetic 
struc tu ring  was detected, b u t tem poral variance in  allele frequency 
exceeded by far the  geographic com ponent. Possible sam pling 
bias a ttribu tab le  to m ixing o f  life stages and  a lower effective 
p opu lation  size th an  expected could  explain these conflicting 
results (D annew itz et al., 2005).

Two com plem entary  studies fu rther highlighted the im p o rt
ance o f  tem poral varia tion  in  genetic com position  (M aes et al., 
2006b; Pujolar et al., 2006). M aes et al. (2006b) detected a subtle 
IBT p a tte rn  betw een years, m ost likely a ttribu tab le  to  the  influence 
o f  environm ental factors. They suggested the following scenario 
for spatio -tem poral genetic struc tu re  o f  the  European eel. The p ro 
tracted  asynchronous spawning w indow  o f  European eels in  the 
Sargasso Sea is induced  by  differential departu re  tim es for the 
spaw ning m igration  and  is com pounded  by differential m igra- 
tional distances o f  geographically d istinct groups (Tesch, 2003; 
Kettle and Haines, 2006). O nce at the  Sargasso Sea, only a 
subset o f  the adults spawn successfully and  con tribu te  to  the 
next generation  by a lo ttery  m atch ing  o f  reproductive activity 
w ith oceanic conditions (Hedgecock, 1994; Pujolar et al., 2006). 
Besides the  differential com position  o f  the  spawning group at 
the  start, the variation  in  paren tal c o n trib u tio n  m ay result in  a h e t
erogeneous genetic com position  o f  recruits. As gene flow is lim ited 
betw een groups differing the m ost in  spaw ning /arrival tim e, 
m ixing m ay be largely restricted to  ne ighbouring  spawning 
groups, p roducing  a con tinuously  increasing genetic differen
tia tion  w ith tim e. The large-scale IBT observed in  European eels 
m ost likely originates from  a cum ulative effect o f  a subtle adult 
genetic background  and  variable parental success du ring  each 
spaw ning season, w hich yields m ost differences betw een ra ther 
th an  w ith in  years (Maes et ah, 2006b; Pujolar et ah, 2006). The 
pro trac ted  spaw ning season as well as the  variance in 
age-at-m aturity  m igh t therefore represent a bet-hedging strategy, 
by  spreading reproductive effort over tim e to pro tect eggs and 
larvae against unpredictable environm ental conditions and food 
availability in  the Sargasso Sea (Boyce et ah, 2002; Flowers et ah, 
2002; D ulvy et ah, 2003; Kettle and Haines, 2006; Maes et ah, 
2006b).

Relation between genetic variability and fitness
Genetic diversity is the  p ro duct o f  thousands o f  years o f  evolution, 
yet irreversible losses m ay occur rapid ly  (K enchington et ah, 2003). 
It is essential for long-term  survival, to  adap t to clim ate change 
and  an thropogenic  pressure leading to  the loss o f  populations, 
w ith the  likely subsequent loss o f  adaptive variation. For fisheries 
m anagem ent, the extent o f  genetic variability w ith in  populations is
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crucial in  assessing the  quality  o f  stocks, the  po ten tial p roductiv ity  
or grow th o f  a population , and  the  sustainability  o f  fisheries.

M aes et al. (2005) and  Pujolar et al. (2005) assessed w hether the 
genetic background  o f  European eels could  be linked to  two fitness 
traits, early grow th and  po llu tan t b ioaccum ulation . Sum m arizing 
b o th  studies here, there was strong evidence for heterozygosity- 
fitness correlations (HFC), likely explained either by  an  effect o f  
direct allozyme overdom inance or associative overdom inance. 
The positive consequence o f  the  catadrom ous life h isto ry  o f  eels 
is th a t locally po llu ted  rivers will only have a low  im pact o n  the 
entire  population , because o f  the  lack o f  spatial genetic structure  
at a local level. Nevertheless, selection du rin g  each generation  
m ay erode local genetic variability differentially, slowly reducing 
overall genetic variability. D ifferential selective pressures m ight 
induce varia tion  betw een spaw ning cohorts in  tim e and  space, 
possibly increasing the tem poral differentiation  p a tte rn  described 
by M aes et al. (2006b) and Pujolar et al. (2006).

Genomics for fisheries and aquaculture 
management of anguillids
Genom ics is the  large-scale study  o f  an  organism ’s genom e and  the 
function ing  o f  its genes, m ost o ften  associated w ith o ther data 
(m ainly phenotypic). The science is generally divided in to  func
tional, environm ental, and com parative genom ics. C om parative 
genom ics essentially consists o f  com paring  the  DNA con ten t and 
arrangem ent betw een different organism s w ith the  aim  o f  u n d e r
standing evolution and how  organism s adap t to  different env iron
m ents and  life. Functional genom ics takes this one stage further, by 
taking a DNA sequence and  w orking o u t w hat its function  is, how  
it is regulated, and  in  w hat b iochem ical pathways it is involved. 
E nvironm ental genom ics deals w ith the understand ing  o f  the 
functional significance o f  genetic varia tion  in  na tura l biological 
com m unities. The field o f  genom ics in  fish is expanding, and 
several fish have been o r are being sequenced (see the  GenBank 
database at h ttp ://w w w .ncb i.n lm .n ih .gov). Genom ics can help 
to  understand  m any  basic biological questions, especially in  chal
lenging species such as eels. A pplications include the un d erstan d 
ing o f  adap tation , im provem ent o f  aquaculture, and the discovery 
o f  novel genes coding for characteristic life-history traits.

The m ost prom ising application  o f  genom ics in  eels is artificial 
reproduction , w hich gives real perspectives for sustainable m an 
agem ent. G enom ic tools are being developed for the Japanese 
eel, one o f  the m ost im p o rtan t species in  aquacultu re  because o f 
its great econom ic value in  East Asia. After success in  artificial 
m atu ration , the  p ro d u c tio n  o f  viable leptocephali and even glass 
eels (Kagawa et al., 2005), genetic im provem ent is expected to 
gain im portance in  eel aquaculture w hen the rou tine  p ro d u c tio n  
o f  artificially p roduced  glass eels can be realized (N om ura  et al., 
2006). In  fu ture, a h igh-resolu tion  linkage m ap m ay be con
structed, satisfying an  essential prerequisite to identification o f 
com m ercially im p o rtan t quantitative traits, and  their application  
in  m arker-assisted selection (MAS).

Genetic research perspectives and management 
of the European eel
The European eel has been studied  for m ore  th an  100 years, and 
hypotheses concerning its p o p u latio n  struc tu re  have been  tested 
using newly developed techniques every tim e they appeared. 
M ost recent genetic results have answered several evolutionary  
challenges along the  life cycle o f  the  European eel (Figure 1).

M any factors o f  its catadrom ous life strategy o n  the  one hand 
increase the  chance o f  panm ixia, such as the  variable age-at- 
m aturity , the  highly m ixed spaw ning cohorts, the protracted  
spaw ning m igration, the  sex-biased latitud inal d istribu tion , and 
the  unpredic tability  o f  oceanic conditions. Im plem entation  o f 
these results, sum m arized below, will require add itional work. 
For a m ore detailed review o f  p opu lation  genetics and the life 
cycle o f  eels (genus Anguilla), we refer the  reader to  Van 
G inneken and M aes (2005).

Several m anagem ent and  scientific m easures have been p ro 
posed by  the European U nion  to  understand  and  reverse the 
decline o f  eel populations. They include assessing and reducing 
the  im pact o f  the  fishery, m o n ito ring  recruitm ent, preserving 
m igration  routes (rem oving m igration  barriers), assessing the 
im pact o f  restocking (preserving po ten tial local populations), 
assessing an thropogenic  influences (po llu tion , parasites), and  esti
m ating  the  spaw ning p o p u latio n  size (CEC, 2005; ICES, 2006). 
W hen  considering the genetic com plem ents o f  these measures, 
one im m ediately sees a need to  assess the  spatio -tem poral p o p u 
lation  struc tu re  by  sam pling the  spaw ning grounds (in  the 
Sargasso Sea), to  carry  o u t an  integrated  analysis o f  census p o p u 
lation  size (Nc) and  to determ ine the relationship  betw een h isto ri
cal and cu rren t effective p opu lation  sizes (Ne), to analyse genetic 
m arkers located in  functional regions to unveil possible adaptive 
v aria tion  un d er na tura l and  an thropogenic  conditions, and  to  
gain understand ing  o f  m olecular m echanism s involved in  im p o rt
an t traits for aquacu ltu re  and artificial reproduction .

Earlier conclusions draw n from  m olecular studies are n o t only 
im p o rtan t in  inferring  the  panm ictic  status o f  the  eel, b u t also to  
preserve the  genetic resources in  European eels and  to  define 
add itional research priorities. For each priority, one can define a 
specific m anagem ent objective and  the  tim e-fram e during  w hich 
changes o r  reversal m ay be achieved (Table 1). It is obvious, for 
instance, th a t genetic diversity m ay be lost rapidly  (i.e. genetic 
erosion), and  th a t it recovers very slowly w ith in  populations 
(ICES, 2005). Future genetic research m ay therefore focus o n  the 
conservation issues listed above, to  help clarify the evolution  o f 
European eel and  the  in tegration  o f  genetics in to  m anagem ent. 
W e propose three m ajor lines o f  research: assessm ent o f  the  spaw n
ing po p u latio n  struc tu re  and  effective p o p u latio n  size, including 
adaptive genetic varia tion  in  m anagem ent plans, and im proving 
artificial rep ro d u c tio n  th rough  aquaculture genomics.

Spawning population structure and size
The genetic structu re  o f  n a tu ra l m arine  populations is best u n d e r
stood by  identifying, sam pling, and  analysing discrete rep roduc
tive aggregations (W aples, 1998). O ur knowledge o f  the 
spaw ning biology and  m igration  routes o f  N o rth  A tlantic eels 
rem ains poor. Precise localization o f  spaw ning grounds, nurseries, 
and  re ten tion  zones, along w ith  a greater knowledge o f  the  eco
system where spaw ning takes place, w ould  help m anagem ent 
decisions considerably. To date no  observations have been m ade 
o f  adu lt eels in  the Sargasso Sea, and their eggs have yet to be  iden t
ified there (Tesch, 2003). In  the Pacific Ocean, based on  the d istri
b u tio n  o f  newly hatched larvae, the  spaw ning grounds o f  the 
Japanese eel have been reconfirm ed by  genetic identification  tech
niques (Tsukam oto, 2006). For the European eel, there  is no  b io 
logical m aterial available from  the reproductive areas for genetic 
research. The con tinen tal populations constitu te  m ixed feeding 
aggregations, com plicating in te rp reta tio n  o f  patterns o f  genetic 
struc tu re  (D annew itz et ah, 2005; M aes et ah, 2006b; Pujolar

http://www.ncbi.nlm.nih.gov
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Temporal differentiation between successive spaw ning cohorts ? 
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Figure 1. European eel: life cycle o f  th e  m ain recen t evolutionary  questions.

et al., 2006). Sam pling putative populations o n  the con tinen ta l 
shelf rem ains challenging, because o f  the  confounding  effect o f 
overlapping generations in  adults and  the  site-dependent age 
structure. The m ost effective so lu tion  is to  sam ple spaw ning eels 
and  newly hatched larvae across the  Sargasso Sea, and  to  analyse 
them  w ith a representative set o f  genetic m arkers. This w ould 
allow a reassessm ent o f  the spatial and tem poral segregation 
found  so far and a reliable calculation o f  the size o f  the  spawning 
stock (Ne). The developm ent o f  precise, perform ing  genetic 
m arkers (such as SNPs) for application  o n  highly degraded or 
old DNA, w ould  also provide new  opportun ities to  com pare

today’s genetic patterns w ith the patterns som e 100 years ago, 
based on  the  degraded larval sam ples o f  Schm idt (1923).

Additionally, analysis o f  successive recruitm ent waves o f  European 
eels at sites with year-round recruitm ent w ould perm it better under
standing o f  the fine-scale genetic com position o f  glass eels and poss
ibly p inpoint discrete spawning groups. A sharp break or clinal 
pattern  in  relatedness and genetic differentiation m ay po in t to repro- 
ductively isolated aggregations (Maes et al., 2006b). In  turn , stochas
tic variance in  genetic com position m ight po in t to genetic 
patchiness, m ost likely under the influence o f  annual and seasonal 
oceanic and climatological fluctuations (such as the N orth  Atlantic

Table 1. European eel: m an ag em en t objectives related  to  th e  loss o f genetic  diversity (m odified from  K enchington e t al., 2003).

Consideration Example m anagem ent objective Time-scale (generations)

Genetic Integrity a t the species level Avoid species translocations for restocking or 
aquaculture

1

Trace species Identity of endangered fish (products)

Genetic diversity within and am ong 
populations

M aintain population size In river sheds > 100

Decrease glass eel fishery and export

Increase silver eel escapem ent to  contribute to  
spawning stock

Population structure and relative 
abundance

Avoid large-scale translocations within Europe and 
between continents

> 100

Detect possible local adaptation  between river basins

M aintain relative size of populations

Effective population size and 
dem ographic stability

M aintain large num ber of Individual populations > 1 0

Minimize environm ental degradation (pollution, 
habitat fragm entation)

> 1 0

Assess Influence of parasites (e.g. Anguillicola) and 
pathogens (e.g. virus Infection — EVEX) on 
reproductive potential

> 1 0

Evolutionary potential Minimize fisherles-lnduced selection > 1 0

Avoid directional adaptation to  anthropogenic and 
environm ental changes

> 1 0



1468 G. E. M aes and E. A . M . Volckaert

Oscillation; Knights, 2003; Friedland et a í,  2007). They are thought 
to influence the reproductive success o f  adults and the survival rate 
o f  larvae (Dekker, 2004; Pujolar et al., 2006).

Accurately estim ating the  effective (genetic) p opu lation  size 
(Ne) is ano ther a im  in  developing an  appropria te  conservation 
strategy for eels. Ne predicts the  rate o f  loss o f  neutra l genetic vari
ation, the fixation rate o f  deleterious and favourable genetic var
iants, and  the rate o f  increase o f  inbreeding experienced by a 
popu lation  (Frankham  et al., 2002). Im portantly , the  Ne o f  a 
popu lation  is often several orders o f  m agnitude sm aller th an  the 
census size (Nc) o f  the population , owing to  unequal sex ratios, 
variance in  reproductive success, and  assortative m ating. In  
m arine  fish (including eels), N e /N c  ratios m ay be expected to be 
m ore extrem e th an  in  o ther vertebrates because o f  the  high 
female fecundity  th a t allows large census num bers to  be obtained 
from  m in im al num bers o f  breeding anim als. Ind irect m ethods for 
estim ating Ne based o n  m olecular m arker data  have been devel
oped to  facilitate the  inference o f  p opu lation  size, a very difficult 
task in  m arine fish w ith  their lack o f  confined geographic b o u n d 
aries. W hen  considering census p opu lation  data  o f  European eels, 
w hich indicate th a t the  species is in  serious decline over m ost o f  its 
range, it is essential to  m ain ta in  the  spaw ning stock(s) at suffi
ciently large levels to ensure th a t effective p opu lation  sizes (Ne) 
as well as absolute p opu lation  sizes (Nc) are optim ized above 
safe lim its. European eels are long-lived anim als w ith reproductive 
ages roughly ranging from  6 to  60 years (Tesch, 2003). To assess 
fully the  tem poral fluctuation  in  p o p u latio n  size (Ne), a long-term  
analysis over several generations w ould  be ideal. An analysis o f  
tim e-series o f  historical m aterial m ay increase the confidence in  
genetic estim ates o f  p opu lation  sizes. This should  be done  over a 
period  as long as possible to  avoid the shifting-baselines trap 
(Pauly, 2007). Realistically, the  past 100 years should  suffice, 
because anthropogenic  im pact seems to have been greatest 
du ring  that period  (e.g. endocrine d isru p tio n  o f  spawning, over
fishing, river m anagem ent). Such an  analysis is now  feasible 
thanks to  the developm ent o f  appropria te  genetic techniques for 
ancient DNA (Nielsen et a t ,  1997). For exam ple, reliable estim ates 
o f  p opu lation  size have been calculated for several fish species in  a 
pre- and post-industria l fishery (Nielsen et a t ,  1997; H auser et a t,  
2002; T urner et a t ,  2002). This knowledge is o f  great im portance in  
m anaging genetic variation, w hich is know n to  correlate w ith 
fitness com ponents in  eel (M aes et a t ,  2005; Pujolar et a t ,
2005), and  to define sound  m anagem ent strategies.

Finally, the  accurate in te rp reta tion  and  ex trapolation  o f  genetic 
results in  eels requires an  assessment o f  dem ographic scenarios 
th rough  the  developm ent o f  new  p o p u latio n  dynam ics m odels. 
Such m odels have been the  basis o f  fisheries research for a long 
tim e, b u t here we ask for a jo in t assessm ent o f  dem ographic, 
hydrodynam ic, and genetic param eters. Sim ulating a range o f 
scenarios o f  reproductive success, m igration, survival, dispersal, 
age structure, m aturation , fisheries pressure, and  anthropogenic  
stress, preferably from  an  ecosystem perspective, looks a prom ising  
field. Subsequent validation  w ith em pirical genetic and p opu lation  
dynam ic data  m ay confirm  the  key factors.

Adaptive genetic variation for fisheries 
management
Heavy fishing and  o ther anthropogenic  influences, such as po l
lu tio n  and  barriers o f  m igration , will n o t on ly  im pact the  census 
size and  the  effective po p u latio n  size o f  eels. Targe declines in

m ature  adults and  recruiting  individuals m ay trigger phenotypic 
and  adaptive genetic changes over generations o f  harvesting 
(Faw, 2000). Such phenotypic changes m ay include shifts in  age- 
and  size-at-m aturity , less reproductive success, greater m ortality, 
changes in  grow th patterns o f  juveniles and  adults, lower fecundity  
and  fertility, and  changes in  the  sex ratio. I f  changes are heritable, 
this m ay  lead to  alm ost irreversible genetic changes in  life-history 
traits (Faw, 2000). Recent recom m endations from  the  EU (ICES,
2005) urge the assessm ent o f  fisheries and clim atologically 
induced  changes in  declining m arine  stocks. A suitable strategy 
w ould  be a jo in t analysis o f  phenotypic and genetic data  from  
con tem porary  populations, com pared w ith a reference situation  
(preferably before the  p opu lation  decrease). There is clearly the 
need for reliable investigations o f  possible adaptive responses 
in  exploited m arine  organism s using archival m aterial (Nielsen 
et a t ,  1997; Myers and W orm , 2003). A lthough som e evidence 
exists for phenotypic changes in  the  E uropean eel stock th ro u g h 
o u t the  past 50 years (increasing adu lt size and  decreasing glass 
eel size since the 1960s), the evolutionary  in te rp reta tion  o f  over
fishing is com plicated by there  being too  few age-specific data, 
such as o n  age-at-m aturation  and grow th rate (Dekker, 2004). 
The long-term  genetic consequences o f  heavy fishing a t the  ad ap 
tive m olecular level, such as a decrease o r shift in  genetic variability 
at im p o rtan t functional genes related to m atu rity  and  growth, have 
n o t been assessed yet.

Further, the presence o f  only a small level o f  geographical genetic 
differentiation at neutral m olecular m arkers m ay lead to  seriously 
underestim ating quantitative and adaptive differentiation between 
populations. Indeed, apart from  analysing neutral genetic variation 
to  assess the dem ographic independence and stability o f  fisheries 
stocks, knowledge o f  geographic and tem poral scales o f  adaptive 
genetic variation is crucial to  species conservation (Conover et a t,
2006). Focal adap tation  is one o f  the m ost significant com ponents 
o f  intraspecific biodiversity, and the relevance o f  local adaptation  
to  fisheries m anagem ent can be  divided in to  two m ain  issues, each 
differing in  tem poral scale (ICES, 2006). First, local adaptations 
and  p opu lation  structure  affect sh o rt-term  dem ographics th rough  
effects o n  local recru itm en t patterns. Second, local adaptations 
and  genetic heterogeneity  affect long-term  p opu lation  dynamics, 
w ith respect to  the  connectivity  am ong sto cks/popu la tions and 
their resilience and  response to  environm ental change and  harvest
ing. Focal ad ap tation  and  the  m aintenance o f  b iodiversity  on  the 
long term  for sustainable fisheries m anagem ent has yet to be 
im plem ented  in to  m anagem ent strategies (ICES, 2006). U n fo rtu n 
ately, the  understand ing  o f  these phenom ena is particularly  difficult 
in  m arine  organism s. The spatial and  tem poral scale o f  adaptive 
divergence has been assum ed to  be very large. However, evidence 
o f  geographically struc tu red  local adap tation  in  physiological, m o r
phological, and  functional genetic traits has becom e apparent 
(Giger et a t ,  2006; N ielsen et a t ,  2006). The p ro p o rtio n  o f  q u an ti
tative tra it varia tion  at the  am ong-popu lation  level ( Q s t )  has 
repeatedly been show n to be m uch  higher th an  for neutra l 
m arkers (FST) (C ousyn et a t ,  2001; C onover et a t ,  2006). As b o th  
m etrics o f  genetic variation  are poorly  correlated, knowledge o f 
neu tra l varia tion  does n o t provide m uch  in fo rm ation  abou t ad ap 
tive varia tion  (McKay and Fatta, 2002; see C onover et a t ,  2006, fo ra  
review). Given the  im p o rtan t link  betw een p opu lation  genetics and 
dynam ics, and  the  strong po ten tial for selection in  species w ith large 
popu lation  sizes, the  application  o f  b o th  selected and neutra l 
m arkers is obviously needed to  resolve the stock structu re  o f  
m arine  fish effectively.
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U p to  now, all genetic analyses o f  eels have been perform ed 
w ith a lim ited  nu m b er o f  neu tra l genetic m arkers. The observation 
o f  a tem poral genetic com ponen t exceeding the geographic 
co m ponen t suggests the possibility o f  genetic differences un d er 
selective influences. The developm ent and  study  o f  m arkers 
un d er selection (such as expressed sequence tags, ESTs, and 
single nucleotide polym orphism s, SNPs, in  candidate genes) 
w ould  allow detection  o f  the genetic variation  underlying env iron 
m entally  dependent fitness traits in  eels. Additionally, genetic 
m arkers in  functional regions could  su p p o rt understand ing  o f 
specific life-history traits, such as m orta lity  during  recruitm ent, 
age-at-m aturity  (and its relationship  to  fishing pressure), and 
the  relationship betw een he terozy g o sity -fitn ess-en v iro n m en t 
(level o f  po llu tion , parasite infection, tem perature, salinity) 
(M aes et al., 2005; Pujolar et al., 2006). W e propose starting to 
study  the adap tive/evo lu tionary  po ten tial o f  eels th rough  the 
analysis o f  con tem porary  populations and  archived otoliths, to 
discover local populations and  genetic changes in  life-history 
traits, by  jo in tly  screening for such genetic changes a t a phenotypic 
and  a m olecular level. W ith  its high levels o f  gene flow and large 
expected Ne, the  po ten tial for selection in  the  European eel is 
huge (Conover et al., 2006; Maes et al., 2006b). Partition ing  co n 
tem porary  and  historical phenotypic variance in  a plasticity and 
genetic co m ponen t can be very useful, because heritable genetic 
changes m ight be difficult to  reverse and  could weaken the 
species even further (H utchings et al., 2007).

Artificial reproduction and aquaculture genomics
C urren t fishing pressure on  European eels could  be decreased co n 
siderably if  artificial rep ro d u c tio n  were possible (b u t see Palstra 
et al., 2005, and  references therein). Despite m any  attem pts over 
the  past 30 years, it rem ains im possible to  p roduce econom ically 
profitable quantities o f  eels in  aquaculture. Recently, m e th o d 
ologies developed to  p roduce eel larvae o f  A. japonica have been 
tested in  Europe on  A. anguilla, resulting in  fertilized eggs, 
em bryonic developm ent, and occasional hatching (Palstra et al.,
2005). Success, however, rem ains low, calling for fu rther study  o f 
the  husbandry  o f  eels, and  o f  reproductive and  general eel 
biology. O riginal insights o n  physiology and  endocrinology m ay 
be expected from  advanced genom ic tools. For instance, 
M iyahara et al. (2000) p roduced  196 expressed sequence tags 
(ESTs) from  a spleen library  o f  Japanese eels, and  Kalujnaia 
et al. (2007) was able to identify, th rough  subtractive hybridization 
and  m icroarrays, a large nu m b er o f  genes dow n- and  up-regulated  
du ring  osm oregulation  in  gili, kidney, and  intestinal tissue. As new  
tools becom e available in  related anguillids (e.g. Japanese eel; 
N o m u ra  et al., 2006) and related genom e-rich  species, prom ising  
insights in  functional and  com parative genom ics are expected in 
the  near future. EST sequencing and  linkage m aps m ay be o ther 
feasible genom ic approaches, representing the first steps tow ards 
identifying im p o rtan t genes and  quantitative  trait loci (QTL), 
the  basis for M arker assisted selection. A lthough larvae o f 
Japanese eel have only been bred  w ith great effort, N o m u ra  et al. 
(2006) have m anaged to  prepare  a low -density  linkage m ap 
based o n  43 m icrosatellite m arkers, and  m any  m ore are being 
developed (K. N om ura, pers. com m .). Given the num erous 
genetic m arkers know n  to cross-am plify betw een Anguilla 
species (M aes et al., 2006a), once progeny becom e available for 
E uropean eels, reliable pa tern ity  screening, gene expression and 
m icroarray  analyses, and  a linkage m ap becom e realistic goals. 
Q uantitative traits such as grow th rate, food conversion,

postponed  m aturity , stress tolerance, and  parasite resistance 
strongly correlate w ith  the  possibilities o f  artificial rearing. O ne 
long-term  issue w here QTL m ay be o f  great help is in  the m anage
m en t o f  feed supply. Currently, w ild-caught fishm eal is an  im p o rt
an t ingredient o f  d ry  feeding pellets, b u t it is expected to  shift to  a 
p roportiona lly  larger vegetarian diet.

Conclusions
For m any  generations, scientists have dedicated tim e and energy 
to  studying the  catadrom ous European eel. A lthough m uch  has 
been  covered since A ristotle’s theory  o f  spon taneous generation, 
the  quest to  understand  fully the  fascinating life cycle o f  this fish 
species has taken us back to  the Sargasso Sea, w here everything 
started. As eels have been b rough t to the b rin k  o f  extinction, 
new  data  will hopefully  generate crucial insights on  the rep ro d u c
tive cycle. Besides im proving the success o f  artificial reproduction , 
it is ou r op in io n  th a t an  integrated  analysis o f  da ta  and knowledge 
from  the m arine pa rt o f  its life cycle, including hydrodynam ics, 
ecotoxicology, archived m aterial, and  neu tra l vs. adaptive genetic 
variation, are the  next steps in  developing a global eel m anagem ent 
strategy.

Acknowledgements
W e th an k  the follow ing for the  lively and  inspiring  discus
sions on  eel evolution  and  m anagem ent th ro u g h o u t the  years: 
L. Bernatchez, A. Crivelli, J. Dannew itz, W. Dekker, G. De Leo, 
P. Elie, M. H ansen, B. Jonsson, E. Nielsen, R. Poole, M . Pujolar, 
J. Van H o u d t, G. van den Thillart, V. van G inneken, T. W irth, 
A. Yahyaoui, L. Zane, and  all partners o f  the EU project EELREP 
(Q5RS-2001-01836). GEM is a postdoctoral fellow funded  by 
the  Fund for Scientific Research (FW O V laanderen).

References
Albert, V., Jonsson, B., and Bernatchez, L. 2006. Natural hybrids in 

Atlantic eels (Anguilla anguilla, A. rostrata): evidence for successful 
reproduction and fluctuating abundance in space and time. 
Molecular Ecology, 15: 1903-1916.

Aoyama, J., Nishida, M., and Tsukamoto, K. 2001. Molecular phylo- 
geny and evolution of the freshwater eel, genus Anguilla. 
Molecular Phylogenetics and Evolution, 20: 450-459.

Avise, J. C. 2004. Molecular Markers, Natural History and Evolution.
Sinauer Associates, Sunderland, MA, USA.

Avise, J. C., Helfrnan, G. S., Saunders, N. C., and Hales, L. S. 1986. 
M itochondrial DNA differentiation in North-Atlantic eels: popu
lation genetic consequences o f an unusual life-history pattern. 
Proceedings o f the National Academy of Sciences o f the USA, 83: 
4350-4354.

Avise, J. C., Nelson, W. S., Arnold, J., Koehn, R. K., Williams, G. C., 
and Thorsteinsson, V. 1990. The evolutionary genetic status of 
Icelandic eels. Evolution, 44: 1254-1262.

Boëtius, J., and Harding, E. F. 1985. A re-examination o f Johannes 
Schmidt’s Atlantic eel investigations. Dana, 4: 129-162.

Boyce, M. S., Kirsch, E. M., and Servheen, C. 2002. Bet-hedging appli
cations for conservation. Journal o f Biosciences, 27 (Suppl. 2): 
385-392.

CEC. 2005. Proposal for a council regulation: establishing measures 
for the recovery of the stock of European eel. European 
Commission COM(2005) 472 final, 2005/0201 (CNS). 11 pp. 

Comparini, A., Rizzotti, M., and Rodino, E. 1977. Genetic control and 
variability o f Phosphoglucose Isomerase (PCI) in eels from the 
Atlantic Ocean and the M editerranean Sea. Marine Biology, 43: 
109-116.



1470 G. E. M aes and E. A . M . Volckaert

Comparini, A., and Rodino, E. 1980. Electrophoretic evidence for 2 
species o f  Anguilla leptocephali in the Sargasso Sea. Nature, 287: 
435-437.

Conover, D. O., Clarke, L. M., Munch, S. B., and Wagner, G. N. 2006. 
Spatial and temporal scales o f adaptive divergence in marine fishes 
and the implications for conservation. Journal o f  Fish Biology, 69 
(Suppl. C): 21-47.

Cousyn, C., De Meester, L., Colbourne, J. K., Brendonck, L., 
Verschuren, D., and Volckaert, F. 2001. Rapid, local adaptation 
o f Zooplankton behavior to changes in predation pressure in the 
absence o f neutral genetic changes. Proceedings o f the National 
Academy of Sciences o f the USA, 98: 6256-6260.

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

Dannewitz, J., Maes, G. E., Johansson, L., W ickström, H., Volckaert,
F. A. M., and Jarvi, T. 2005. Panmixia in the European eel: a 
m atter o f time. Proceedings o f the Royal Society o f London 
Series B, 272: 1129-1137.

Dekker, W. 2003. Did lack of spawners cause the collapse o f the 
European eel, Anguilla anguillai Fisheries Management and 
Ecology, 10: 365-376.

Dekker, W. 2004. Slipping through our hands: population dynamics 
o f  the European eel. PhD thesis, University o f Amsterdam.

De Ligny, W. D., and Pantelouris, E. M. 1973. Origin o f European eel. 
Nature, 246: 518-519.

Drilhon, A., Fine, J. M., Amouch, P., and Boffa, G. A. 1967. Les 
groupes de transferrines chez Anguilla anguilla. Etude de deux 
populations d ’origine géographique différente. Comptes rendus 
de l’Academie de Sciences de France, 265: 1096-1098.

Drilhon, A., Fine, J. M., Boffa, G. A., Amouch, P., and Drouhet, J. 
1966. Les groupes de transferrines chez l’anguille. Différences 
phénotypiques entre l’anguille de l’Atlantique et les anguilles de 
mediterrannée. Comptes rendus de l’Academie de Sciences de 
France, 262: 1315-1318.

Dulvy, N. K., Sadovy, Y., and Reynolds, J. D. 2003. Extinction vulner
ability in marine populations. Fish and Fisheries, 4: 25-64.

Flowers, J. M., Schroeter, S. C., and Burton, R. S. 2002 The recruitm ent 
sweepstakes has m any winners: genetic evidence from the sea 
urchin Strongylocentrotus purpuratus. Evolution, 56: 1445-1453.

Frankham, R., Ballou, J. D., and Briscoe, D. A. 2002. Introduction to 
Conservation Genetics. Cambridge University Press, Cambridge, 
UK.

Friedland, K. D., Miller, M. J., and Knights, B. 2007. Oceanic changes 
in  the Sargasso Sea and declines in recruitm ent o f the European eel. 
ICES Journal o f Marine Science, 64: 519-530.

Gagnaire, P. A., Tsukamoto, K., Aoyama, J., Minegishi, Y., Valade, P., 
and Berrebi, P. RFLP and semi-multiplex PCR-based identification 
o f four eel species from the South Western Indian Ocean region. 
Journal o f Fish Biology, in press.

Giger, T., Excoffier, L., Day, P., Champigneulle, A., Hansen, M., 
Powell, R., and Largiadèr, C. 2006. Life history shapes gene 
expression in  salmonids. Current Biology, 16: 281-282.

Hauser, L., Adcock, G. J., Smith, P. J., Ramirez, J. H. B., and Carvalho,
G. R. 2002. Loss o f  microsatellite diversity and low effective popu
lation size in an overexploited population o f New Zealand snapper 
(Pagrus auratus). Proceedings o f the National Academy o f Sciences 
o f  the USA, 99: 11742-11747.

Hedgecock, D. 1994. Temporal and spatial genetic structure o f marine 
animal populations in the California Current. CalCOFI Report, 35: 
73-81.

Hendry, A. P., and Day, T. 2005. Population structure attributable 
to reproductive time: isolation by time and adaptation by time. 
Molecular Ecology, 14: 901-916.

Hjort, J. 1914. Fluctuations in the great fisheries o f northern Europe. 
Rapports et Procès-Verbaux des Réunions du  Conseil Perm anent 
International pour l’Exploration de la Mer, 20: 1-227.

Hutchings, J. A., Swain, D. P., Rowe, S., Eddington, J. D., Puvanendran, 
V. and Brown, J. A. 2007. Genetic variation in life-history reaction 
norms in a marine fish. Proceedings o f  the Royal Society of 
London Series B, 274: 1693-1699.

Hutchings, J. A., and Myers, R. A. 1993. Effect o f  age on  the seasonality 
o f m aturation and spawning of Atlantic cod, Gadus morhua, in the 
northwest Atlantic. Canadian Journal o f Fisheries and Aquatic 
Sciences, 50: 2468-2474.

Hwang, D. F., Jen, H. C., Hsieh, Y. W., and Shiau, C. Y. 2004. Applying 
DNA techniques to the identification o f the species o f dressed 
toasted eel products. Journal o f Agricultural and Food 
Chemistry, 52: 5972-5977.

ICES. 2005. Report o f the W orking Group on the Application o f 
Genetics in Fisheries and M ariculture (WGAGFM), 3 -6  June 
2005, Silkeborg, Denmark. ICES Docum ent CM 2005/F: 01. 47 pp.

ICES. 2006. Report o f the W orking Group on the Application o f 
Genetics in  Fisheries and Mariculture (WGAGFM), 24 -2 7  
M arch 2006, Newport, Ireland. ICES Docum ent CM 2006/MCC: 
04. 59 pp.

Itoi, S., Misako, N., Kaneko, G., Kondo, H., Sezaki, K., and Watabe, S. 
2005. Rapid identification o f eels Anguilla japonica and A. anguilla 
by polymerase chain reaction with single nucleotide 
polymorphism-based specific probes. Fisheries Science, 71: 
1356-1364.

Kagawa, H., Tanaka, H., Ohta, H., Unuma, T., and Nom ura, K. 2005. 
The first success o f  glass eel production in the world: basic biology 
on  fish reproduction advances new applied technology in  aquacul
ture. Fish Physiology and Biochemistry, 31: 193-199.

Kalujnaia, S., McWilliam, I., Feilen, A., Nicholson, J., Hazon, N., and 
Cramb, G. 2007. Novel genes discovered by transcriptomic 
approach to the salinity study in European eel Anguilla anguilla. 
Comparative Biochemistry and Physiology A— Molecular and 
Integrative Physiology, 146 (Suppl. S): S94-S94.

Kenchington, E., Heino, M., and Nielsen, E. E. 2003. Managing marine 
genetic diversity: time for action? ICES Journal o f Marine Science, 
60: 1172-1176.

Kettle, A. J., and Haines, K. 2006. How does the European eel (Anguilla 
anguilla) retain its population structure during its larval m igration 
across the North Atlantic Ocean? Canadian Journal o f Fisheries and 
Aquatic Sciences, 63: 90-106.

Knights, B. 2003. A review o f the possible impacts o f long-term 
oceanic and climate changes and fishing m ortality on  recruitm ent 
o f anguillid eels o f the northern hemisphere. Science of the Total 
Environment, 310: 237-244.

Law, R. 2000. Fishing, selection, and phenotypic evolution. ICES 
Journal o f Marine Science, 57: 659-668.

Lin, Y. S., Poh, Y. P., Lin, S. M., and Tzeng, C. S. 2002. Molecular tech
niques to identify freshwater eels: RFLP analyses o f PCR-amplified 
DNA fragments and allele-specific PCR from m itochondrial DNA. 
Zoological Studies, 41: 421-430.

Lintas, C., Hirano, J., and Archer, S. 1998. Genetic variation o f the 
European eel (Anguilla anguilla). Molecular Marine Biology and 
Biotechnology, 7: 263-269.

Maes, G. E. 2005. Evolutionary consequences o f a catadrom ous life- 
strategy on the genetic structure o f European eel (Anguilla 
anguilla L.). PhD thesis, Catholic University Leuven, Belgium.

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

Maes, G. E., Pujolar, J. M., Raeymaekers, J. A. M., Dannewitz, J., and 
Volckaert, F. A. M. 2006a. Microsatellite conservation and Bayesian 
individual assignment in four Anguilla species. Marine Ecology 
Progress Series, 319: 251-261.



Challenges fo r  genetic research in European eel managem ent 1471

Maes, G. E., Raeymaekers, J. A. M., Pampoulie, C., Seynaeve, A., 
Goemans, G., Belpaire, C., and Volckaert, F. A. M. 2005. The cata
drom ous European eel Anguilla anguilla (L.) as a model for fresh
water evolutionary ecotoxicology: relationship between heavy 
metal bioaccumulation, condition and genetic variability. 
Aquatic Toxicology, 73: 99-114.

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

Mank, J. E., and Avise, J. C. 2003. Microsatellite variation and differ
entiation in N orth Atlantic eels. Journal o f Heredity, 94: 310-314.

McKay, J. K., and Latta, R. G. 2002. Adaptive population divergence: 
markers, QTL and traits. Trends in Ecology and Evolution, 17: 
285-291.

Minegishi, Y., Aoyama, J., Inoue, J. G., Miya, M., Nishida, M., and 
Tsukamoto, K. 2005. Molecular phylogeny and evolution of the 
freshwater eels genus Anguilla based on the whole mitochondrial 
genome sequences. Molecular Phylogenetics and Evolution, 34: 
134-146.

M itton, J. B. 1997. Selection in  Natural Populations. Oxford 
University Press, Oxford.

Miyahara, T., H irono, I., and Aoki, T. 2000. Analysis o f expressed 
sequence tags from a Japanese eel Anguilla japonica spleen cDNA 
library. Fisheries Science, 66: 257-260.

Mullon, C., Fréon, P., and Cury, P. 2005. The dynamics o f collapse in 
world fisheries. Fish and Fisheries, 6: 111-120.

Myers, R. A., and W orm, B. 2003. Rapid worldwide depletion o f pre
datory fish communities. Nature, 423: 280-283.

Nielsen, E. E., Hansen, M. M., and Loeschcke, V. 1997. Analysis o f 
microsatellite DNA from old scale samples o f Atlantic salmon 
Salmo salar: a comparison o f genetic composition over 60 years. 
Molecular Ecology, 6: 487-492.

Nielsen, E. E., Hansen, M. M., and Meldrup, D. 2006. Evidence o f 
microsatellite hitch-hiking selection in Atlantic cod ( Gadus 
morhua L.): implications for inferring population structure in non
model organisms. Molecular Ecology, 15: 3219-3229.

Nom ura, K., Morishima, K., Tanaka, H., Unum a, T., Okuzawa, K., 
Ohta, H., and Arai, K. 2006. Microsatellite-centromere m apping 
in the Japanese eel (Anguilla japonica) by half-tetrad analysis 
using induced triploid families. Aquaculture, 257: 53-67.

Okamura, A., Yamada, Y., Mikawa, N., Tanaka, S., and Oka, H. P. 
2002. Exotic silver eels Anguilla anguilla in  Japanese waters: 
seaward migration and environmental factors. Aquatic Living 
Resources, 15: 335-341.

Okamura, A., Zhang, H., Utoh, T., Akazawa, A., Yamada, Y., Horie, N., 
Mikawa, N. et al. 2004. Artificial hybrid between Anguilla anguilla 
and A. japonica. Journal o f  Fish Biology, 64: 1450-1454.

Palstra, A. P., Cohen, E. G. H., Niemantsverdriet, P. R. W., 
van Ginneken, V. J. T., and van den Thillart, G. E. E. J. M. 2005. 
Artificial m aturation and reproduction o f European silver eel: 
development o f oocytes during final maturation. Aquaculture, 
249: 533-547.

Palumbi, S. R. 1994. Genetic-divergence, reproductive isolation, and 
marine spéciation. Annual Review of Ecology and Systematics, 
25: 547-572.

Pantelouris, E. M., Arnason, A., and Tesch, F. W. 1970. Genetic vari
ation in the eel. 2. Transferrins, haemoglobins and esterases in 
the eastern North Atlantic, possible interpretations o f phenotypic 
frequency differences. Genetic Research, 16: 177-184.

Park, L. K., and M oran, P. 1994. Developments in molecular tech
niques in fisheries. Reviews in Fish Biology and Fisheries, 4: 
272-299.

Pauly, D. 2007. Coral: a pessimist in paradise. Nature, 447: 33-34.
Pauly, D., Christensen, V., Guenette, S., Pitcher, T. J., Sumaila, U. R., 

Walters, C. J., Watson, R., et al. 2002. Towards sustainability in 
world fisheries. Nature, 418: 689-695.

Pujolar, J. M., Maes, C. E., Vancoillie, C., and Volckaert, F. A. M. 2005. 
Growth rate correlates to individual heterozygosity in European 
eel, Anguilla anguilla L. Evolution, 59: 189-199.

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

Rehbein, H., Sotelo, C. C., Perez-Martin, R. I., Chapela-Garrido, M. J., 
Hold, C. L., Russell, V. J., Pryde, S. E. et al. 2002. Differentiation of 
raw or processed eel by PCR-based techniques: restriction fragment 
length polymorphism analysis (RFLP) and single strand confor
m ation polymorphism analysis (SSCP). European Food Research 
and Technology, 214: 171-177.

Rousset, F. 1997. Genetic differentiation and estimation of gene flow 
from F-statistics under isolation by distance. Genetics, 145: 
1219-1228.

Schmidt, J. 1923. Breeding places and migration o f the eel. Nature, 
U l :  51-54.

Sezaki, K., Itoi, S., and Watabe, S. 2005. A simple m ethod to dis
tinguish two commercially valuable eel species in Japan Anguilla 
japonica and A. anguilla using polymerase chain reaction strategy 
with a species-specific primer. Fisheries Science, 71: 414-421.

Sinclair, M. 1988. Marine Populations. An Essay on Population 
Regulation and Spéciation. University o f W ashington Press, Seattle.

Tagliavini, J., Candolii, C., Cau, A., Salvadori, S., and Deiana, A. M. 
1995. M itochondrial-DNA variability in Anguilla anguilla and 
phylogenetic relationships with congeneric species. Bollettino Di 
Zoología, 62: 147-151.

Tesch, F. W. 2003. The Eel. Blackwell Science, Oxford, UK.
Tsukamoto, K. 2006. Spawning o f eels near a seamount. Nature, 439: 

929-929.
Turner, T. F., Wares, J. P., and Gold, J. R. 2002. Genetic effective size 

is three orders o f m agnitude smaller than  adult census size in an 
abundant, estuarine-dependent marine fish (Sciaenops ocellatus). 
Genetics, 162: 1329-1339.

Van Ginneken, V., and Maes, C. E. 2005. The European eel (Anguilla 
anguilla, Linnaeus), its lifecycle, evolution and reproduction: a lit
erature review. Reviews in Fish Biology and Fisheries, 15: 367-398.

Waples, R. S. 1998. Separating the wheat from the chaff: patterns of 
genetic differentiation in high gene flow species. Journal of 
Heredity, 89: 438-450.

Ward, R. D. 2000. Genetics in fisheries management. Hydrobiologia, 
420: 191-201.

Watanabe, S., Aoyama, J., and Tsukamoto, K. 2004. Reexamination of 
Ege’s ( 1939) use o f taxonomic characters o f the genus Anguilla. 
Bulletin o f Marine Science, 74: 337-351.

Williams, C. C., and Koehn, R. K. 1984. Population genetics o f the 
N orth Atlantic catadrom ous eels (Anguilla). In Evolutionary 
Genetics o f Fishes, pp. 529-560. Plenum Press, New York.

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

W irth, T., and Bernatchez, L. 2003. Decline o f North Atlantic eels: a 
fatal synergy? Proceedings o f the Royal Society o f  London Series 
B— Biological Sciences, 270: 681-688.

Yahyaoui, A., Bruslé, J., and Pasteur, N. 1983. Etude du  polym or
phisme biochimique de deux populations naturelles (Maroc 
Atlantique et Rousillon) de civelles et anguillettes d’Anguilla 
anguilla L. et de deux échantillons d ’élevages. IFREMER Actes de 
Colloques, 1: 373-390.

Zhang, H., Mikawa, N., Yamada, Y., Horie, N., Okamura, A., Utoh, T., 
Tanaka, S., and M otonobu, T. 1999. Foreign eel species in the 
natural waters o f Japan detected by polymerase chain reaction of 
m itochondrial cytochrome B region. Fisheries Science, 65: 
684-686.

doi: 10.1093/ icesjms /  fsml08


