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Decline of North Atlantic eels: a fatal synergy?
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Panmictic species pose particular problems for conservation because their welfare can be addressed effec-
tively only on a global scale. We recently documented by means of microsatellite analysis that the European
eel (Anguilla anguilla) is not panmictic but instead shows genetic isolation by distance. In this study, we
extended the analysis to the American eel (A. rostrata) by applying identical analytical procedures and
statistical power. Results obtained for the American eel were in sharp contrast with those obtained for
the European eel: the null hypothesis of panmixia could not be rejected, and no isolation by distance was
detected. This implies that the species must be managed as a single population. Using Bayesian statistics,
we also found that the effective population sizes for both species were surprisingly low and that the
populations had undergone severe contractions, most probably during the Wisconsinan glaciation. The
apparent sensitivity of eels to climatic changes affecting the strength and position of the Gulf Stream
20 000 years ago is particularly worrying, given the effects of the ongoing global warming on the North
Atlantic climate. Moreover, additional short-term stresses such as surging glass eel prizes, overfishing and
lethal parasitic infections negatively affect eel population size. The fascinating transatlantic migration and
life cycle of Atlantic eels is also their Achilles’ heel as these negative short- and long-term effects will
probably culminate in a fatal synergy if drastic conservation measures are not implemented to protect

these international biological resources.
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1. INTRODUCTION

Understanding fluctuations in marine fish stocks is
important, as changes in population size appear to show
a significant relationship with climatic and oceanographic
variability. The North Atlantic Oscillation (NAQO) corre-
lates with marine fish assemblages (Attrill & Power 2002)
while the decline of production of young North Sea cod
(Gadus morhua) appears to be correlated with a warming
of the North Sea over the past 10 years (O’Brien ez al
2000). Moreover, NAO-driven marine fish and zooplank-
ton abundance has affected fulmar population dynamics
(Thompson & Ollason 2001). North Atlantic eels have a
basin-wide distribution, are nearly panmictic and are
expected to be even more affected by North Atlantic cli-
matic changes than most marine species as the relative
strength and position of the Gulf Stream is vital for their
dispersal and successful migration. Anguilla anguilla and
A. rostrata are therefore ideal candidates for tracking ongo-
ing and past effects of climatic change.

The natural history and reproductive migration to the
Sargasso Sea of North Atlantic eels have fascinated man-
kind for millennia. Aside from their general migration pat-
tern, little is actually known about the oceanic phase of
their reproductive cycle, or their effective population sizes,
demography and oceanic movements (Schmidt 1925;
Tesch 1977). A better knowledge of eel biology is essential
as the abundances of both European (A. anguwilla) and
American (A. rostrata) eels have steadily declined since the
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early 1980s. The annual catch of the European eel has
decreased by more than 40% from 1988 to 1998 accord-
ing to the United Nations Food and Agriculture Organiza-
tion, and a major decline in recruitment in the St
Lawrence River basin has been observed for A. rostrata
(Castonguay et al. 1994a; Haro et al. 2000; International
Council for the Exploration of the Sea (ICES) 2001).
Population genetics offers an efficient means to acquire
the essential knowledge needed for a global management
of Atlantic eel populations. Moreover, these two species
form the foundation for the panmixia paradigm (Avise er
al. 1986; Lintas er al. 1998), although this hypothesis was
rejected by patterns of isolation by distance and genetic
structure recently reported in the European eel (Daemen
et al. 2001; Wirth & Bernatchez 2001; Maes & Volckaert
2002). Here, a combination of genetic information gath-
ered from highly polymorphic microsatellite loci and
Bayesian statistics is used to test the null hypothesis of
random mating in the American eel, as well as to investi-
gate the population demography and effective population
size (the size of an ideal population that best predicts
changes in genetic diversity such as inbreeding coefficients
or variance in allelic frequencies) of both Atlantic eel spec-
ies. Finally, we discuss the putative correlation between
demographic patterns for the species and climatic change.

2. MATERIAL AND METHODS

(a) Sampling and DNA extraction

A total of 402 A. rostrata were collected from eight different
rivers between Florida and the St Lawrence River during spring
and autumn 1999, covering a distance of over 3000 km (figure 1).
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Figure 1. Sampling locations. Petite riviére de la Trinité
(n=52), Prince Edward Island (n=50), Medomak River
(n=50), Boston Harbour (z =50), Hudson River (z =50),
Wye River (n=50), South Edisto River (z=50) and St
Johns River (z =50). All samples consisted of yellow eel fin
clips with the exception of the Boston Harbour samples
where glass eels were collected. Samples were collected from
spring to autumn 1999. This image is a thermal infrared sea
surface temperatures (SST) image showing the clockwise
Gulf Stream (NASA source). Colours represent thermal data
and range from 2-9 °C (dark blue) to 24-28 °C (red and
orange).

This study also includes 611 A. anguilla individuals collected at
13 locations covering the entire distribution of the European eel
(Wirth & Bernatchez 2001). Glass eels or fins were stored in
95% ethanol until DNA extraction was performed according to
standard methods (Maniatis ez al. 1982).

(b) Genotyping

Quantification of genetic variation was performed using seven
microsatellite loci specifically developed for A. rostrata and A.
anguilla (Aro054, Aro063, Aro095, Arol121, Angl01, Angl14 and
Angl51). The microsatellite flanking sequences and primers are
available on GenBank under the accession numbers AF237896—
AF237902. Polymerase chain reactions (PCRs) were performed
in duplex or triplex with polymerase and rhodamine-marked pri-
mers (Perkin—Elmer) as outlined in Wirth & Bernatchez (2001).
Amplifications were conducted in a 10 pl volume with 10-50 ng
of DNA, 300 pmol of each primer, 75 pM of each nucleotide,
1.2 mM of MgCl,, 1 x Taq buffer (10 mM of TrissHCI pH 9,
50 mM of KCIl) and 0.25 units of Taq polymerase (Perkin—
Elmer). The PCR protocol comprised an initial denaturation at
95 °C for 4 min, 32 cycles of denaturation at 95 °C for 30 s,
primer annealing at 55 °C for 45 s and extension at 72 °C for
1 min, and a final 5 min extension at 72 °C. A volume of 2 ul
of each PCR product was mixed with 2 pl of blue formamide
containing 10% of GS350 internal size standard, carboxytetra-
methylrhodamine (TAMRA 350bp) and loaded onto a 5%
polyacrylamide gel for a 2.25 h electrophoresis at 3000 V using
an ABI377 automated DNA sequencer (Perkin—Elmer, Foster
City, CA). The fragment sizes were determined by reference to
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a size standard run in each lane using the software GENSCAN v.
2.1 and GENOTYPER v. 2.0 (Perkin—Elmer).

(¢) Genetic variability and population genetics
parameters

Allelic diversity, genetic variation (observed heterozygosity
under Hardy—Weinberg equilibrium (HWE)), deviation from
HWE and genetic differentiation were calculated with GENEPOP
v. 3.1 (Raymond & Rousset 1995). Variation in allelic fre-
quencies among samples was assessed first by testing the null
hypothesis of homogeneity in allelic distribution by Fisher’s
exact test using the Markov chain method. The standardized
variance in allelic frequencies was used as an estimator of Fsr
(Weir & Cockerham 1984) as implemented in GENETIX v. 4.02
(Belkhir ez al. 2000).

(d) Isolation by distance

The relationship of genetic divergence to geographical separ-
ation of sites was examined by measuring the Cavalli-Sforza
chord distance (Dcg) on the basis of allelic frequencies across
the seven loci between each pair of samples (Cavalli-Sforza &
Edwards 1967). The significance of the relationship between
D¢k and geographical distance cannot be evaluated using stan-
dard regression techniques, as the regression is based on non-
independent pairwise comparisons. We used Mantel’s test
(Mantel 1967) to assess the significance of the observed corre-
lations using GENETIX v. 4.02.

(e) Phylogenetic inference

Cavalli-Sforza and Edwards’ chord distance was used to con-
struct a phylogenetic tree using a neighbour-joining algorithm
(Saitou & Nei 1987). Support for the tree nodes was assessed
by bootstrapping over loci (5000 iterations). The tree was built
using PHyLIP v. 3.6 (Felsenstein 1993) from raw allelic fre-
quencies.

(f) Coalescence and demographic parameters
using Bayesian statistics

This approach (Beaumont 1999) assumes a stepwise mutation
model and estimates the posterior probability distributions of
the genealogical and demographic parameters of a sample using
Markov chain Monte Carlo simulations based on microsatellite
data. The estimated parameters are scaled in terms of current
population size and two main demographic parameters are
quantified: (i) zp which is a measure of time in generations, is
defined as z,/N,, where z, denotes the number of generations that
have elapsed since the decline or expansion began, and (ii) r,
which is defined as Ny/N,, where N, is the current effective
number of chromosomes (2N.) and N, is the number of chro-
mosomes at some previous point in time z. For a declining
population r < 1, for a stable population r= 1 and for expanding
populations r > 1. The procedure also estimates 6, which is
defined as 2Nou, where @ is the mutation rate (mutation
locus™ ! generation™'). The analyses were performed assuming
exponential demographic change for both species. Owing to a
restriction of the model, which assumes that there are no more
than 2000 coalescent and mutational events in the genealogy,
we used the algorithm sinf.exe provided in Beaumont’s package
in order to produce subsample files of 100 individuals from our
complete dataset. Three different chains were run for each
analysis to confirm the convergence of the results. In the analy-
sis, rectangular priors of the log parameter values have been
used. The limits for Ny, Ny, & and z; were taken to be 10°>-10°,
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Table 1. Summary statistics for American and European eels.

(The estimates of No, Ny, r and z, were calculated based on a mutation rate of 5 x 10~ * per generation (Angers & Bernatchez

1998). Abbreviation: MRCA, most recent common ancestor.)

mean s.d. median 0.025 quantile 0.975 quantile
Anguilla rostrata (n=100)
log (r) —1.818 0.086 —1.819 —1.990 —1.657
log (z;) —0.453 0.033 —0.454 —0.524 —0.388
log (6) 0.953 0.101 0.949 0.776 1.180
number of mutations 1505 197 1535 1087 1784
MRCA 81.133 28.543 75.828 41.121 144.270
N, 9236 2228 8882 5964 15 146
N, 605 820 133 882 604 108 387 222 876 072
r 0.015 0.003 0.015 0.010 0.022
L, 3250 754 3124 2078 5132
A. anguilla, Atlantic Ocean (rn=100)
log (r) —2.050 0.148 —2.066 —2.303 —1.726
log (z;) —0.336 0.035 —0.337 —0.407 —0.271
log (6) 0.620 0.146 0.606 0.351 0.905
number of mutations 1382 272 1449 828 1764
MRCA 174.617 72.457 173.019 54.028 338.606
N, 4410 1544 4034 2242 8028
N, 484 363 128 080 471 746 255532 776 508
r 0.009 0.004 0.009 0.005 0.019
ta 2030 694 1840 1038 3602
A. anguilla, Mediterranean Sea (z = 100)
log (r) —1.985 0.197 —2.029 —2.257 —1.516
log (z;) —0.533 0.038 —0.532 —0.608 —0.462
log (6) 0.692 0.178 0.665 0.414 1.082
number of mutations 1476 207 1476 1006 1787
MRCA 171.305 73.066 163.075 60.395 320.200
N, 5388 2542 4620 2592 12 084
N, 496 678 154 366 470 966 273 780 888 778
r 0.011 0.006 0.009 0.006 0.030
ta 1562 680 1376 766 3408
A. anguilla, Baltic and North Seas (z=100)
log (r) —1.926 0.110 —1.925 —2.142 —1.701
log (z;) —0.385 0.041 —0.384 —0.469 —0.308
log (6) 0.636 0.130 0.652 0.323 0.857
number of mutations 1161 221 1157 743 1644
MRCA 121.171 51.961 113.120 54.524 271.172
N, 4514 1266 4486 2100 7190
N, 380612 108 210 370958 194 946 620 760
r 0.012 0.003 0.012 0.007 0.020
ta 1856 506 1838 950 2924

10°-107, 107°-10"* and 10~>-10, respectively. We found that
the method converged appropriately for both single-locus and
multilocus data and supported a model of population decline
for both the European and the American eels. We decided to
present only the multilocus data in the present report.

3. RESULTS AND DISCUSSION

(a) Genetic diversity and population genetic
structure
American eels from eight different locations were geno-
typed at the same seven Mendelian-inherited microsatel-
lite loci used in our previous study (Wirth & Bernatchez
2001) on A. angwilla. All loci were highly polymorphic,
with the average number of alleles per locus (per sample,
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+s.e.) ranging from 14.4 (+2.00) to 27.1 (+3.3).
Observed and expected mean heterozygosities per sample
ranged from 0.79 (+0.05) and 0.85 (+0.02) to 0.91
(£0.05) and 0.95 (£ 0.01), respectively. Probability tests
of HWE using a Markov chain approach (Raymond &
Rousset 1995) showed significant departures from HWE
in three out of 56 cases after Bonferroni (Rice 1989) cor-
rections (a¢=0.05, £=8), a number similar to that
expected by chance alone (0.05 x 56 = 2.8).

(b) Panmixia in the American eel

Genetic differentiation based on allelic frequency distri-
bution, as well as the very low fixation index value
(Fst=0.0022, p < 0.01) over all samples, were significant
(p =0.0020; 10 000 iterations). This value is smaller than
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Figure 2. Bootstrapped neighbour-joining tree of Cavalli-Sforza and Edward’s chord distances among eight American eel
samples (grey lettering) and 13 European eel samples. The tree was constructed using GENDIST, NEIGHBOR and CONSENSE
programs in PHyYLIP v. 3.6 (Felsenstein 1993) and visualized with TREEVIEW (Page 1996). Values on the nodes are the
percentage of bootstrap replicates over loci that are greater than 50 (z = 1000).

could be generated by sampling error alone (Waples 1998)
(x average sample size 1/2=0.01). Furthermore, no evi-
dence for population structuring was revealed by plotting
pairwise Dcg values (Cavalli-Sforza & Edwards 1967)
against coastal distances. The Pearson’s correlation
(Mantel 1967) r between the two factors was not signifi-
cant and close to zero (r=0.003, p =0.496). This result
is in sharp contrast with the highly significant pattern of
isolation by distance reported for the European eel. How-
ever, as more samples were used in our previous study,
we checked for the possible effect of type II error. Thus,
eight A. anguilla populations from the total of 13 were
randomly selected 100 times, and the Mantel test was
applied to assess the significance of the observed corre-
lations. All Pearson’s correlations (r) between genetic and
geographical distances were positive (mean = 0.454, range
of 0.188-0.624) and two orders of magnitude larger than
for the American eel samples. Moreover, 91 out of the
100 resamplings were significant at the 0.10 Ilevel
(mean = 0.0475, and range of p-values=0.002-0.289).
Therefore, the absence of isolation by distance in A. ros-
trata is unlikely to be the result of small sample size, and,
consequently, panmixia could not be rejected for this
species.

By combining the data from this study with those
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obtained for A. anguilla, we assessed the genetic differ-
ences between the two North Atlantic species using Fgr
(Weir & Cockerham 1984), and, as expected, found the
two species to be clearly distinct (overall Fg-=0.0176;
p<0.001), and all interspecific pairwise comparisons
were significant (table 1). A phenogram constructed from
the Dy pairwise distance matrix using a neighbour-join-
ing algorithm (Saitou & Nei 1987) illustrated the distinc-
tion between the two species, and also revealed a tree
topology for the American eel that reflects an absence of
geographical structure, in contrast to the European eel
(figure 2).

(¢) Population decline and climatic changes

Major decisions concerning the management of both
European and American eels require population para-
meters such as effective population size and temporal
demographic changes that remain largely unknown. New
tools based on Bayesian statistics and coalescence theory
are now available (Beaumont 1999; Pertoldi ez al. 2001;
Storz & Beaumont 2002) to determine these from genetic
data. Here, we used the procedure of Beaumont (1999)
to detect population declines and expansions. Based on
our previous study (Wirth & Bernatchez 2001), European
eels were treated as three independent genetic units
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Figure 3. Plots of the marginal posterior distribution of log (r), log (0) and log (z) for North Atlantic eels (18 000 updates).
Blue dots correspond to A. rostrata samples, whereas the remaining colours correspond to A. anguilla samples (red, Atlantic
samples; pink, Mediterranean samples; and green, North Sea plus Baltic Sea samples). Gene frequencies and simulations were

based on a sample size of 100.

(Atlantic Basin, North/Baltic Sea and Mediterranean Sea)
in order to reduce biased results caused by population
mixing. All results clearly indicate a significant, two orders
of magnitude, decrease in effective population size in
recent historical times (table 2; figure 3). Based on a sex-
ual recruitment age of 10-15 years (Tesch 1977), the
onset of demographic decline between 766 and 5132 gen-
erations ago corresponds roughly to 8000-11 000 to
50 000-75 000 years. Moreover, the results clearly indi-
cate differential dynamics between A. rostrata and A. ang-
uilla populations. The decline has led to a more reduced
contemporary effective population size within each of the
A. anguilla subgroups than in A. rostrata, although the sum
of the European eel stocks exceeds that of the American
eel. Our results also indicate that the decline began earlier
in North America than in Europe and that the rates of
decline have been more pronounced in all three European
stocks than in A. rostrata. Thus, the highest mean value of
r=0.015 (log r= —1.818) was observed for the American
species, as was the highest effective population size (mean
N,=9236). This value is highly congruent with the pre-
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vious estimate of female effective population size in A. ros-
trata of ca. 5500, which was derived from mitochondrial
DNA data (Avise ez al. 1988). These results were based on
the exponential model of demographic change; however, a
drastic decline was also detected with a linear demo-
graphic model, with the exception of an inflation of z,.
Such dramatic declines could have been induced by
large-scale events such as oceanic climate changes. The
mean values for z, are all close to 2000 generations,
although slightly higher for A. rostrata. Assuming a mean
generation time of 10 years, the onset of the observed
decline corresponds to the last glacial maximum of the
Wisconsinan glaciation. This glaciation had a direct
impact on general ocean circulation in two major ways:
by reducing the speed of the Gulf Stream (Duplessy 1999;
Lynch-Stieglitz et al. 1999) and by moving the gyre
boundary and associated currents further to the south
(Keffer er al. 1988). Clearly, such changes would defini-
tively affect the reproductive success of these species
because the Gulf Stream is critical to transatlantic leptoce-
phali migration. Alternatively, more recent climatic
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changes such as the Younger Dryas (Lehman & Keigwin
1992; Keigwin & Jones 1994) cold event (11 000 years
ago) could also have potentially initiated the demographic
decline in both species as their confidence intervals on z,
overlap the timing of this cooling phase. However, our
results suggest that the demography of the European eel
was more severely affected, which could be a consequence
of its longer pelagic phase and therefore greater depen-
dence on Gulf Stream transport. Contemporary low effec-
tive population size estimates (5 x 103 to 10%) show that A4.
anguilla and A. rostrata did not significantly recover from
historical climatic changes, and European eel recruitment
estimates of about 200 million eels annually must be
downplayed as mortality of glass eels is close to 100% in
some areas (Dekker 2000).

4. CONCLUSION

The future of both American and European eels
remains unclear and the effects of global warming are still
a matter of debate (Rahmstorf 1997), such that the impact
of short-term changes in eel stocks remains difficult to
estimate (Castonguay er al. 1994b). However, lessons
learned from the past suggest that climatic changes that
affect the Gulf Stream have an intricate effect on catad-
romous fishes. These observations therefore raise the
possibility that climate-induced changes in the Gulf
Stream circulation could result in another major man-
induced environmental stress on eel demography, to add
to the effects of the spread of Anguillicola crassus, an exotic
nematode (Kennedy & Fitch 1990; Marcogliese & Cone
1993; Ashworth & Blanc 1997; Moser er al. 2001), surging
glass eel prices and overfishing (Haro ez al. 2000; Feun-
teun 2002).

We are grateful to R. Saint-Laurent for his technical assistance
in the laboratory, as well as to the following people and organi-
zations for their invaluable help in obtaining samples: ]J.
Weeder, D. Cairns, B. McCord, J. Crumpton, K. Oliveira, W.
Morrison, P. Gee, P. Prouzet, G. Adams, M.-N. de Casa-
major, S. L. Jénsdottir, E. Feunteun, P. Lambert, P. Dumont,
C. Briand, R. Lecomte, A. Crivelli, C. Gazeau, M.-F. Gaz-
erque, D. Fatin, H. Wickstrom, A. Yahyaoui, C. Antunes, E.
Ciccotti, A. Vollestad, B. Knights, H. Wilkens, A. K. Dani-
elsdottir and the Marine Research Institute of Reykjavik and
the CEMAGREF. We also thank J. Dodson, J. McNeil, S.
Rogers and D. Falush for helpful comments on an earlier ver-
sion of the manuscript. The research programme of L..B. on
the evolution and conservation of northern fishes is supported
by Natural Sciences and Engineering Research Council of
Canada (NSERC) research grants and by a Canadian research
chair in the conservation genetics of aquatic organisms. This
work is a contribution to the programme of Québec-Océan.

REFERENCES

Angers, B. & Bernatchez, L.. 1998 Combined use of SMM and
non-SMM methods to infer fine structure and evolutionary
history of closely related brook charr (Salvelinus fontinals,
Salmonidae) populations from microsatellites. Mol. Biol.
Evol. 15, 143-159.

Ashworth, S.T. & Blanc, G. 1997 Anguillicola crassus, a
recently introduced aggressive colonizer of European eel
stocks. Bull. Francais de la peche et de la pisciculture 344,
335-342.

Attrill, M. J. & Power, M. 2002 Climatic influence on a marine
fish assemblage. Nature 417, 275-278.

Proc. R. Soc. Lond. B (2003)

Avise, J. C., Helfman, G. S., Saunders, N. C. & Hales, L. S.
1986 Mitochondria DNA differentiation in North Atlantic
eels: population genetic consequences of an unusual life his-
tory pattern. Proc. Natl Acad. Sci. USA 83, 4350-4354.

Avise, J. C., Ball, R. M. & Arnold, J. 1988 Current versus his-
torical population sizes in vertebrate species with high gene
flow: a comparison based on mitochondrial DNA lineages
and inbreeding theory from neutral mutations. Mol Biol.
Evol. 5, 331-344.

Beaumont, M. A. 1999 Detecting population expansion and
decline using microsatellites. Generics 153, 2013-2029.

Belkhir, K., Borsa, P., Chikhi, L., Raufaste, N. & Bonhomme,
F. 2000 GENETIX 0. 4.02, logiciel sous Windows pour la géné-
tique des populations. Laboratoire Génome, Populations,
Interactions, CNRS UMR 5000, Université de Montpellier
II, Montpellier, France.

Castonguay, M., Hodson, P. V., Couillard, C. M., Eckersley,
M. ]., Dutil, J. D. & Verreault, G. 1994a Why is recruitment
of the American eel, Anguilla rostrata, declining in the St.
Lawrence river and Gulf? Can. §. Fish. Aquar. Sci. 51,
479-488.

Castonguay, M., Hodson, P.V., Moriarty, C., Drinkwater,
K. F. & Jessop, B. M. 19945 Is there a role of ocean environ-
ment in American and European eel decline? Fish. Oceanogr.
3, 197-203.

Cavalli-Sforza, L. L. & Edwards, A. W. F. 1967 Phylogenetic
analysis: models and estimation procedures. Am. J. Hum.
Gener. 19, 233-257.

Daemen, E., Cross, T., Ollevier, F. & Volckaert, F. A. M.
2001 Analysis of the genetic structure of European eel
(Anguilla anguilla) using microsatellite DNA and mtDNA
markers. Mar. Biol. 139, 755-764.

Dekker, W. 2000 A procrustean assessment of the European
eel stock. ICES ¥. Mar. Sci. 57, 938-947.

Duplessy, J.-C. 1999 Climate and the Gulf Stream. Nature
402, 593-595.

Felsenstein, J. 1993 Puyrie (Phylogeny inference package) v. 3.6.
Seattle, WA: Department of Genetics, University of Wash-
ington.

Feunteun, E. 2002 Management and restoration of European
eel population (Anguilla anguilla): an impossible bargain.
Ecol. Engng 18, 575-591.

Haro, A., Richkus, W., Whalen, K., Hoar, A., Busch, W.D.,
Lary, S., Brush, T. & Dixon, W. 2000 Population decline
of the American eel: implications for research and manage-
ment. Fisheries 25, 7-16.

ICES 2001 Report of the EIFAC/ICES working group on eels
from the meeting in St Andrews, NB, Canada, 28 August—
1 September 2000. ICES CM 2001/ACFM.

Keffer, T., Martinson, D. G. & Corliss, B. H. 1988 The pos-
ition of the Gulf Stream during quaternary glaciations.
Science 241, 440-442.

Keigwin, L. D. & Jones, G. A. 1994 Western North Atlantic
evidence for millennial-scale changes in ocean circulation
and climate. J. Geophys. Res. 99, 397-410.

Kennedy, C. V. & Fitch, D.]J. 1990 Colonization, larval sur-
vival and epidemiology of the nematode Anguillicola crassus,
parasitic in the eel, Anguilla anguilla in Britain. ¥. Fish Biol.
36, 117-131.

Lehman, S.]. & Keigwin, L. D. 1992 Sudden changes in
North Atlantic circulation during the last deglaciation. Nat-
ure 356, 757-762.

Lintas, C., Hirano, J. & Archer, S. 1998 Genetic variation in
the European eel (Anguilla anguilla). Mol. Mar. Biol. Biotech-
nol. 7, 263-269.

Lynch-Stieglitz, J., Curry, W. B. & Slowey, N. 1999 Weaker
Gulf Stream in the Florida straits during the last glacial
maximum. Nature 402, 644—648.


http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0737-4038^28^2915L.143[aid=2308912]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29417L.275[aid=4740137]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8424^28^2983L.4350[aid=4740138]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0737-4038^28^295L.331[aid=526982]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0016-6731^28^29153L.2013[aid=1411302]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0002-9297^28^2919L.233[aid=523655]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0025-3162^28^29139L.755[aid=4740141]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29402L.593[aid=4740143]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0036-8075^28^29241L.440[aid=4740145]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1112^28^2936L.117[aid=4740147]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29356L.757[aid=33470]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1053-6426^28^297L.263[aid=4740148]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29402L.644[aid=4740149]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0737-4038^28^2915L.143[aid=2308912]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0737-4038^28^295L.331[aid=526982]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0002-9297^28^2919L.233[aid=523655]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29402L.593[aid=4740143]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-1112^28^2936L.117[aid=4740147]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29356L.757[aid=33470]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/1053-6426^28^297L.263[aid=4740148]

688 T. Wirth and L. Bernatchez Genetic structure and demography of North Atlantic eels

Maes, G. E. & Volckaert, F. A. M. 2002 Clinal genetic vari-
ation and isolation by distance in the European eel Anguilla
anguilla (L.). Biol. §. Linn. Soc. 77, 509-521.

Maniatis, T., Fritsch, E. F. & Sambrook, J. 1982 Molecular
cloming. A laboratory manual. Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory Press.

Mantel, N. 1967 The detection of disease clustering and a gen-
eralized regression approach. Cancer Res. 27, 209-220.

Marcogliese, D.]J. & Cone, D. K. 1993 What metazoan para-
sites tell us about the evolution of American and European
eels. Evolution 47, 1632-1635.

Moser, M. L., Patrick, W. S. & Crutchfield, J. U. 2001 Infec-
tion of American eels, Anguilla rostrata, by an introduced
nematode parasite, Anguillicola crassus, in North Carolina.
Copeia 3, 848-853.

O’Brien, C. M., Fox, C.]J., Planque, B. & Casey, J. 2000 Cli-
mate variability and North Sea cod. Nature 404, 142.

Page, R.D. M. 1996 TRreeVIEw: an application to display
phylogenetic trees on personal computers. Comp. Appl.
Biosci. 12, 357-358.

Pertoldi, C., Hansen, M. M., Loeschoke, V., Madsen, A. B.,
Jacobsen, L. & Baagoe, H. 2001 Genetic consequences of
population decline in the European otter (Lurra lutra): an
assessment of microsatellite DNA variation in Danish otters
from 1883 to 1993. Proc. R. Soc. Lond. B 268, 1775-1781.
(DOI 10.1098/rspb.2001.1762.)

Rahmstorf, S. 1997 Risk of sea-change in the Atlantic. Nature
388, 825-826.

Proc. R. Soc. Lond. B (2003)

Raymond, M. & Rousset, F. 1995 GEeNEPOP v. 1.2: population
genetics software for exact tests and ecumenicism. J. Hered.
86, 248-249.

Rice, W. R. 1989 Analysing tables of statistical tests. Evolution
43, 223-225.

Saitou, N. & Nei, M. 1987 The neighbor-joining method: a
new method for reconstructing phylogenetic trees. Mol. Biol.
Evol. 4, 406-425.

Schmidt, J. 1925 The breeding places of the eel. Smithson. Inst.
A. Rep. 1924, 279-316.

Storz, J. F. & Beaumont, M. A. 2002 Testing for genetic evi-
dence of population expansion and contraction: an empirical
analysis of microsatellite DNA variation using a hierarchical
Bayesian model. Evolution 56, 154-166.

Tesch, F.-W. 1977 The eel. London: Chapman & Hall.

Thompson, P. M. & Ollason, J. C. 2001 Lagged effects of
ocean climate change on fulmar population dynamics. Nat-
ure 413, 417-420.

Waples, R. S. 1998 Separating the wheat from the chaff: pat-
terns of genetic differentiation in high gene flow species. ¥.
Hered. 89, 438-450.

Weir, B. S. & Cockerham, C. C. 1984 Estimating F-statistics
for the analysis of population structure. Ewvolution 38,
1358-1370.

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

As this paper exceeds the maximum length normally permitted, the
authors have agreed to contribute to production costs.


http://dx.doi.org/10.1098/rspb.2001.1762
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2927L.209[aid=527709]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-3820^28^2947L.1632[aid=4740151]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0266-7061^28^2912L.357[aid=170647]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0962-8452^28^29268L.1775[aid=3523196]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29388L.825[aid=1968667]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0737-4038^28^294L.406[aid=35419]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-3820^28^2956L.154[aid=4740155]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29413L.417[aid=2992836]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-3820^28^2938L.1358[aid=523067]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29409L.1037[aid=4740157]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0266-7061^28^2912L.357[aid=170647]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29388L.825[aid=1968667]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0737-4038^28^294L.406[aid=35419]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29413L.417[aid=2992836]
http://gessler.ingentaselect.com/nw=1/rpsv/cgi-bin/linker?ext=a&reqidx=/0014-3820^28^2938L.1358[aid=523067]

