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ABSTRACT: The morphological, physiological and behavioural changes occurring during metamorphosis reveal adaptations to drastic shifts in habitat and life style. We have investigated how dispersal behaviour changed during completion of the larval metamorphosis in migrating European eels
Anguilla anguilla, as they reached the limit between the tidal and non-tidal parts of a large river. We
show that late-metamorphic glass eels arriving from the sea rapidly migrated in the freshwater zone
of the upper estuary by means of selective tidal stream transport. Then, due to the loss of tidal advection and despite the absence of an osmotic barrier, glass eels accumulated at the break point of tidal
streams. Newly transformed small yellow eels were homogeneously distributed around the point
where they initially accumulated as glass eels. This suggests that completion of larval metamorphosis induced the end of upstream migration (settlement) and a switch to density-dependent dispersal
linked to food search. This ontogenetic pattern probably evolved to maximise growth through optimal utilisation of productive marine and estuarine habitats.
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Metamorphosis is a suite of adaptive morphological,
physiological and behavioural reorganisations evolved
by numerous organisms to face acute changes in habitat and life style. Metamorphosis may therefore be considered a fitness-maximising developmental strategy
(Moran 1994). We investigated the changes in dispersal behaviour associated with larval metamorphosis in
the European eel Anguilla anguilla. Eels are marine,
semelparous fishes, having ancestrally evolved a continental growth phase. In A. anguilla, the translucent,
willow leaf-shaped leptocephalus larvae migrate from
the Sargasso Sea to the European continental shelf,
where they metamorphose into eel-shaped glass eels,
a late-metamorphic developmental stage. This transformation is the first step of an adaptive shift from
oceanic drift to continental life. Glass eels colonise
coastal and estuarine waters using selective tidal

stream transport (STST), a saltatory transport mechanism with alternations of flow-carried swimming during flood tide and benthic sheltering behaviour during
ebb tides (McCleave & Wippelhauser 1987). When
they reach the tidal limit, migrating glass eels lose tidal
advection and have to switch from STST to constant
counter-current swimming to further colonise the
watershed (McCleave & Wippelhauser 1987). The
details of this migration through transition zones
between the tidal and non-tidal parts of estuarine–
river systems have not previously been studied.
As glass eels migrate in coastal and estuarine waters,
their body pigmentation develops, their digestive system is reorganised and new teeth grow (Elie 1979, Elie
et al. 1982, Jegstrup & Rosenkilde 2003, Tabeta &
Mochioka 2003). The true end of larval metamorphosis, marking the start of the growth phase (‘yellow’
stage), occurs with the full development of body pigmentation, of the gut and definitive teeth (Vilter 1945,
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Elie 1979, Jegstrup & Rosenkilde 2003). The behavioural processes associated with the glass to yellow eel
transition remain obscure. It is frequently observed
that transformation into a yellow eel is associated with
a transition from ‘pelagic’ to ‘benthic’ behaviour (Tesch
1977, Jegstrup & Rosenkilde 2003). In many marine
organisms, the onset of the juvenile phase triggers settlement after larval migration (Moran 1994). However,
classically it has also been reported that yellow eels
maintain upstream migration for 1 to 3 yr of continental life (Tesch 1977), i.e. that the onset of the juvenile
phase does not trigger settlement. We have investigated whether or not the glass to yellow eel transition
(onset of the juvenile phase) triggers the end of
upstream-oriented migration and settlement in the
European eel. To do so, we have inferred dispersal
ontogeny of metamorphosing eels from the distribution
patterns of glass eels versus newly transformed yellow
eels at the freshwater tidal limit of a large river.

MATERIALS AND METHODS
Study area. The study was conducted in the tidal
limit area (TLA) of the Dordogne River in SW France.
The Dordogne is 482 km long, drains a catchment of
23 700 km2 and is free of barriers (falls or dam) in its
lower reaches; the hydrological regime of its tidal limit
is therefore natural. Hence, before reaching the nontidal river area, migrating fishes arriving from the sea
encounter a long zone (~160 km, see Table 1), where
tides induce both changes in current direction and water level, and then a short zone (~15 km, see Table 1),
where tides induce changes in water level only. In
addition, on the Dordogne, the break point of tidal
streams (interface between the 2 tidal zones) is located
about 50 km upstream of the limit of the salinity front,
providing a rare opportunity to separate the effects of
hydrology and salinity on juvenile eel dispersal.
Sampling sites. Sampling sites were chosen to fit
with these different tidal zones, as inferred from the
hydro-physical study by Sottolicchio (1999), who, simi-

lar to previous authors, reports that the limit of tidal
influence is located about 160 km from the river mouth.
However, the accurate break point of tidal streams is
known by fishermen and river users to be located at
Castillon la Bataille (Site C), due to a shallow of about
2 m depth where weakening tides break. Hence, the
most downstream sampling sites, St Sulpice de
Faleyrens (Site A) and Vignonet (Site B) were located
in the part of the estuary where tides induced variations in both flow direction and water level, while
Lamothe-Montravel (Site D) was located in the section
of the estuary where tides induce variations in water
level only. Finally, Pessac sur Dordogne (Site E), the
most upstream sampling site, was located in the nontidal river area. Further details on habitat characteristics of the sampling sites are provided in Table 1.
Sampling protocol. Glass eels Anguilla anguilla are
found all year round in the Bay of Biscay, but the highest abundance occurs between December and April
(Elie & Rochard 1994). Sampling was carried out during 2 ‘sampling years’, from 21 February to 25 June
2002 and from 5 November 2002 to 10 July 2003. Sites
A and E were sampled during the second sampling
year, and Sites B, C and D were sampled during both
sampling years. Fishes were sampled using artificial
habitat collectors made from polyethylene thread tufts
(vertically positioned artificial vegetation) inserted into
a heavy 50 × 60 × 10 cm PVC base situated at the bottom. These collectors function as shelters and are
highly efficient for juvenile eel sampling (Silberschneider et al. 2001). Sampling was undertaken by boat on
the ebb tide in daylight; 5 or 6 collectors per sampling
site were attached with ropes to the riparian vegetation and deposited 2 to 6 m from the shore. However,
during floods, it was not possible to localise all collectors and thus fewer collectors were used for sampling
on these occasions. Care was taken to avoid sites
where aquatic vegetation could possibly compete with
collectors as shelters. Moreover, the collectors were
distributed along at least 100 m on both river banks in
order to avoid patchy effects on abundance. Each time
a collector was emptied, water depth was measured

Table 1. Habitat characteristics at each sampling site from which glass eels and newly transformed yellow eels Anguilla anguilla
were sampled in the tidal limit area of the Dordogne River
Sampling site

St Sulpice de Faleyrens
Vignonet
Castillon la Bataille
Lamothe-Montravel
Pessac sur Dordogne

Code

Times
sampled

A
B
C
D
E

31
41
53
41
17

Distance to
river mouth
(km)
125
134
156
163
169

Substrate

Mud
Mud + vegetal waste
Sand + gravel
Sand + gravel
Sand + mud

Water depth of
sampling (m)
Range
Mean ± SD
0.1–5
0.1–4.7
0.1–4
0.3–5
0.2–3.7

Water velocity
(ebb tide, m s–1)
Range
Mean ± SD

1.67 ± 0.91
0–0.70
1.69 ± 0.83
0–0.70
1.30 ± 0.842 0–0.90
1.44 ± 0.75
0–0.72
1.64 ± 0.91 0.01–0.8

0.30 ± 0.18
0.22 ± 0.16
0.15 ± 0.19
0.26 ± 0.20
0.19 ± 0.15
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Computed abundance indices

with a ballasted rope and current speed was measured
with a Doppler current meter (Table 1).
Morphological analysis. The aim was to separate
individuals into 2 classes: glass eels versus newly
transformed yellow eels. Individuals of body length
<15 cm (i.e. <1 yr of continental life) were transported
to the laboratory in aerated river water and frozen after
anaesthesia in clove oil (10% diluted in ethanol, 4 ml
l–1). After thawing, fishes were examined under the
microscope for metamorphosis staging according to
the extent of skin pigmentation over the head, tail and
body regions, through Stages VB to VIB for glass eels
and Stage VII for newly transformed yellow eels (Elie
et al. 1982).
Data processing and statistical modelling. Inputmodelling data were the number of glass eels and
small yellow eels at each sampling site and day (N =
183 sampling events, total catches = 2063 eels). Abundances of both glass and yellow eels were skewed
with a peak at zero. Therefore, following Stefánsson
(1996), we analysed separately zero (i.e. presence p)
and positive abundance values (mean abundance μ
when fish were present) using generalised linear
models (GLM, PROC GENMOD, SAS 8.0). Details
concerning the GLM are presented in Table 2. We followed a model selection process based on Aikaike’s
information criterion (AIC) for each of the 4 models.
AIC was recorded from models including all possible
combinations of effects, and we retained the mostparsimonious models (i.e. those having the lowest
AIC) in which each effect was statistically significant
(Type III sum of squares). The tested effects were as
follows: (1) number of collectors used at each sampling site; (2) river discharge at Pessac sur Dordogne
(Site E), classified into 4 classes according to the
quartiles for the period 1997 to 2003, as provided by
the French Data Bank for Hydrology (www.hydro.
eaufrance.fr/); (3) sampling year, from 21 February
2002 to 25 June 2002 and from 5 November 2002 to 10
July 2003; (4) sampling sites, corresponding to different distances from the river mouth. (5) Tidal periods
were long-term tidal oscillations defined according to
a tide calendar, and corresponded to the 3 steps of
glass eel recruitment in Atlantic estuaries: a first tidal
period of increasing recruitment from 1 November to
the neap tide of February (6 February in 2002 and 11
February in 2003), a second tidal period of decreasing
recruitment from the neap tide of February to the
neap tide of May (6 May in 2002 and 9 May in 2003),
and a third tidal period of late recruitment from the
neap tide of May onwards (Elie & Rochard 1994,
Beaulaton & Castelnaud 2005). Hence, the tidal
period effect also captured seasonal effects, and was
positively correlated with water temperatures. (6)
Finally, tides were separated in 2 classes around the

Mean observed abundances
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Fig. 1. Anguilla anguilla. (a) Smoothed representation of observed mean abundance (± SD) of glass eels and newly transformed yellow eels at 5 sampling sites (A, B, C, D, E) in the
tidal area of the Dordogne River (raw data). SD are large
because of the high number of 0 catches. (b) Smoothed representation of predicted abundance indices corrected for
effects of covariates (as given in Table 2)

French tidal stage 80 (corresponding to strong or
weak tidal height).
From the 4 statistical models (Table 2) we obtained
estimates for the effects of each sampling site on presence and abundance of fish, correcting for the effects
of other covariates. Having obtained these fitted estimates for the probability p of a non-zero abundance
and for mean positive abundance μ for each sampling
site, site-specific predicted abundance indices in Fig. 1
were given by pμ (Stefánsson 1996).

RESULTS
Spatial distribution of glass eels vs. small yellow eels
Both presence and abundance of glass eels Anguilla
anguilla were significantly affected by the sampling site
effect (Table 2); abundance markedly increased with
increased distance from the river mouth and peaked at
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Table 2. Details of the different generalised linear models (GLM) used to model abundance of glass eels and newly transformed
yellow eels Anguilla anguilla around the tidal limit of the Dordogne River. GLM selection was based on the parsimony principle
(lowest Aikaike’s information criterion) among a set of statistical models, including an exhaustive combination of candidate
effects. Effects were incorporated without interaction in the model’s formulation (i.e. strictly additive formulation). Significance of
effects is based on a Type III sum of squares. See ‘Results’ for detailed description of how each covariate affected fish presence
and abundance
Development
stage

Dependent
variable

Link
function

Distribution
function

Effects

df

χ2-value

p

1

Glass eel

Presence

Logit

Binomial

Sampling site
Tidal period
Number of collectors

4
2
1

68.80
27.53
12.82

< 0.0001
< 0.0001
0.0003

2

Glass eel

Positive
abundance

Logarithm

Poisson

Sampling site
Tidal period
Sampling year
River discharge
Tides
Number of collectors

4
2
1
3
1
1

377.87
136.65
137.44
59.87
84.77
11.35

< 0.0001
< 0.0001
< 0.0001
< 0.0001
< 0.0001
0.0008

3

Yellow eel

Presence

Logit

Binomial

Sampling year
Sampling site
Number of collectors
Tides

1
4
1
1

23.34
20.72
8.21
4.08

< 0.0001
0.0004
0.0042
0.0435

4

Yellow eel

Positive

Logarithm

Poisson

Number of collectors
River discharge
Sampling site
Tidal period
Sampling year
Tides

1
3
4
2
1
1

16.18
16.49
15.34
8.35
4.95
4.32

< 0.0001
0.0009
0.0040
0.0154
0.0260
0.0377

GLM
number

the break point of tidal streams (Site C), indicating accumulation at this point of the watershed (Fig. 1). Then,
abundance decreased sharply at Site D, reaching 18% of
the abundance encountered at Site C. At Site E, abundance of glass eels was almost zero (Fig. 1). Both presence and abundance of newly transformed yellow eels
were also significantly affected by the sampling site
effect (Table 2). However, their distribution pattern was
markedly different from that of glass eels, since abundance increased upstream of Site A and then remained
nearly constant through Site E (Fig. 1).

Hydrodynamic forcing and temporal trends in
abundance
Abundance of glass eels (but not presence) decreased
with an increase of both tides and river discharge. In
contrast, abundance of small yellow eels increased with
river discharge, while both presence and abundance
also decreased with increasing tides (Table 2). Abundance of glass eels and both presence and abundance of
newly transformed yellow eels decreased during the second sampling year (Table 2). The highest abundance of
glass eels were found during the second tidal period,
while the highest abundance of newly transformed yellow eels were found during the third tidal period (1 tidal
period, i.e. ~3 mo, after peaking glass eel abundance).

DISCUSSION
In numerous marine organisms, the end of larval
metamorphosis triggers a behavioural switch from migration to settlement. Our study suggests a similar ontogenetic pattern in the European eel Anguilla anguilla.
Glass eels arriving from the sea and migrating up-estuary accumulated at the break point of tidal streams.
This accumulation may be compared to a traffic jam
due to a narrowing road. Here, the traffic jam is due to
the loss of tidal advection available for STST. Upstream
of the break point of tidal streams, only counter-current
swimming glass eels were still able to continue river
colonisation. Our data suggest that only 18% was able
to switch to counter-current migration, and that these
individuals transformed into yellow eels before reaching Site E. Switch to counter-current swimming by
glass eels is associated with high thyroid hormone levels (TH, the thyroxine T4 and triiodothyronine T3),
which stimulate locomotor activity (Edeline et al. 2004,
2005a). It is likely that not all individuals have a thyroid
gland activity high enough to switch from STST to active counter-current river colonisation. High thyroid
status in counter-current swimmers may also explain
their rapid transformation into yellow eels, because
THs regulate the suite of morphological and physiological transformations associated with metamorphosis
(reviewed by Edeline et al. 2005a).
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The distribution pattern of newly transformed yellow
eels was quite different from that of glass eels, suggesting a pronounced ontogenetic change in dispersal
behaviour. Maintenance of upstream migratory movements by newly transformed yellow eels would have
induced increased abundance upstream of the site of
accumulation (Site C). Instead, abundance remained
almost constant upstream of Site A, suggesting loss of
upstream migratory behaviour (i.e. settlement) at the
onset of the growth phase. Accordingly, transformation
into a yellow eel is related to a decrease in thyroid
gland activity (Callamand & Fontaine 1942, Jegstrup &
Rosenkilde 2003), an endocrine change that could
induce settlement. Homogenous distribution of newly
transformed yellow eels around the point where they
initially accumulated as glass eels further suggests
density-dependent dispersal. Accordingly, several
recent studies suggest that yellow eel movements in
rivers mainly result from (random) dispersal (Smogor
et al. 1995, Feunteun et al. 2003, Ibboston et al. 2003).
In newly transformed yellow eels, density-dependent
dispersal may be related to the acquisition of fully
developed feeding capacities that trigger competition
for food and space and allow cannibalism. Yellow eels
severely compete for food intake, and are strongly
cannibalistic (Tesch 1977, Knights 1987).
Ultimately, growing fast is crucial for eels. Increased
size brings higher social rank; protects from cannibals
and predators; reduces the duration of the continental
growth phase, because maturation is size dependent
(Vøllestad 1992); and enhances fecundity and swimming capacity. Migration to the continental feeding
grounds probably evolved because freshwater habitats
are more productive than marine habitats at the tropical latitudes where the genus Anguilla appeared
(Gross et al. 1988, Aoyama et al. 2001). At temperate
latitudes, marine and estuarine habitats are more productive than freshwaters (Gross et al. 1988), and thus
seem more favourable for growth maximisation. In
addition, migration results in a trade-off with growth
(Edeline 2007), as confirmed by experiments showing
that glass eel migratory propensity is negatively correlated to subsequent juvenile growth performance over
a period of 2 mo (Edeline et al. 2005b). Hence, settlement at the onset of the juvenile phase, rapidly stopping migration and promoting the colonisation of
productive marine or estuarine habitats, may be seen
as a growth-maximising developmental tactic. Subsequently, post-settlement, density-dependent dispersal
allows optimal habitat utilisation. Settlement is a complex trait involving profound morphological, physiological and behavioural changes. Hence, it is likely
that, like any other complex trait (Futuyma 1997), the
timing of settlement is influenced by significant additive genetic variance, allowing the evolution of disper-
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sal ontogeny (Edeline 2007). Such genetic variability
could explain the existence of alternative dispersal tactics of minority individuals settling at the glass eel
stage or maintaining density-independent, upstream
migration at the yellow stage.
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