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Maturation rates in three European eel Anguilla anguilla populations increased from September

to October and were slightly lower in fresh water than in brackish waters. Average and variance

of total length at maturation were larger in females than males. # 2006 The Authors
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The European eel Anguilla anguilla (L.) is a catadromous fish: individuals grow
and feed in brackish and fresh waters as yellow eels until sexual maturation,
when they metamorphose to the silver stage and leave continental waters to reach
their spawning grounds in the Sargasso Sea. Sexual maturation of European eels,
as well as sex differentiation, depend upon body size rather than age, with fast-
growing individuals maturing earlier than slower ones (Vøllestad & Jonsson,
1988; De Leo & Gatto, 1995). Sex differentiation and maturation, along with
the differences in the growth paths of males and females, play a key role in deter-
mining the size and sex structure of A. anguilla populations. European eels show
indeed delayed sex differentiation and clear sexual dimorphism, with females at-
taining larger body size and starting sexual maturation later than males (Vøllestad,
1992; Krueger & Oliveira, 1999). Accordingly, the population size structure of
the spawning stock is clearly bimodal. The differences in maturation between
males and females affect the timing of migration, alter the sex ratio and influ-
ence the effective output of spawners of European eel populations. Identifying
the triggers for metamorphosis and understanding the way environmental fac-
tors affect sex maturation of European eels is one of the preliminary steps
needed to develop reliable demographic models which, in turn, can provide
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effective tools for the management and conservation of this charismatic, yet
endangered fish species.
Metamorphosis processes have been deeply debated in the last years (Beullens

et al., 1997; Svedäng & Wickström, 1997; Durif et al., 2005). Most studies have
been aimed at describing the morphological and physiological changes occurring
during metamorphosis, but only very few of them have been oriented to the esti-
mation of maturation rates by calibrating mathematical models on available data
(De Leo & Gatto, 1995, 1996). In fact, although modelling approaches have
already been used to describe different aspects of the complex life cycle of
A. anguilla, such as natural recruitment (Lambert, 1994; Dekker, 2000a, 2003),
body growth (De Leo & Gatto, 1995; Poole & Reynolds, 1996; Melià et al.,
2006a), and fishing mortality (Moriarty & Dekker, 1997; Dekker, 2000b), studies
on maturation have usually been limited to estimating the mean total length (LT)
and age at metamorphosis (Vøllestad & Jonsson, 1988; Vøllestad, 1992; Poole &
Reynolds, 1996; Svedäng et al., 1996). The few attempts to compute maturation
rates as a function of LT were carried out in different ways, either by empirical
estimation of the parameters so as to match model predictions with field obser-
vations (Sparre, 1979), or by rigorously fitting parameterized demographic mod-
els to available data (De Leo & Gatto, 1995), or by using length-structured
cohort analysis models on catch data (Dekker, 2000c). In the present work,
a simple maturation model, explicitly accounting for sexual dimorphism and
temporal variation of maturation rates, was used to test the influence of different
environmental conditions on maturation parameters.
According to both field observations and previous demographic studies

(Vøllestad, 1992; De Leo & Gatto, 1995), the maturation rate (here intended
as a finite rate, i.e. the probability that a yellow European eel becomes silver
within a given time step, for instance a month or a year) was assumed to be
an increasing and saturating function of LT:

gðLTÞ ¼ gmax

h
1 þ eðl � LT)Z�1

i�1
ð1Þ

where gmax is the asymptotic maturation rate, l is a semisaturation constant
and Z is a shape parameter which is inversely proportional to the slope of
the curve at LT ¼ l.
Equation 1 was applied to three data sets. The first was gathered between

1997 and 2003 in the brackish waters of the Vaccarès and Impériaux (V&I)
lagoons (Rhône River delta, southern France), where both yellow and silver
European eels are commercially exploited. A second data set was collected
between 1989 and 2002 in the adjacent Fumemorte (FM) drainage canal, a
freshwater body where fishing is forbidden. The third was collected between
1974 and 1976 in the Valli di Comacchio (VC) lagoons (Po River delta, north-
ern Italy), another brackish environment, where only silver European eels are
fished. This last data set was originally analysed by Gatto et al. (1982) and
then used by De Leo & Gatto (1995, 1996) to develop a demographic model
for the VC eel population. Table I provides a concise overview of the three sites
and the corresponding data. In Camargue (V&I and FM), yellow and silver
European eels were caught with the same fishing gear during the same sampling
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sessions. Hence, the observed proportion of silver European eels in each LT
class of the sample was assumed to accurately reflect the distribution of silver
European eels in the population. At VC, silver European eels were sampled
from the professional catch of 1975–1976 at the so-called Lavorieri (screens
located at the sluice gates of the canals connecting the lagoons to the sea),
whilst yellow European eels were caught by a shallow water trawl at the begin-
ning of autumn 1976. Yellow abundances in the VC sample were rescaled by
a proportionality coefficient [estimated by Gatto et al. (1982)] to account for
the differences in fishing effort and selectivity of the fishing gear between the
two samples. Since silvering takes place in autumn, only data collected from
September to November were used for the estimation of maturation rates.
For all populations, maturation rates were calculated on an annual basis.

For the V&I population, the number of data was sufficient to calculate also
monthly maturation rates. On an annual basis, the maturation rate was calcu-
lated simply as the proportion pS of silver European eels in every LT class of
the autumn population structure. In fact, mature fish abandon the study sites
shortly after maturation (usually in winter), so silver European eels observed in
autumn samples must have silvered during the current season and the silvering
probability coincides with the fraction of silver European eels within the LT
class. To calculate monthly maturation rates, the effect of progressive matura-
tion was accounted for as follows. Let NY(t) and NS(t) be the number of yellow
and silver European eels, respectively, in a given population and in a given
month t, and let g and s be the maturation and survival rates. The number
of silver eels at time t þ 1 was derived as the number of silver already present
plus that of those matured in the meanwhile, multiplied by the survival rate:

NSðt þ 1Þ ¼ s½NSðtÞ þ gNYðtÞ� ð2Þ

Dividing both members by the total number of European eels at time t þ 1,
considering that N(t þ 1) ¼ sN(t), and indicating with pY(t) and pS(t) the

TABLE I. Main features of the three study sites and corresponding data sets

Vaccarès–Impériaux Fumemorte Valli di Comacchio

Latitude 43°309 N 43°309 N 44°409 N
Longitude 4°309 E 4°309 E 12°109 E
Salinity 3�8–38�0 0�9 23–37
Winter temperature (° C) 7 7 2
Summer temperature (° C) 21–22 21–22 24
Sampling period 1997–2003 1989–2002 1974–1976
Sample size

Males (yellow/silver) 622/275 19/37 8/159*
Females (yellow/silver) 354/62 126/96 29/334*

LT (mm) 74–722 67–825 123–709

Salinity and temperature data from Dallocchio et al. (1998), Acou et al. (2003) and Poizat et al. (2004).

*Yellow and silver counts in Comacchio are not directly comparable as the fishing procedures used

were different.

LT, total length.
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proportions of yellow and silver European eels at time t, respectively, equation
(2) was rewritten as:

pSðt þ 1Þ ¼ pSðtÞ þ gpYðtÞ ð3Þ

Noting that pS þ pY ¼ 1 by definition, and solving equation 3 with respect
to g, the maturation rate was finally calculated as:

g ¼ ½pSðt þ 1Þ � pSðtÞ�½1 � pSðtÞ��1 ð4Þ

The equations above are valid only if g and s are constant in time and equal
for yellow and silver European eels. This assumption is likely to be verified
with good approximation if the population is divided by sex and in sufficiently
narrow LT classes (30 mm classes were used for males and 50 mm ones for fe-
males, whose body size spans over a wider range). Optimal values for matura-
tion curve parameters were found by minimizing the mean squared error
between the maturation rates predicted by the model (equation 1) and those
calculated from catch data with equation 4. Maturation parameters gmax, Z
and l were estimated independently for males and females at the three sites.
Uncertainty of parameter estimates and relevant statistics were assessed with
bootstrapping (Efron, 1979). Bootstrapping was stratified in LT and sex classes
to follow the original sampling procedure (Efron & Tibshirani, 1986).
The results of calibrating the maturation models are reported in Table II.

Maturation rates calculated from the original data sets and the corresponding
fitting curves are shown in Fig. 1. Monthly maturation curves for the V&I pop-
ulations are shown in Fig. 1(a) and (b), whilst in Fig. 1(c), (d) and (e) annual
maturation curves of the three populations are compared.
As for monthly maturation rates in V&I, the dependency of maturation pa-

rameters upon sex and time was assessed by statistical tests on bootstrapped
distributions obtained from the September and October subsets. The l was sig-
nificantly influenced by sex (c. 550 v. 360 mm for females and males, respec-
tively) and slightly less significantly by time (two-way ANOVA, d.f. ¼ 1,
3999, P < 0�001 for sex, d.f. ¼ 1, 3999, P ¼ 0�001 for time). On the contrary,
gmax changed remarkably with time (from c. 0�65 in September to 1 in October)
but was not affected by sex (two-way ANOVA, d.f. ¼ 1, 3999, P < 0�001 for
time, P > 0�05 for sex). Finally, Z varied with both time and sex (two-way
ANOVA, d.f. ¼ 1, 3999, P < 0�001 for both factors).
The effect of the environment on silvering was assessed in the same way by

comparing parameter distributions of the annual maturation curves obtained
for the three populations. All maturation parameters varied with both sex and
site (two-way ANOVA, d.f. ¼ 1, 5999, P < 0�001 for both factors). The strong
sex dimorphism of maturation paths, however, could have masked some subtler
differences as regards the influence of the site. Therefore, bootstrap distributions
of all parameters were compared pair-wise (two populations at a time) by means
of a Wilcoxon matched pairs test. Inter-site differences were significant (P <
0�001) for all parameters except l of females and gmax of males, which did not
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differ significantly between the two brackish-water populations (both P > 0�05).
Although this was only partially confirmed by statistical tests, average LT at
metamorphosis was very similar at all sites for both sexes. In all populations
average LT at sexual maturation was higher in females than in males in accor-
dance with current knowledge (Vøllestad, 1992; De Leo & Gatto, 1995; Svedäng
et al., 1996; Dekker, 2000c; Acou et al., 2003). It is interesting to notice that in
all investigated populations Z (which is inversely correlated to the slope of mat-
uration curves) and the S.D. of l were higher in females than in males (Wilcoxon
test, P < 0�001; Levene’s test, P < 0�001). This confirms the empirical observa-
tion by Vøllestad (1992) that the average LT at sexual maturation is more vari-
able in females than in males and corroborates the hypothesis that males
undergo sexual maturation as soon as they attain the minimum body size neces-
sary to afford migration, whilst for females there is trade-off between maximiz-
ing fecundity (by continuing growth and postponing reproduction) and
minimizing the probability of dying in continental waters (Vøllestad, 1992).
The asymptotic maturation rate was equal to 1�0 for both sexes in the two

brackish-water populations, whilst it was slightly lower in fresh water (0�9
for females and 0�8 for males), suggesting that silvering is more difficult in
freshwater environments. So far, appreciable differences in maturation between
fresh and brackish waters were found only for the average age at metamor-
phosis. In fact, growth is known to be slower in fresh water and, consequently,
European eels take longer to reach the suitable size for metamorphosis (Acou
et al., 2003; Melià et al., 2006b). Asymptotic maturation rates derived in the
present analysis are appreciably higher than those found by Dekker (2000c)
for the IJsselmeer population and by De Leo & Gatto (1995, 1996) for Comac-
chio. A comparative analysis with Dekker’s (2000c) estimates is not possible
due to the different approaches used in his and this work. It is instead interest-
ing to compare the difference between present estimates and those obtained by
De Leo & Gatto (1995) using the same data set for VC. In fact, they estimated
that the asymptotic mean � S.D. maturation rate for females was equal to
0�34 � 0�09, far below the present estimate (1�00 � 0�01). This discrepancy is
probably due to the different procedures used to calibrate the models. In fact,
the estimate of De Leo & Gatto (1995) is the result of the concurrent calibra-
tion of eight unknown demographic parameters and might be biased by over-
parameterization. In contrast, the present estimate has been obtained by
calibrating only the three parameters of a single maturation curve. Although
this estimate might also be affected by some biases (e.g. the fact that yellow
and silver European eels counts are not directly comparable), splitting the cal-
ibration of complex demographic models into several small models focused on
specific life-history events can help bypass some computational problems and
obtain more reliable results.

FIG. 1. Estimated median � 90% CI maturation rates for male ( , ) and female ( , ) European

eels at (a), (b) and (c) Vaccarès–Impériaux, (d) Valli di Comacchio and (e) Fumemorte. (a) and (b)

are monthly maturation (September and October, respectively), whilst (c), (d) and (e) are annual. ,

, maturation rates calculated from data for each LT class rates.
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de la Pisciculture 335, 99–110.
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