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ABSTRACT. — Andyss of morphologicd and physologica parameters during the Slvering
process of the European edl (Anguilla anguilla) in the Grand-Lieu lake (France).

The am of the current study was to describe the morphologica and physiologica changes
which occur during the trangtion from yelow to slver ed (Anguilla anguilla). We
investigated the different stages present in an ed population prior to downstream migration.
We were thus able to observe the sequence of changes during the metamorphosis.
Measurements were taken from 305 edls harvested in the Lac de Grand-Lieu (France). To
evauate the degree of metamorphosis, gonads, digestive tract, and liver were weighed and
the level of gonadotropic hormone (GtH) was measured. Principad component analyss
(PCA) was caried out on a subsample of eds for which we had dl four physiologica

parameters in order to determine homogeneous groups according to their sex and degree of



maturation. Thus, three groups were identified: the firs corresponded to slver and
intermediate male eds, the second to siver and intermediate females and the third to yellow
eds. Discriminant functions based on morphologica variables were then caculated and used
to reclassfy individuds into their initid category. 94% of the eds were correctly reclassified.
These functions were then applied to the whole sample. The results of the classification were
compared with the initid data, thus enabling us to identify four different sages as wel asthe
sequence of events during the metamorphosis.

Key-words.- Anguilla anguilla, dlver ed, metamorphoss, physology, biometry,

discriminant andysis.

RESUME. - L’ objectif de cette é&ude a éé de décrire de facon précise les différents stades
d anguilles (Anguilla anguilla) avant leur migraion d'avalaison de maniere a visudiser la
succession des changements au cours de la trangtion anguille jaune — anguille argentée. Des
mesures ont éé effectuées sur 305 anguilles provenant du Lac de Grand-Lieu (Loire-
Atlantique). Afin d’ évauer le degré de métamorphose des anguilles nous avons mesuré les
poids des gonades, intestin, foie aing que la teneur en GtH (hormone gonadotrope). Une
andyse en composantes principaes (ACP) a éé effectuée sur les anguilles pour lesqueles
nous disposions des quatre parametres physiologiques. Trois groupes ont éé identifiés : le
premier conditué par des individus méaes argentés et intermédiaires ; le deuxieme par des
femelles argentées et intermédiaires ; le troiséme groupe comprenait des anguilles jaunes et
intermédiaires. Dans un deuxiéme temps, nous avons caculé les fonctions discriminantes
permettant de replacer ces individus dans leur groupe respectif uniquement a partir des

paramétres morphologiques. Aing 94% des anguilles ont pu étre correctement reclassées.



Les fonctions discriminantes ont ensuite éé appliquées a la totdité de I’échantillon. Ce
classement a éé comparé aux données initides, ce qui nous a permis de caractériser quatre
dades différents & and déablir une chronologie des modifications pendant la

métamorphose.



INTRODUCTION

At the end of growth in the continental environment, the ed begins the last phase of its
biologica cycle. It is during this phase that the second metamorphoss takes place, which will
prepare it for marine migration in order to reproduce. It undergoes changes in appearance,
behaviour, and physiology. The externa changes can be seen as a change in the ed’s colour,
at firg yelow, it then takes on a dlvery tint on the belly and black on the back, characteritic
of marine species. There is dso athickening of the skin, lengthening of the pectord finsand a
more abundant secretion of mucous. Generally spesking, the sensory organs become more
developed: the nodtrils dilate, the laterd line becomes more visible and the surface of the eyes
increases considerably. Hypoosmoregulatory mechanisms are set in motion before the fish
reaches sdt water. During this metamorphoss, the ed stops feeding and the digestive tract
degenerates. The liver undergoes changes in structure and metabolism with an accumulation
of lipid reserves (reexamined in Bertin, 1951; Deelder, 1970; Tesch, 1979; Lecomte-
Finiger, 1990; Fontaine, 1994). When it begins its migration downstream, the ed is ill
immature, athough sexudly differentisted. The gonads increese in weight during the
metamorphoss. Sexua maturity will not be truly completed until the anima reaches the seg,
where hydrogtatic pressure plays arole in simulating the gonadotropic function (Dufour and
Fontaine, 1985). In the continenta environment, however, we observe a dight increase in the
gonadotropic hormone content, which is in turn correlated to gonad weight (Marchelidon et
al., 1999).

Fontaine (1994) raised the question of the kinetics of the silver ed metamorphoss, Sating
that “a knowledge of these successve dages is essentid if we ae to andyse the

mechaniams’. Indeed, there is no detailed description of the evolution of the different



parameters during the trangtion from yellow ed to slver ed. According to this author, the
beginning of gonad development occurs relatively early in the metamorphosis, to be followed
by the increase in eye surface area, changes in pigmentation of the tegument and findly
changes in the digedtive tract.

The generd appearance of the anima (colouring, exophthamy) gives a very generd idea
of its gate of maturation. Edls are generadly classfied as yelow-sedentary or slver-migrant,
two stages that correspond to two ecophases (Bertin, 1951; Elie and Rigaud, 1984; Dufour,
1994). This cdasdfication does not take into account the gradua nature of the
metamorphosis. In the naturd environment, whether in a sedentary or migrating fraction of
the population, we frequently encounter individuas that are neither yellow nor entirely siver,
but are probably at an intermediate stage. At the present time, there is no information on
these unclassfidble individuas, nor on their state of maturation.

To try and answer these questions, we atempted to make a more detailed classfication
of the different stages of devedlopment of made and femde eds present in the environment
immediately prior to downstream migration. The physiologica parameters we measured were
chosen to take into account their state of transformation: weight of gonads, digestive tract,
liver and pituitary GtH content. In order to relate the degree of maturity to some
morphologica criteria, we measured the parameters that could differentiate the various stages
in ed deveopment and their sex. After the different groups were defined, based on a
subsample in which the pituitary GtH contents had been measured, we attempted to
reclassfy dl the edsinto their respective groups based smply on their morphologica criteria

The resulting dassfication was then compared with the stage attributed when the animals



were measured, with the sex of the individuas and dso with the data relating to the gonads,

the digegtive tract and the liver.

MATERIAL AND METHODS

Harvesting the eels

The eds were caught (305 individuas) using a hoop net in the Lac de Grand-Lieu (Loire-
Atlantique). Ten sampling campaigns were carried out over a period of 4 years between

November 1994 and November 1998.

Parameter s studied

External anatomical characteristics

The following parameters were messured before the animal's were sacrificed: body weight
(P), totd body length (Lt), length of pectord fin (Ln), horizonta (Dh) and vertica (Dv)
diameters of the eye. An eye index (10) was caculated according to Pankhurdt's formula

(1982):

.2
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Another index (ILn) was cdculated, enabling us to compare lengths of pectord fins.

ILn= Ln. 100
Lt

The eds were classfied into three categories according to their pigmentation: slver eds
(A), yelow eds (J) and intermediate edls (Int). This third group represented individuas that
had neither the typica colouring of the slver ed (black back, slver bdly, clearly defined

laterd ling), nor that of the yellow ed.



Internal anatomical characteristics

After the animals were killed and dissected, the following organs were weighed: gonads,
liver, digestive tract (emptied). These weights were related to the body weights (P) of each
ed to cdculate the corresponding indexes. the gonadosomatic index (GSI = % weight of
gonads/P), the hepato-somatic index (HS = % weight of liver/P) the digedtive tract-sometic
index (DTI = % of digestivetract /P).

Sex determination

This was carried out by macroscopic observation of the gonads and, if necessary, by
microscopic obsarvation after histologica fixing. Individuas were classfied into three
caegories femdes (differentiated ovaries), mdes (differentiated tedticles) and
undifferentiated.

Hormonal levels

The type 2 gonadotropic hormone (GtH) plays an essentiad role in simulating gonad
activity; the rate was measured by radioimmunologica assay RIA (Dufour et al., 1983) only
in the pituitary extracts, as its presence is undetectable in the serum of the edls a the ydlow

and slver stages (Dufour, 1994).

Data treatment

Principa Component Analysis was carried out on a subsample of 136 edls (for which we
had the GtH vaues) basad on four varigbles: GSl, HSI, DTS and GtH. We then used
discriminant analyss (DA) to caculate linear combinations based on four morphological
vaiables Lt, P, 10 and IIn, enabling us to separate them into groups. The discriminant
function thus caculated was gpplied to dl the individuds for which we had no GtH

measurements. The classfication of each individud into groups was compared with the initia



data. Multivariate analyses were caried out using ADE-4 software (Thioulouse et al.,

1997).

RESULTS

Deter mining groups using principal component analysis (PCA)

The results of the PCA are presented in figure 1. Axes 1 and 2 account for 62% and
27% respectively of the total inertia. Points were plotted by stage. Correations of the
variables to the axes are presented in figure 1B.

Precticdly dl the ydlow individuds are grouped into the pogtive part of axis 1 These
present relatively high levels of DTSl and HSI, between 1.43 and 6.49 and between 0.81
and 4.61 respectively.

The slver eds are to be found in the left-hand part of figure 1A, and are subdivided into
two groups, corresponding to maes and femaes. The further to the Ieft the points are
located, the higher the levels of GtH in the eds and the greater the GSI; the GtH levels go up
to 386 ng/pituitary and the GSl to 1.89. The extreme values correspond to the silver females.
The slver maes have lower vaues, especidly for the GSI, which varies between 0.06 and
0.23. The eds of intermediate colouring do not form a separate scatter plot but are
digributed throughout the 3 groups. Some therefore have physiologica characterigtics that
are closer to the yellow edlswhile others aready have a certain degree of maturity.

By taking into account the sex of each ed in the PCA results as well as the stage
evauated when measurements were taken (A, J, Int), we defined 3 groups. The four
physiologica criteria condtituted our reference for defining each group. Groups G1 and G2

corresponded to femae and mae diver eds respectively. The yelow eds made up group



G3. Two eds assessed as dlver were alocated to group G3 since their physiologica
characterigics put them among the ydlow, or immature eds. Table | summarises the

composition of each group and their characterigtics.

Discriminant analysis accor ding to mor phological parameters

Discriminant analysis was carried out on the 3 groups defined in the previous paragraph
and for the following 4 variables: totd length (Lt), body mass, (P), eye index (10) and
pectord fin index (ILn). Results are given in figure 2. The discriminant functions caculated for
esch factoria axis enabled us to reclassfy 94% of the 136 individuals into their respective
groups, smply from morphologica parameters. The classification functions are presented in
the box below. Vaues g, @, ¢ were cdculated for each individud. The highest vaue

indicates the group to which the individua was dlocated.

0, =-12654+317Lt - 0,22P + 26,41Ln + 32110
g, =-124,85+3,05Lt- 0,24P +2599ILn + 4,410
0, =-105+335Lt- 0,24P +24,69ILn+0,9110

Reclassification of total sample

The dassficaion functions were applied to the entire sample (305 individuas). The
classfication was then compared to the stage attributed to each ed when measurements
were taken (A, J, Int) and to the sex of the individuas. The results of the classfication are
presented in figures 3, 4 and 5.

Figure 3 shows the composition of each group after the individuals were classfied by
discriminant function. Groups G1 and G2 contained 66 and 52 individuas respectively.
Classfication by sex of individuas was 98% correct; only 5 females were put into the mae

group (G2). Some classification errors were o made relating to the stages. Group G1 was



made up of 23% yellow eds (J) and group G2, 8%. The discriminant function appearsto be
more accurate in classfying maes than slver femaes Group G3 contained the largest
number of individuds (187). Only four Siver eds were classfied in this group. These were
individuas with alow eyeindex, below 9.

Intermediate individuals were digtributed into the three groups demongrating a certain
heterogeneity in their degree of maturation. Thus, 62% of these edls were apparently closer
to the dlver eds (groups G1 and G2) while 38% were associated more with the yellow stage

(group G3).

Detailed analysis of the organic parameters

The anatomical characteristics (DTI, HS and GSl) of the eds that had been
“misclassfied” and the intermediate ed's were andlysed in more detall and compared with the
entire sample in order to judge the validity of the classfication carried out according to their
gate of maturation. The vaues of GS and HSl according to DTI for these eds were
compared with those of the edls correctly classified in figures4to 7.

Yellow edls classified in G1 and G2

The yellow edls that were dlocated to group G1 presented higher DTI than the silver eds
(Fig. 4). Smilarly, we noted differences in the GSI; the gonads were much less well
developed in these yelow eds. The alocation of these eds into group G1 does not seem
judtified given their state of maturation. However, compared with the yellow eds classfied in
group G3, these individuas were among the most mature (Fig. 5); they were in the upper
part of the scatter plot of yellow edsin the GSl. The four yelow eds classified in G2 werein
fact two females and two individuas that were sexudly undifferentiated. This explains the

GSl values that were higher than those of the slver maes (Fig. 6), as the gonads of the



females were much more developed in terms of volume than those of the maes. Only one ed
out of the four truly belonged to the Silver edls.

Slver eels classified in G3

Two eds out of the four slver individuals corresponded to the diver eds defined as
belonging to group G3 for discriminant andysis. The other two were more mature according
to their HSI (1.36 and 1.42), DTI (1.73 and 1.92) and GSl (0.11: individual mae and 1.82:
individua femae) vaues, but not as mature as the edsthat were truly slver.,

Intermediate eels

The intermediate eds classified in G1 formed two distinct scatter plotsin figures 4 and 5,
corresponding to two groups with different degrees of maturation. In the maes, that is group
G2 (Fig. 6), the intermediates formed only a single group, which presented the characterigtics

of adlver ed. The two individuas with high GSl in figure 6 corresponded to femaes.

Kinetics of the appear ance of changes

From dl the observations carried out, we were able to characterise different degrees of
metamorphoss from the different groups of individuas. This information gave us an idea of
the successon of internal and externa changes that occurred throughout the metamorphosis.
The characteristics of each of these stages are summarised in Table 1, also the successve
phases for each sex.

The increase in eye surface associated with an increase in gonad weight were among the
firsg changes to occur. At this stage (A1), some eds began to change colour; some
individuas had even been dassfied as intermediary according to their pigmentation. It also
emerged that some edls were not yet sexudly differentiated. The decreases in HSl and DTI

occurred a stage A2, in the femdes, the eds seemed to have stopped accumulating any



reserves. It was dso in this phase tha total lengths ceased to increase. The change in
pigmentation had not yet necessarily taken place as some eds were gill yedlow in colour. In
the males, the increase in GSl coincided with the degeneration of the digestive tract and the
decrease in liver weight. However, the limited numbers at sage A2 (two individuas) meant
that we could not obtain any significant results. Whether in males or females, we observed
that sages A3 and A4 differed only in the change in pigmentation, which then became truly

Slver.

DISCUSSION

Until now we had only empirical descriptions of the way in which the transformation
occurred in edls. The observations that we have made show that the metamorphosis occurs
gradualy. The stages we have described correspond to the succession of changes associated
with average vaues for each physiologica parameter. Thee are the fird dements of
information on the kinetics of the metamorphoss of the migrating ed which engble us to
dtuate an individud in the sequence of events.

Experiments in artificid maturation have shown that the eye index can reach 27 (Boétius
and Boétius, 1967) and that the weight of the gonads can represent as much as 31.8% of the
anima’ s body weight (Fontaine et al., 1964). It is therefore highly probable that the phases
that we describe make up only a smdl part of the animal’s preparation for reproduction. A
description of the later stages would enable us to recondtitute the complete kinetics and this
will be done &t a later date.

The sample analysed in this study came from the Lac de Grand-Lieu (catchment area of
the river Loire). We must now generdise these results into other catchment aress. It is

probable that, depending on the upstream-downstream location of the population studied,



there are differences in the ranges of vaues measured for each parameter. Indeed, the
“digtance to the sed’ factor could be linked with the stage a which the ed begins its
downgtream migration.

The modifications occur gradudly and do not necessarily manifest as changes in
pigmentation. Thus, some of the ydlow eds andysed in the course of this study dready
presented high GSR levels (stage A3). Pankhurst and Lythgoe (1982) compared the
gructure and pigmentation of the ed tegument at sexua maturity. Ther results showed that
the pigmentary composition did not change radicaly with maturation. So colour can be used
to diginguish aydlow ed from a slver ed, but it cannot be used as a bads for assessing the
maturity index. It is dso a very subjective criterion which can be affected by the degree of
experience of each observer. The eye index, on the other hand, would appear to be a
criterion that could potentialy be used to evaduate the degree of the ed’s transformation.
Indeed, each stage (A1 to A4) corresponds to a very specific vaue and there is practicaly
no overlap. A further advantage of this index is that it does not require any edls to be
sacrificed. Measuring equipment does, however, need to be standardised in order to avoid
errors from one experimenter to another.

In dudies relaing to the phenomenon of downstream migration, authors sometimes
describe the presence of non-siver eds in the migrating fraction. Bouillon and Haedrich
(1985) have studied lengths and ages of Anguilla rostrata during downstream migration.
They date that as well as catching migrating edls, they aso caught young yellow eds (smaller)
and some that were bronze in colour. In their analyses, the authors did not take into account
these “intermediate’” gpecimens which they were unable to define as ether slver or ydlow.

Smith and Saunders (1955) aso observed that only some of the edls going downstream were



dlver. They added that the rdationship between the total number of individuads moving
downsgtream and the degree of maturity of the eds “remains obscure’. Langon and
Dartigudongue (1997) identified as yelow or undassifigble more than haf the eds in their
sample of downstream edls. The results obtained in the present study could explain these
gpparent contradictions between the migration behaviour of the ed and the absence of slver
colouring. However, what we must do next is to characterise in the same way the different
types of individuas that make up the fraction moving downstream, in order to Stuate them in
the metamorphoss dynamic. Thus, estimating the flux of eds moving downstream, and thus
numbers of potentia spawners, could not be done without using externa criteria with which
to characterise in an entire ed population the fraction that could potentidly migrate in a given

year.
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Figure 1: Graphical displays of the PCA realized on 136 eels and 4 variables. A: Individuals are
represented on axes 1 and 2 (each axis represents 62% and 27% of total inertia). Labels
correspond to the A: silver colored eels, J: yellow colored eels and Int: intermediate eels. Group
G1 represents female silver eels, G2: male silver eels and G3: yellow eels. B. Correlations of
variables to axes. GtH: Gonadotropin hormone; RGS. gonado-somatic index; RHS: hepato-
somatic index; RTDS: digestive tract index.

Table I. -Main characteristics of the three groups of eels defined according to their sex and
degree of metamorphosis. Groups G1 and G2 each represent females and males that display
typical characteristics of silver eels as well as in-between specimens (relative to color). Group G3
representsyellow eels of both sexes.

Groups Gl G2 G3
Number 10 21 101
Females (%) 100 0 86

Males (%) 0 100 7
Sexually undifferentiated (%) 0 0 7

Silver stage 70 86 2

Yellow stage 0 0 78
Intermediate stage 30 14 20

RGS 0,84-1,89 0,06-0,23 0,01-1,02
RHS 0,96-1,65 0,96-1,80 0,81-4,61
RTDS 0,21-2,18 0,95-2,29 1,43-6,49
GtH (ng/hypophyse) 11,84-386,47 | 30,38-364,56 | 0,03-127




Figure 2: Graphical display of the discriminant analysis realized on 136 individuals and four
biometrical variables: total length, weight, ocular index and fin index.

Gl G2 G3
100% femelles 10% femelles 81% femelles
84% males 6% males
6% indifférenciés 13% indifférenciés
J A
Int
8% 2% 13%
Int
27%
A
65%
Int J
39% 85%

Figure 3: Composition in sex, and color of eels for each group after classification of the total
sample of eels by the discriminant functions. A: silver; J: yellow; Int: intermediate.
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Figure 5: Comparison between the yellow (jaunes-G1) and intermediate (Int-G1) eels classified in
the G1 group and yellow eels.
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Figure 6: Comparison between the yellow (jaunes-G2) and intermediate (Int-G2) eels classified in

the G2 group and male silver eels.

Table Il. - Sequence of events during the transition between the yellow and silver phases for
males and females. Arrows indicate a significant increase or decrease (p=0.05) relative to the
males only representing two individuals, values are given for

previous stage. The A2 stage for

information. ns: not significant.

Stades J Al A2 A3 A4
MALES Yellow : males | Int-G3: males | Yellow-G2: Int-G2 : Males | Silver : Males
and sexually and sexually Males
undifferentiated | undifferentiated
Length (cm) 34+5 39+3 38-39 40+1 40+3
2 ns ns
Eye index 4,7+1,2 6,3t1,3 8,2-10,4 10,3+1,5 10,1+1,4
A A A ns
GtH 0,7-12,68 0,7-30,38 158,62-175,12 | 32,5-364,56
(ng/hypophyse)
RGS 0,05%0,06 0,06%0,05 0,10-0,14 0,11+0,02 0,14+0,34
ns 7 A A
RHS 1,95+0,68 2,01+0,81 1,19-1,44 1,42+0,17 1,47+0,34
ns N N ns
RTDS 3,47+£0,97 3,31+1,29 1,60-2,81 1,67+0,35 1,63+0,47
ns N N ns
FEMALES Yellow Int-G3 Int-G1 Int-G1 Silver
Jaune-G1
Length (cm) 43+3 54+6 67+7 70+7 71+1
7 7 ns ns
Eye index 55+1,1 6+0,9 8,3+0,7 11,4+1,8 11+1,7
A A A ns
GtH 0,03-127 4,92-110 7,78-70,01 341,4 35,73-386,47
(ng/hypophyse)
RGS 0,34+1,16 0,61+0,16 0,64+0,18 1,57+0,16 1,63+0,33
7 ns 7 ns




RHS 1,86+0,6 2,18+0,46 1,63+0,48 1,34+0,25 1,42+0,21
A N N ns

RTDS 3,69+0,84 4,39+0,92 3,72+0,73 1,48+0,38 1,70+0,65
A N N ns




