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ABSTRACT: The study of the migration dynamics of glass eels (Anguilla anguilla) in a small 
estuary of the French Atlantic coast shows a two-stage sequence: (1) From November to March, the 
glass eels migrate upstream by using the tidal currents. The estuarine hydrology leads to a natural 
trapping of migrants in a typical area where the current speed slows down. The location of this zone 
depends on hydraulic conditions. The greater the tide is the farther upstream this area will be. This 
phenomenon leads to an increasing catchability of elvers. (2) From April onwards, when the water 
temperature reaches 10-12 °C, the glass eels swim actively upstream in the estuary. Then, fish 
concentrate just below the first dam. This behaviour shift shows the beginning of the colonization 
process of the whole riverine system. 

INTRODUCTION 

From N o v e m b e r  1981 to April 1984, the migrat ion of glass eel  was  s tudied in a small  

estuary on the French Atlantic coast: the Sevre  Niortaise (16 km tong, 40 to 200 m wide). 

No saline waters  flow into this es tuary dur ing the whole  migrat ion period. However ,  the 

flood tide reaches  the ups t ream end of the estuary, which is locked by a dam at every  

flood tide. Therefore,  the data ob ta ined  concern the tidal f reshwater  part  of the glass ee l  
migration. 

STUDY METHODS 

The study of the distribution and movemen t s  of glass eels  is based  upon several  

series of observat ions  (Gascuel,  1986). 
(a) Creel  census of commercial fishermen. Commerc ia l  fishery in the estuary is 

al lowed from 15 October  to 31 March. About  60 f i shermen work  with tow-nets  (1,5 m 2 

section, 0.8 mm mesh  size). Special  logbooks from about  10 f i shermen (1981-82 and 

1982-83 fishing season) a l low us to follow the daily t rends  of the CPUE (catch per  f ishing 

trip) in different parts of the es tuary (4 sectors were  determined) .  These  CPUE have  b e e n  

considered firstly as an a b u n d a n c e  index  of glass eels. 
(b) Sampling m the estuary. Samples  of glass eels  were  col lected dur ing commerc ia l  

fishing trips and from a p lankton  net  (0.4 m 2 section, 0.8 mm mesh  size) towed  by a small  

craft. The sampl ing was p l anned  to follow daily and seasonal  t rends of densi ty  through-  
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out a tidal cycle and  be tween  several  cycles. In 1982 and  1983, 141 samples were taken 
on a month ly  basis dur ing  18 months  in  the ups t ream and  12 months  in the downstream 
part. 

(c) Sampling just  below the dam. By hand  pul l ing a p lankton  net  from the bank,  
samples were  collected just  below the dam from December  1981 to May 1982. 

(d) Mark~Recapture. Two exper iments  of mark / recapture  by using dyes (Neutral red, 
Bismarck Brown; Cantrelle,  1981) were made.  Five and  n ine  kg of coloured glass eels 
were re leased in the downs t ream part of the estuary, in February  1983 and  in March 1984 
respectively. Recaptures in every sector were observed by commercial  f ishermen during 
the days following. 

All these observat ions were combined  with a hydrological study of the estuary to 
assess how the water  masses  move according to the tidal cycle, freshwater flow tide 
s t rength (Gascuel, 1986). From this a two-stage migrat ion behaviour  of glass eel was 
determined:  a flow-carried migrat ion and  an active swimming migration. 

FLOW-CARRIED MIGRATION STAGE 

The behaviour  of glass eels in tidal currents is welt know n  (Creutzberg, 1958). 
During ebb  tide, they hide in the sed iment  or swim very close to the ground*. On the 
flowing tide, they move upwards  through the water  column, more often at night. At each 
tidal cycle, this behaviour  leads to an ups t ream movemen t  of glass eels. Then, the tidal 
currents  have to be considered as transfer vectors. 

Analysis of our data, obta ined  in the estuary of the Sevre Niortaise from November  
to the end  of March, shows that all the movements  of glass eels are due mainly  to this 
behaviour.  W h e n  they move upwards,  they do not swim in any definite direction. They 
depend  strongly on transits of the water  masses. This stage is called the flow-carried 
migrat ion stage. 

Three observat ions can confirm this behaviour:  
(a) Mark~recapture experiments. The distances covered by the coloured glass eels 

are smaller  than  or equa l  to those covered by the water  masses dur ing  the flood tide 
following the t ime of release. Only  some individuals  seem to move faster than by using 
the currents,  but  their swimming  speed seems very low (probably ~ 0.1 m s 1). On the 
other hand,  most of the animals  do not  avail of the full theoretical capacities of the 
currents to move. This fact might  be associated with a merely  partial  upward  moving 
w h e n  the flood tide occurs. Some of them stay very close to the bottom dur ing all or 
near ly  all the flood tide, part icularly dur ing  daylight  tides. 

(b) No accumulation below the dam. During this migrat ion period, the densities of 
glass eels just  below the dam and  downs t ream in the es tuary are very similar (1 to 2 glass 
eels m -3 at high water). The dam cannot  be considered as a physical obstacle to 
migration.  It only prevents  the actively swimming  glass eels from pass ing onwards. 
Nevertheless,  it indirectly in te rvenes  by slowing down the flood tide current  in all the 
ups t ream part  of the estuary. 

* As in the freshwater tidal part of the Penobscot estuary (McCleave & Kleckner, 1982), total hiding 
can be observed in the estuary of the Sevre Niortaise. Indeed, no individual was caught there at ebb 
tide, when using pelagic samplers. 
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(c) In f luence  of  hydrodynamical  factors on the distribution of  glass eels. More 
generally, the flow-carried migrat ion behaviour  is h ighl ighted by s tudying the distribu- 
tion of the glass eels, which is closely related to the hydrodynamics .  At flood tide, the 
ups t ream distance covered by the water  masses  decreases  the farther ups t ream you go 
(Fig. 1). At the same time, maximal  densi t ies  are observed in the area where  the flood 
current  slows down. Hence,  the es tuar ine  hydrodynamics  involves a na tura l  t rapping  of 
animals  in an  area the location of which depends  on the freshwater  flow and  the t ide 
strength. 
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Fig. 1. Estimation of distances covered by the flood-tide current during average flood conditions 

As the tidal s trength grows together  with constant  river flows, the further ups t ream 
this t rapping area moves. During neap  tides, the maximal  densi t ies  have b e e n  found in 
the lower part  of the estuary, while dur ing  the flood tide they were located in upper  parts 
(Fig. 2). At the same time, the fishing effort moves as well, which corresponds to an  
empirical adapta t ion  of the populat ion of f ishermen to the distr ibution of the glass eels. 

Furthermore,  when  the tidal s t rength increases and  the t rapping area moves 
upstream, the densit ies at high tide increase  as well (Fig. 2). At the b e g i n n i n g  of the 
flood tide, the fish are distributed in a smaller water  volume than  the water  volume 
which they left before, at the b e g i n n i n g  of the previous ebb tide (Fig. 3). Then,  while 
they move upstream, their density and their subsequen t  catchabflity increase in a lower 
water volume. Thus, the estuar ine hydrodynamics  leads to a progressive concentra t ion  of 
glass eels. This concentrat ion is higher  as the ratio volume at high water  / volume at low 
water, and consequent ly  the tide s trength are higher.  
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Fig. 2. Theoretical daily variations of glass eel density at high water, in the upstream and 
downstream parts of the estuary 
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Fig. 3. A consequence of the flow-carried behaviour: the concentration of glass eels at each tidal 
cycle 

ACTIVE SWIMMING MIGRATION STAGE 

Each year  (1982 and  1983) from April a change  in the migratory behaviour  of glass 
eels is observed. An active swimming  migrat ion adds to the flow-carried migration. 
While they move up the water  co lumn the glass eels swim upstream. 

Hence  they aggregate  just  below the dam. At high water, densit ies are about 30 
times the downst ream ones (30 vs 1 glass eel per m3). More generally,  the hydrodynami- 
cal factors can no longer  explain the glass eel distr ibution in the estuary. From that time 
onwards,  the densit ies remain  very low in downs t ream parts, whatever  the estuarine 
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condi t ions may  be. At  the  s ame  time, s ignif icant  runs  of g lass -ee l s  a re  r e c o r d e d  on the  
e lve r - l adder  bui l t  in 1984 at  the  d a m  (Bertignac,  1984). To a scend  this dev ice  the  glass  
eels  have  to swim aga ins t  the  current ,  which  they  cotfld not  do before  du r ing  win te r  t ime.  

As this behav iou r  is deve lop ing ,  the  dep th  d is t r ibut ion  of the  glass  ee ls  c h a n g e s  too 
dur ing  the flood t ide:  the  dens i t ies  a re  h ighe r  in u p p e r  layers  of w a t e r  than  nea r  the  
bottom. Such an  observa t ion  has  also b e e n  m a d e  in o ther  es tuar ies ,  such as the  Loire 
(Elie, 1979) and  Gi ronde  [CantreUe, 1981). 

Wate r  t e m p e r a t u r e  s eems  to be  a major  factor in r e l ea s ing  this act ive swimming  
migrat ion.  Indeed ,  the  t e m p e r a t u r e  of e s tua r ine  wa te r s  inc reases  very  quickly  dur ing  
Apri l  (9 °C to 12-15 °C). This t e m p e r a t u r e  i nc remen t  is found to b e  r e l a t ed  to the  ee l  
agg rega t ion  just  be low the dam.  Likewise,  Ber t ignac  (1984) obse rved  good  e lver  runs  on 
the l adde r  when  t e m p e r a t u r e  exceeds  14 °C. A n u m b e r  of au thors  a l r e a dy  r epor t ed  the  
inf luence of this abiot ic  factor on the glass eel  migra t ion  in u p p e r  par ts  of es tuar ies  or in 
r iver  systems (in Tesch, 1977). We  can note  that  act ive migra t ion  seems  to be  in i t ia ted  by  
water  t empera tu re s  h ighe r  than  10-12 °C. 

DISCUSSION 

During win te r  time, the  h u g e  r iver  flows involve  a very  a symmet r i ca l  t idal  curve.  At  
flood tide, the  wa te r  masses  move  b e t w e e n  4 and  7 km in the  lower  par ts  of the  es tuary.  
At low t ide they  vary  from 10 to 30 k m  d e p e n d i n g  upon  the r iver  flow and  the t ide 
strength.  Thus, by  h id ing  in the  s e d i m e n t  at ebb  tide, the  glass  eels  s eem to d i sp lay  a 
very  good  adap ta t ion  to the  env i ronment .  I ndeed  not  only does  it e n a b l e  them to s tay at 
the same spot, but  also to move  u p s t r e a m  with a very  low ene rge t i c  cost. The  la t ter  s eems  
to be  all the  lower  as the  f low-car r ied  b e h a v i o u r  involves  no prec i se  or ien ta t ion  w h e n  
the glass  eels  move u p w a r d s  from the sed iment .  

This behav iou r  s eems  to succeed  to the  res t ing  s t age  in b rack i sh  wa te r s  of es tuar ies  
(Deelder,  1958}. Dur ing  this s tage ,  the  h id ing  of the an imals  in the  s e d i m e n t  is incom- 
ple te  (McCleave  & Kleckner ,  1982; Erie, 1979); at  each  tide, they  par t ia l ly  move  forward  
and  back.  

Ups t ream of the  t idal  area,  the  moving  forward  of the  glass  eels  involves  an ac t ive  
swimming  behaviour .  The  final or ienta t ion is to r each  the  u p p e r  parts .  Of course,  these  
e thologica l  var ia t ions g radua l ly  deve lop  at  ind iv idua l  a n d  popu la t ion  scale;  t hey  can  be  
obse rved  ear l ie r  or not, d e p e n d i n g  on the  year.  They  still const i tu te  s t ages  of the  
ups t r eam ee l  migrat ion.  Indeed ,  the  act ive swimming  migra t ion  can  b e  cons ide red  as  the  
first s tep of the  colonizat ion of the  r iver  system. In the  lower  par t s  of the  Sevre -Nior ta i se  
system, the  migra t ion  of g lass  eels  and  elvers  main ly  occurs  from Apri l  to June  (Gascuel ,  
1986). The  severa l  months  shift b e t w e e n  the m o d a l  migra t ion  th rough  the  e s tua ry  
(November  to April) and  th rough  the r iver  sys tem (from Apri l  onwards)  s eems  to b e  a 
consequence  of the  success ion  of both  the  s tages :  f low-car r ied  and  act ive swimming  
migration.  

In a stock m a n a g e m e n t  scheme,  this shift p h e n o m e n o n  involves  two consequences :  
(a) From N o v e m b e r  to March,  few glass  eels  emig ra t e  from the e s tua ry  to the  u p p e r  

parts.  The fishing morta l i ty  m a y  be  cons ide red  as an essent ia l  factor of the  migra t ion  
dynamics;  it compensa t e s  the  n e w  immigra t ion  runs  of glass  eels  from the  sea  to a g rea t  
extent.  
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(b) ~Vhen  it  is a n a l y z e d  b y  t h e  C P U E  of c o m m e r c i a l  f i s h e r m e n ,  t h e  a b u n d a n c e  of 

g l a s s  e e l s  is o n l y  o n e  of t h e  e l e m e n t s  w h i c h  d e t e r m i n e  t h e  a n n u a l  r e c r u i t m e n t  in  t h e  

r i v e r  s y s t e m .  T h e  l a t t e r  o c c u r s  w h e n  t h e  f i s h i n g  s e a s o n  is c l o s e d  ( e n d  of M a r c h ) .  

To k n o w  t h e  c o n d i t i o n s  of g l a s s  e e l  m i g r a t i o n  t h r o u g h  t h e  e s t u a r y  e n a b l e s  us  to 

a s s e s s  t h e  runs .  T h u s ,  it wi l l  b e  p o s s i b l e  to a n a l y z e  t h e  i n f l u e n c e  of a n t h r o p i c a l  fac to rs  

o v e r  t h e  f r a c t i o n  of t h e  e e l  s t o c k  w h i c h  g o e s  i n t o  t h e  w a t e r s h e d  a r ea .  
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