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W hen will the eel recover? A full life-cyde m odel

M à r te n  A s t rö m  a n d  W illem Dekker

À strôm  M., a n d  D ekker W. 2007. W hen  will th e  eel recover? A full life-cyde m odel. -  ICES journal o f  M arine  Science, 64: 1 4 9 1 -1 4 9 8 .

T h e  E u ro p ean  eel p o p u la tio n  has d ec lin ed  o v e r th e  p a s t  d e c a d e s  in m o s t o f  its  d is tr ib u tio n  area, a n d  th e  s to ck  is o u ts id e  safe  biological 

lim its. T he  EU h a s  ta k e n  u p  th e  ch a llen g e  to  d esign  a  m a n a g e m e n t  sy stem  th a t  en su re s  th e  e s c a p e m e n t  o f  40% o f  sp aw n in g -s to ck  

b iom ass, re la tiv e  to  u n ex p lo ited , u n p o llu te d  c irc u m s ta n c e s  in u n o b s tru c te d  rivers. This u lt im a te ly  a im s t o  re s to re  t h e  sp aw n in g  

s to c k  to  a  level a t  w h ich  glass eel p ro d u c tio n  is n o t  im p a ired , i.e. to  re s to re  to  full h isto rica l g lass  eel re c ru itm e n t.  T o  ex p lo re  th e  

t ra je c to ry  fro m  th e  c u r re n t  d e p le te d  s ta te  to  full r e c ru i tm e n t  recovery , w e  d e v e lo p ed  a  s im p le  m o d e l  o f s to c k  d ynam ics, b ased  on  

a  s im p lified  s to c k - r e c r u i tm e n t  re la tio n sh ip  a n d  th e  c o n v e n t io n a l d y n a m ic  p o o l a ssu m p tio n s . R e c ru i tm e n t tra je c to rie s  u n d e r  d iffe ren t 

fu tu r e  fish e ry  reg im es a re  exp lo red , fo r th e  m e d iu m  (o n e  g e n e ra t io n  t im e ) a n d  long  tim e -s p a n  (u n ti l  full r e c ru itm e n t recovery). 

R ed u c in g  fish e rie s  to  zero , recovery  is e x p e c te d  w ith in  ~ 8 0  years, w h e re a s  u n d e r  a n  u ltim a te ly  su s ta in a b le  fish ing  reg im e  o f  ju s t  

10% o f  th e  c u r r e n t  ra te  o f  fishing m o rta lity , recovery  m a y  ta k e  m o re  th a n  200 years. M o re o v er , m a n a g e m e n t regim es, a p p a re n t ly  

lead in g  to  s lig h t recovery  o f  th e  s to c k  in th e  co m in g  5 - 1 5  years, m ig h t still be  u n su sta in ab le  in t h e  long  run .
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In troduction
T h e  E u ro p e a n  eel (A n gu illa  anguilla  L.) d e sp era te ly  n eed s  p ro te c 
t io n  (A n o n ., 2003; ICES, 2006a). Y ields hav e  g ra d u a lly  d ec lin ed  
b y  75%  s in ce  th e  m id -1 9 6 0 s  (D ekker, 2003 ), a n d  th e  a b u n d a n c e  
o f  glass eels (y o u n g  eels im m ig ra tin g  fro m  th e  o cean ) is  n o w  
< 5 %  o f  its  p re -1 9 8 0  level (IC E S, 2006a). A  E u ro p ea n  
R eg u la tio n  to  re co v er th e  s to ck  has b e e n  p ro p o s e d  (C EC , 
2 0 0 5 ), b u t  th e  tim e -sca le  re q u ire d  fo r  recovery , a n d  its  d e p e n 
d e n c e  o n  th e  in te n s ity  o f  m a n a g e m e n t m e asu re s , h a s  n o t  b e en  
in v estig a ted . T h is  s tu d y  p re sen ts  a  firs t m o d e llin g  a p p ro a c h  to  
d e sc rib in g  th a t  d ep en d e n c e .

In  fish e ry  m a n a g em e n t, it  is generally  a ssu m e d  th a t  den sity - 
d e p en d e n c e  in  th e  re p ro d u c tiv e  a n d  y o u n g  life stages g en era te s  a  
n o n - l in e a r  re la tio n s h ip  b e tw een  sp aw n in g -s to c k  b io m a ss  (SSB) 
a n d  re c ru i tm e n t  (R ) (H a d d o n , 2001; H ilb o rn  a n d  W alte rs , 2001; 
IC ES, 2 0 0 3 a ), a n d  th a t  su rv iva l to  th e  re p ro d u c tiv e  stage  is 
d e n s ity - in d e p e n d e n t (F igure  1). T en ta tiv e  analysis  o f  h is to ric a l 
tre n d s  in  eel re c ru i tm e n t  a n d  h a rv est suggests s tro n g  d e p e n s a tio n  
in  th e  s to c k - r e c r u i tm e n t  re la tio n sh ip  a t lo w  SSB (D ekker, 2004 ), 
b u t  th e  p ro ce sse s  a n d  p a ra m e te rs  a re  n o t  w ell k n o w n . R a th e r  th a n  
ch o o sin g  b e tw e e n  th e  co n v en tio n a l (concave) s to c k - re c r u i tm e n t  
re la tio n s h ip  a n d  a  d e p en sa to ry  (convex ) re la tio n sh ip , w e u se  a 
s im p lifie d  lo ca l a p p ro x im a tio n  to  a n y  g en era l n o n - lin e a r  fu n c tio n , 
viz. a  seg m e n te d  l in e a r  re la tio n sh ip  ( th e  h o ck ey  s tick  re la tio n sh ip  
o f  B a rro w m a n  a n d  M yers, 2 0 0 0 ), as in  F igu re  2, a n d  in  p rac tic e , w e 
o n ly  deal w ith  th e  dy n am ics  a lo n g  th e  le ft-m o st, s lo p ed  p a r t  o f  th e  
h o ck ey  stick . M o re o v er , w e a ssu m e  th a t  th e  b io m ass  o f  fem ales o n  
th e  sp aw n in g  g ro u n d  is d e te rm in in g  fu tu re  re c ru itm e n t,  i.e . w e 
a ssu m e  th a t  th e  c u rre n t sca rc ity  o f  m ales is n o t  restric tive . 
C o n se q u e n tly , b io lo g ic a l charac te ris tic s  o f  fem ales w ill d e te rm in e

th e  p re d ic te d  d y n am ics  o f  th e  s to ck , a n d  in  p a rtic u la r , fem ale  
lo n g ev ity  w ill se t th e  recovery  r a te  o f  th e  p o p u la tio n .

H ere , w e develop  a  m o d e l o f  th e  s to c k - re c r u i tm e n t  an d  
r e c ru i tm e n t- s to c k  re la tio n sh ip s . F o r th e  la tte r, p a ra m e te rs  are  
d e riv ed  fro m  th e  lite ra tu re . T o  o u r  k n o w ledge, th e  fo rm e r  has 
n o t  b e e n  analysed  b efo re , a n d  w e derive  p a ra m e te rs  d irec tly  
f ro m  h is to rica l tim e-se rie s . W h e n  th e  d y n a m ics  o f  b o th  th e  co n ti
n e n ta l  a n d  th e  o cean ic  life stages a re  k n o w n , th e  d y n a m ic s  o f  th e  
re co v ery  p ro ce ss  c an  be q u a n tif ie d . H ereafte r , w e  fo rm alize  th is  
lin e  o f  re a so n in g  in  a  m o d e l, e s tim a te  c ru c ia l p a ra m e te rs , a n d  
fo cu s  o n  th e  tim e  re q u ire d  to  re c o v e r  re c ru itm e n t to  its  h is to rica l 
level, i.e. as ob serv ed  in  th e  m id -2 0 th  c en tu ry , b y  fu tu re  re s tric 
t io n s  o n  a n th ro p o g e n ic  im p a c ts . In  essence, w e e s tim a te  th e  
t im e  i t  takes u n ti l  re c ru itm e n t is e x p ec ted  to  reco v er to  h is to rica l 
levels, a n d  d o  n o t c o n sid e r p re c a u t io n a ry  m a n a g e m e n t ta rge ts , 
w h ic h  tak e  u n c er ta in tie s  in  o u r  k n ow ledge  in to  a cc o u n t. T he  
la tte r  w ill b e  s tric te r, a n d  in  p ra c tic e  m a n d a to ry  to  p ro te c t th e  
eel, g iven o u r  im p e rfec t k n o w ledge. In  th e  c u rre n t analy sis , w e  d is 
reg a rd  th e  u n c e r ta in ty  in  th e  a sse ssm en t o f  th e  c o n tin e n ta l  life 
s tages, a n d  co n ce n tra te  o n  a d d in g  th e  o cea n ic  stages. T h is  a d d itio n  
is a  step  fo rw a rd  in  th e  analysis  o f  th e  life tim e  d y n a m ic s  o f  th e  
s to ck , w h ic h  u n d o u b te d ly  co m es  w ith  its  ow n  u n c e r ta in tie s .

W e assu m e  th a t  e x p lo ita tio n  ta rg e ts  th e  la s t p a r t  o f  th e  yellow  
eel stage, a n d  th e  silver eel stage, i.e. th e  final c o n tin e n ta l  years  
o f  th e  eel’s life cycle. T h e  m o d e l fo rm u la tio n  c an  b e  a d ap ted  
easily  to  o th e r  s itu a tio n s , b u t  yellow  a n d  silver eel ex p lo ita tio n  
a re  so  w id esp read  (D ekker, 2003) th a t  w e c o n s id e re d  o u r  ap p ro a ch  
a n  a p p ro p r ia te  s ta r tin g  p o in t .  O w in g  to  th e  lack  o f  c o n tin e n t-w id e  
e s tim a te s  o f  th e  m a g n itu d e  o f  a n th ro p o g e n ic  m o rta lit ie s  o th e r  
th a n  th e  fishery , w e focus  o n  th e  effects o f  re s tr ic tin g  fishery
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Figure 1. Genera! d en sity -d ep en d en t s to c k - re c ru itm e n t relation o f 
th e  Beverton -  H olt ty p e  (solid curve), an d  density -independen t 
s to c k - re c ru itm e n t relationships (dashed, d o tte d , a n d  d o t-dashed  
lines for various levels o f fishing m ortality). T he in tersections 
betw een  th e  tw o  types o f  curve d e te rm in e  equ ilib rium  conditions. 
N ote  th a t  th e  solid line gives R as a function  o f  SSB, w hereas th e  
broken lines give SSB as a func tion  o f R, i.e. in th e  la tte r ones, the  
horizontal axis represen ts  th e  d e p e n d e n t variable. R represen ts  th e  
re c ru itm en t o f glass eels to  co n tin en ta l w aters, a n d  F th e  
in s tan taneous ra te  o f  fishing m ortality .

m o rta lity  on ly . O th e r  so u rces  o f  a n th ro p o g e n ic  m o rta lity  
(e.g. h a b ita t  loss, d o w n stre am  m ig ra tio n  b a rr ie rs )  have a n  
im p a c t o n  th e  sam e  life stages, a n d  re d u c tio n s  o f  th e se  im p ac ts  
w ill have a  co m p a ra b le  effect. H ow ever, w e ig n o re  a n th ro p o g e n ic

F= 0
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p
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Spawning-stock biomass (SSB)S S B

Figure 2. Simplified, seg m en ted  linear s to c k - re c ru itm e n t 
re lationship (solid line). T he average historical rec ru itm en t is Rhist 
a n d  th e  m in im um  spaw ning  s to ck  th a t  can gen era te  Rhist is SSBnm. 
R ec ru itm en t-sp a w n in g  stock  re la tionsh ips for th ree  fishing 
m ortality  levels a re  in d ica ted  (dashed , d o tte d , a n d  d o t-dashed  lines). 
A t F =  0, th e  spaw ning s tock  will eventually  stabilize a t  th e  pristine 
level SSBpristine* w hereas recovery from  th e  c u rre n t d ep le ted  situation 
(SSBcurrent, Rcurrent) will follow  th e  p a th  a long  th e  d o t te d  arrows. O ur 
analysis focuses o n  th e  n u m b e r o f s tep s  (generations) it takes to  
restore  full historical rec ru itm en t (five in th is graphic  exam ple).

M . A ström  a n d  W. D ekker

m o rta li ty  in  th e  early  c o n tin e n ta l p h a se  (n o ta b ly  fisheries ta rg e tin g  
glass eels, a n d  u p s tre a m  m ig ra tio n  b a rr ie rs ) ,  because  th e  processes 
invo lved  a re  n o t  w ell u n d e rs to o d . D e n s ity -d ep e n d e n c e  is generally  
a ssu m e d  to  p la y  a n  im p o r ta n t  ro le  a t th is  life stage, w h ich  w o u ld  
n ecessita te  a  m o d e l b ased  o n  loca l h a b ita t  co n d itio n s , a n d  we 
c a n n o t see h o w  s u ch  a  local a p p ro a c h  c an  b e  in te g ra te d  in to  a 
s im p le  p o p u la tio n -w id e  m o d e l, as p re s e n te d  here.

T h e  eel s to c k  is m o s t likely p a n m ic tic  (D a n n ew itz  e t al. , 2005), 
a n d  it  is g enerally  a ssu m e d  th a t  th e re  is ju s t  o n e  sp aw n in g  stock. 
W h e th e r  eels fro m  th e  w ho le  d is t r ib u t io n  area , o r  f ro m  ju s t  a 
re s tr ic te d  p a r t ,  c o n tr ib u te  to  th e  re p ro d u c tio n  is n o t k n o w n . 
T h e re fo re , o u r  m o d e l is su p p o sed  to  re p re se n t th e  w h o le  stock , 
i.e. p a ra m e te r  va lues w ere  selected  re p re sen tin g  th e  s to ck -w id e  
averages.

The m odel
Defining tim e
W e d efin e  t im e  t  (years) as a n  a rb itra ry  p o in t  in  tim e , i.e. t  is a b so l
u te . In  o u r  n u m e ric a l analyses, ;  d e n o te s  th e  n u m b e r  o f  years  since  
p ro te c tiv e  m a n a g e m e n t m easu res  w ere  tak en , re s tric tin g  fish ing  
p re ssu re , so  a  negative  value o f ;  re p re se n ts  years b e fo re  th e  p ro te c 
tiv e  ac tio n s. A d d itio n a lly , w e d e fin e  tim e -in te rv a ls  r  fo r  th e  
v a rio u s  life  stages o f  th e  eel (F ig u re  3 ), w here  r  q u an tifie s  th e  
n u m b e r  o f  years  since  th e  o n s e t o f  a  p a r tic u la r  life stage. In  
o th e r  w o rd s , r  is alw ays re la tive  to  a  life  stage, n o t  to  a n  in d iv id 
u a l’s life. T h e  d u ra t io n  o f  th e  full c o n tin e n ta l  life -sp an  is  in d ic a ted  
b y  r ,  th e  d u ra t io n  o f  ex p lo ita tio n  d u r in g  yellow  a n d  silver eel 
stages b y  r ex, th e  p e r io d  fro m  th e  o n s e t  o f  ex p lo ita tio n  u n til  
sp aw n e r e sc a p em en t b y  r ee, a n d  th e  d u ra tio n  o f  th e  fu ll ocean ic  
life stages ( in c lu d in g  b o th  sp aw n in g  m ig ra tio n , re p ro d u c tio n  
a n d  la rv a l m ig ra tio n )  b y  roc. W e d e riv e d  values fo r all t im e -sp a n s  
fro m  th e  lite ra tu re . As th e  v a ria tio n  in  t im e -sp a n s  is n o t available, 
w e a ssu m e  th a t  all eels have th e  sam e  fixed  tim e -sp an s . In

A frth ro p o g en iï i m p a c t
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Figure 3. T he tim e-line  in our m odel, w ith  indications o f  life stages, 
th e ir  location (co n tin en ta l o r oceanic w aters), th e  m ain processes 
included, an d  th e ir  tim e-spans (see Table 1 for p a ram eter 
definitions). The horizon tal axis ind icates th e  years, as fo r th e  1980 
glass eel recru itm en t.





A  fu l l  life-cycle m odel o f  European eel 1493

p a rtic u la r, w e a ssu m e  in itia lly  th a t  all fem ale  eels b e co m e  silver 
eels, sp aw n  a n d  th e n  d ie  a t a n  exact age o f  16 y ears  ( r =  16), 
a l th o u g h  th is  u n rea lis tic  a s s u m p tio n  is re laxed  la ter.

G eneral m odel
A t tim e  t, c e r ta in  n u m b e rs  (R ,) o f  glass eels re c ru it  to  c o n tin e n ta l 
w aters. U n d e r  th e  a s s u m p tio n  th a t  b o th  n a tu ra l m o r ta li ty  (A í) a n d  
fish in g  m o rta li ty  (F )  are  in d e p e n d e n t o f  p o p u la tio n  a b u n d an c e , 
F (e <-i"r“ ~ M’nl o f  th e  re c ru its  w ill have su rv iv e d  to  th e  silver eel 
stage  a f te r  r  years, a n d  w ill th e n  re tu rn  to  th e  sp aw n in g  
g ro u n d s . D e fin in g  th e  n e t re p ro d u c tiv e  o u tp u t  o f  a  s ing le  silver 
eel as b, w h ic h  is  su p p o sed  to  b e  d e n s ity - in d e p e n d e n t a t  th e  
c u r re n t  v e ry  lo w  d en sities , w e  o b ta in

Rt+T+T(x = Rt¿ - F̂ - M^b, ( 1)

w h e re  M  is  th e  in s ta n tan e o u s  ra te  o f  n a tu ra l m o r ta li ty  a n d  F  th e  
in s ta n ta n e o u s  ra te  o f  m o rta lity  a ttr ib u ta b le  to  fish ing . B o th  m o r 
ta lity  ra te s  a re  h e re  expressed  p e r  year. A ll p a ra m e te rs , th e ir  
m e a n in g , a n d  th e ir  va lues  are  lis ted  in  Table  1.

T h e  a s s u m p tio n  o f  d e n s ity -in d e p e n d e n t re p ro d u c t io n  c o rre s 
p o n d s  o n ly  to  th e  f irs t s lo p ed  l in e a r  seg m en t o f  th e  s to c k - r e c r u i t 
m e n t  re la tio n sh ip  in  F igure  2, a n d  i t  is  ap p lic ab le  to  th e  c u rre n t, 
su p p o se d ly  d e p le ted , s itu a tio n  o f  th e  sp aw n in g  stock.

T h e  m o rta li ty  ra te  o f  o cean ic  life stages is  e ssen tia lly  u n k n o w n . 
W e assu m e  th a t  o cean ic  m o rta lity  fo r b o th  th e  a d u lts  r e tu rn in g  to  
th e ir  sp aw n in g  g ro u n d s , an d  fo r  th e  re c ru its  m ig ra tin g  to w a rd s  th e  
c o n tin e n t, is  c o n s ta n t. As th e  s to c k - re c r u i tm e n t  re la tio n sh ip , re p 
re sen te d  b y  & in  E q u a tio n  (1 ) , re la tes  th e  size o f  th e  silver eel r u n  
fro m  th e  c o n t in e n t  to  th e  a b u n d a n c e  o f  re c ru its  a rr iv in g  a t  th e  
c o n tin e n t, th is  effectively in c lu d es  o cea n ic  m o rta li ty  a t b o th  life 
stages.

Prim ary effects o f fishing restrictions 
on th e  p resen t cohorts
F o r th e  firs t r oc — 1 years  a fte r a  re d u c tio n  in  fish in g  m o r ta li ty  b y  a 
fa c to r  X (0  <  x  <  1) in  year t, sp aw n e r e sc ap em en t w ill increase , 
b u t  n o  c h an g e  in  re c ru itm e n t is ex p ec ted  yet. In  th e  fo llow ing  
Tee years, a  g ra d u a l inc rease  o f  th e  re c ru itm e n t is  e xpec ted , 
b ecau se  o f  a n  in c reased  sp aw n in g  stock . A t th e  e n d  o f  th is  
p e rio d , a t  t  +  r oc +  r ee — 1, re c ru i tm e n t  is  ex p ec te d  to  have 
in c reased  b y  a  fac to r

fro m  th e  level re c ru itm e n t w o u ld  have b e en  w ith  n o  re d u c t io n  in  
fish in g  m o rta lity . W e  call th is  inc rea se  in  re c ru itm e n t th e  p r im a ry  
effect, becau se  it  re su lts  f ro m  re d u c e d  m o rta li ty  o n  th e  y e a r  classes 
a lre ad y  in  th e  p o p u la tio n  a t t im e  f, b u t  n o t  y e t f ro m  s tro n g e r  y ear 
classes e n te r in g  th e  s to ck  a fte r th e  m o rta li ty  re d u c t io n  ( th e  sec
o n d a ry  effect, d iscu ssed  la te r).

T h e  p r im a ry  effect o f  fishery  re s tr ic tio n s  c an  b e  ev a lu a ted  
d ire c tly  f ro m  E q u a tio n  (2 ), b u t  fu tu re  re c ru itm e n t levels w ill 
a lso be affec ted  b y  tre n d s  in  p a s t re c ru itm e n t. T h e  d ec lin e  in  
re c ru i tm e n t  o b se rv ed  in  th e  re c e n t p a s t  w ill lead  to  a  d ec lin e  in  
th e  sp aw n in g  s to ck  in  th e  c o m in g  years, a n d  su b se q u e n tly  to  a 
d e c lin e  in  th e  e x p ec ted  fu tu re  re c ru itm e n t,  w ith  o r  w ith o u t 
fishery  res tric tions . Ind ices o f  re c ru itm e n t b e tw een  1977 a n d  2004 
p re sen ted  b y  ICES (2006a) suggest th a t  re c ru itm e n t has b e en

T able 1. Overview  o f  p a ra m e te rs  an d  th e ir  values.

Parameter Meaning Value and 
unit

Source

Toc Duration of oceanic 
life stages

2 years -

T Duration of 
continental lifespan

16 years Dekker (2000a)

Ax Duration of 
exploited phases

6 years Dekker (2000a)

Ae Time interval 
between onset of 
exploitation and 
spawner 
escapem ent

6  years

Frex Lifetime fishing 
mortality

3.25 Dekker (2000a)

F Instantaneous 
fishing mortality 
rate

0.54 year-1 Dekker (2000a)

M Instantaneous 
natural mortality 
rate

0.14 year-1 Dekker (2000a)

R-t/Rhist C urrent recru itm ent 
strength expressed 
as a proportion of 
average historical 
recruitm ent

2.5% of the  
average from 
1960 to  1979

ICES (2006a)

D Instantaneous rate 
of decline observed 
in recruitm ent 
indices

0.1538 year-1 ICES (2006a); 
Figure 4

b Net individual 
reproductive 
ou tpu t, num ber of 
glass eels arriving 
per silver eel leaving 
the  continent

15.2 Equation (4)

■*max Allowed fishing 
mortality, as a 
proportion o f the  
curren t rate, a t 
which future 
recruitm ent is 
stabilized, b u t 
w ithou t long-term 
recovery

0.148 Equation (7)

T«hte N um ber of 
generations required 
to  restore 
recruitm ent to  full 
historical level

4 generations 
79 years after 
fishing 
restrictions 
72 years after 
th e  onset of 
secondary 
effects

Equation (6), 
w ith the  
assum ption th a t 
th e  fishery is 
stopped 
completely

d eclin ing  a t a  ro u g h ly  c o n stan t in s ta n tan e o u s  ra te  (D ) since  1977 
(F igu re  4 ). A ssu m in g  th a t  th is  d o w n w ard  tre n d  w ill c o n tin u e  i f  
n o  substan tia ] p ro te c tio n  is p rov ided , fu tu re  re c ru itm e n t w ith o u t 
fishery  res tric tio n s  can  b e  calculated  fro m  p re sen t re c ru itm e n t (at 
t im e  i)  as R x=ij+ Tac+ T " - i= R f i l D(t°<+t“-i)]_  w i t h  fish ing
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Figure 4 . S tandard ized  rec ru itm en t indices a t  Ems, Den Oever, an d  
Loire (b roken  lines) (a fte r ICES, 2006a), a n d  th e  estim ated  com m on  
tre n d  from  1977 to  2004 (solid line).

res tric tions , th e  full p r im a ry  effect co m b in ed  w ith  p a st re c ru itm e n t 
decline  b eco m es

•Rr+Toe+Toe-l — kf+T^+T« - 1  Rx=  1 . t+ V + T « -1

_  e l ^ M j ^ e W o c + T « - ! ) ^ (3 )

expressing  fu tu re  re c ru itm e n t in  te rm s  o f  th e  p resen t.
T h e  p r im a r y  e ffec t [E q u a tio n  (2)] is ex p ec ted  to  re m a in  a t its  

m a x im u m  level u n t i l  t+  t + t 0C) b u t  d u r in g  th is  in te rv a l, th e  p a s t 
re c ru itm e n t t r e n d  w ill su p e r im p o se  a  decline. R e c ru itm en t is 
expec ted  to  in c rea se  first (p r im a ry  e ffec t), b u t  th e n  to  decrease  
again  (as  a  h a n g o v e r  fro m  p a s t re c ru itm e n t d ec lin e), d e sp ite  
c o n tin u in g  p ro te c tio n .

Secondary effects of fishing restrictions 
on fu ture coho rts
F ish in g  re s tr ic t io n s  w ill inc rease  th e  su rv iv a l o f  th e  a lread y  
re c ru ite d  s to ck  ( th e  p rim a ry  effect, see  above), w h ic h  in  tu r n  
w ill re su lt in  h ig h e r  SSB, s tro n g e r  fu tu re  year classes, a n d  s u b 
seq u en tly  a f u r th e r  inc rease  in  th e  p ro d u c tio n  o f  sp aw n e r 
b io m ass  (b ecau se  o f  b o th  in c reased  su rv iv a l a n d  th e  s u b se q u e n t 
in c reased  re c ru i tm e n t) .  W e label th e  p ro d u c tio n  o f  s tro n g e r 
sp aw n in g  s to ck s  a ttr ib u ta b le  to  th e  s tro n g e r  year classes as a  sec
o n d a ry  effect o f  th e  fish in g  res tric tio n s . T h e  seco n d a ry  effect is 
expected  w h e n  th e  re c ru its  o f  th e  p r im a ry  effect sp aw n  a n d  th e ir  
o ffsp ring  r e tu rn  to  th e  c o n tin e n t,  i.e . a fte r a n  ad d itio n a l r  +  r oc 
years; full s e c o n d a ry  effects w ill s ta r t  to  sh o w  a t f +  r oc +  r ee -  1 + 

t + t °c.
Q u a n tif ic a tio n  o f  th e  s e c o n d a ry  effect req u ire s  e s tim a tio n  o f  

p a ra m e te r  b, th e  s lo p e  o f  th e  s to c k - re c r u i tm e n t  re la tio n  a t 
c u rre n t lo w -s to c k  a b u n d an c e . T h e  c u r re n t  sp aw n in g  s to ck  can  
b e  d e riv ed  f ro m  h is to r ic a l re c ru itm e n t t  +  t oc years ago, w h ich  
w as e [D(T+T°c)1 as h ig h  as c u r re n t  re c ru itm e n t,  a n d  th e  to ta l  su rv iva l 
d u r in g  th e  c o n t in e n ta l  stages as e ( - F r“ “ MT). T h e  re p ro d u c tiv e  
o u tp u t  p e r  sp a w n e r, b, is e q u a l to  th e  c u r re n t  n u m b e r  o f  re c ru its

d iv id e d  b y  th e  c u rre n t s p a w n in g  s to ck , i.e.

R , R ,
b =

Rt_ T_Toce ( - FT“ - MT) R(elD(T+T“ )]e(-fT« - MT

_ glFTe.+Mr-DlT+Toc)]
(4)

A ll p a ra m e te rs  n o w  b e in g  k n o w n , w e c a n  p re d ic t  re c ru i tm e n t  T  
g e n e ra tio n s  in to  th e  fu tu re  a f te r  th e  p r im a ry  effect h a s  ta k e n  full 
effect as

Rt+Tx +Ta -i+T(T+iac) =  Rt+Tx +TCC- \ ^ ~ xFTa~ M^ T bT

—  g[FTa (  1 - x ) - D f r c * + T « - 1  )] ß ( e [FTa ( l - x ) - D ( T + Toc)]:r_  ^

By rep lac in g  th e  left s ide  o f  E q u a tio n  (5 ) w ith  R hist a n d  so lv in g  fo r 
T, th e  n u m b e r  o f  g e n e ra tio n s  r «Ku, re q u ire d  to  ach ieve fu ll recovery  
o f  h is to r ic a l re c ru itm e n t is

TRm =  ceiling
ffp o c  +  Fee -  1) -  FTex( l  -  x )  -  ln (R f/ R hist) 

JPbc(1  - x )  -  D ( t +  t oc)

(6 )

w h e re  th e  te rm  “ceiling” in d ic a te s  a  ro u n d in g  u p  to  th e  n eares t 
in teg e r. T h e  fu ll t im e  re q u ire d  fo r  re co v ery  is TJ?hi¡i= r oc-|-Tee— 

l  +  7\ ill( T+ T°c)-
Finally , a  b re a k p o in t re d u c t io n  in  fish in g  in te n s ity , fo r  w h ich  

th e  re c ru itm e n t decline  is e x p ec ted  to  s to p , c a n  b e  d e te rm in e d  
fro m  E q u a tio n  (5 ) b y  s e tt in g  e (~*FT“ _MT)'rè>r = l  (i.e. re c ru it
m e n t  re m a in s  c o n s ta n t over tim e ). H o w ev er, su ch  a  decrease  
w ill n o t  ach ieve lo n g - te rm  recovery . T h is  b re a k p o in t is w h en  
fish in g  is re d u c ed  to  a  fra c tio n  ^  o f  th e  c u rre n t in ten s ity , 
viz.

ln(fe) -  M r  Frex -  £>(t +  toc)

XmæC -  Ft« -  FtZ ■ (7)

Num erically deriving th e  expected  recru itm en t
T o  illu s tra te  th e  expected  d e v e lo p m e n t o f  r e c ru itm e n t o v e r tim e  
n u m erica lly , w e firs t calculate re c ru itm e n t fo r  th e  p e r io d  b e fo re  
a n y  effects o f  fish in g  re s tric tio n s  c an  b e  seen  as

R t_ T̂ r+i =  R te  I ^ + T->)1

fo r 0 <  i  <  ( t oc +  r  +  r oc -  1 ),
(8)

w h ic h  is s im p ly  a  b ack -ca lc u la tio n  o f  th e  h is to r ic a l d ec lin e  from  
i  — t oc — r  to  t+  t oc — 1. A fte r fish in g  re s tr ic tio n s  h av e  b een  
im p le m e n te d  a t t im e  t, th e  e x p ec ted  re c ru itm e n t t o c  + ;  tim e -s te p s  
la te r  is  expressed  as

Rt+Toc+j — Rt+Toc+j-T-ToçZ

X glFTc+Mr-CÍT+T^)]

.{- [Ft„ —P  min(;4-1 ,ra ) ] - F  ra in ( ;+ 1 , t cx ) x - M t }

(9)

w h e r e ;  is th e  n u m b e r  o f  years s in ce  fishery  re s tr ic tio n s  ( ;  =  0, the  
y e a r  w h e n  re s tr ic tio n s  are  im p le m e n te d ) . T h e  fu n c t io n  m in ( ;  +  1, 
Tex) takes th e  m in im u m  o f  the  tw o  ex p ress io n s  w ith in  th e  p a re n th 
eses. E q u a tio n  (9 ) is  based  o n  E q u a tio n  (1 ) , w h e re  to ta l fish ing  
m o r ta li ty  is stepw ise  changed fro m  F t^  to  F tùxx  a fte r fishery





A  fu l l  life-cycle m odel o f  E uropean eel 1495

re s tric tio n s  have b e e n  im p le m e n te d ; see A s trö m  (2005) fo r fu r th e r  
d iscu ss io n  o f  th is  p a r t  o f  E q u a tio n  (9 ) . T h e  eq u a tio n  is ite ra ted  
u s in g  estim ates  o f  R  fo r th e  r ig h t  s id e  o f  E q u a tio n  (9 ), firs t f ro m  
E q u a tio n  (8 ) an d  th e n  fro m  E q u a tio n  (9 ) itself, in  a cco rd an ce  
w ith  th e  tim e  indices.

Param eter values
T h e  p a ra m e te r  va lues w e u sed  a re  s u m m a riz e d  in  Table  1. F o r  th e  
m o s t  p a r t,  th e y  are  based  o n  D e k k e r  (2000a), w h o  d e v elo p ed  a 
s to ck -w id e  assessm en t o f  th e  eel s to ck , b u t  p a ra m e te r  va lues c o n 
ce rn in g  re c ru itm e n t w ere  d e riv e d  f ro m  re c ru itm e n t in d ice s  p r e 
s e n te d  in  ICES (2006a). In  g eneral, th e se  p a ra m e te rs  re p re sen t 
a n  average fo r th e  w h o le  p o p u la tio n , b u t  th e  e stim ates  fo r 
f ish in g  m o rta lity  exclude th e  glass eel fisheries  a ro u n d  th e  B ay  o f  
Biscay.

Results
Prim ary effects o f fishing restrictions 
on  th e  p resen t cohorts
Fu ll p r im a ry  effects o f  c o m p le te ly  c lo sin g  th e  fish e ry  (x  =  0) co m 
b in e d  w ith  p a st decline  in  r e c ru itm e n t a re  ex p ec ted  to  re su lt 
in  so m e  22%  o f  h is to ric a l r e c ru itm e n t (0.22.Rhist) a fte r 7 years 
( t oc +  r œ -  1 =  2 +  6 - 1 ) .  T h is  p r im a r y  effect w ill th e n  la s t fo r 
a n o th e r  12 years ( r + r oc — Tee =  16 +  2 - 6 ) ,  a l th o u g h  th e  p a st 
re c ru itm e n t decline  w ill g ra d u a lly  decrease  re c ru itm e n t a g a in  to  
3 .5%  o f  th e  h is to ric a l level [ th e  s ec o n d  t ro u g h  in  F igu re  7  la ter, 
w h ic h  show s n u m e rica lly  d e riv e d  re c ru itm e n t o v e r tim e , u s in g  
E q u a tio n s  (8) an d  (9 )). T h e  firs t s igns o f  th e  s e c o n d a ry  effect 
s ta r t  show ing  a fte r 19 years ( t oc +  r ee -  1 +  r  +  r oc — r ec), re ach 
in g  its  m a x im u m  25 years a f te r  f ish in g  re s tr ic tio n s  h av e  b een  
a p p lie d  ( t oc +  Tee — 1 +  t +  t oc) .  T h e  p r im a ry  effect o f  d iffe ren t 
levels o f  fishery  re s tric tio n s , ex p ressed  as th e  p r o p o r t io n  o f  th e  
p re s e n t ra te  o f  fishery  m o rta li ty  a llow ed  (x ), is  s h o w n  in  
F ig u re  5. A  fu ll c lo su re  o f  fish in g  is  e x p ec ted  to  re su lt in  a  recovery  
o f  re c ru itm e n t u p  to  22%  o f  th e  h is to r ic a l  level in  7 years, becau se
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Figure 5. The relation betw een th e  allow ed  p ro p o rtio n  (x) o f  th e  
p re sen t rate o f fishing m ortality  a n d  re c ru itm e n t 7  years la te r (i.e. full 
p rim ary  effect an d  p a st decline), expressed  as p ro p o rtio n s  of 
historically average rec ru itm en t (Rt+y/Rh\st)- The long-term  goal for 
th e  recovery of th e  European eel is 100% o f average historical 
re c ru itm e n t (R = Rh¡sc = 1)-

o f  im p ro v ed  surv iva l o f  th e  available , b u t  g ra d u a lly  w eaken ing , 
year classes. E ven i f  th e  p ro te c t io n  level re m a in s  co m p le te , th e  
h a n g o v er o f  th e  p a s t r e c ru i tm e n t  d ec lin e  re su lts  in  renew ed  
d e te r io ra tio n , u n t i l  18 y ears  a fte r th e  fish e ry  w as c losed . I t  is 
o n ly  a f te r  th is  stage th a t  s e c o n d a ry  effects co m e  in to  play.

Secondary effects o f fish ing restrictions on fu tu re  cohorts
F o llow ing  th e  p r im a ry  effect i n  th e  firs t 7 years  a fte r fish in g  re s tr ic 
tio n s , re s to r in g  re c ru itm e n t t o  22%  o f  th e  h is to r ic a l level (a t a 
m a x im u m , i f  a ll fish in g  is  b a n n e d ) ,  fu r th e r  re co v ery  w ill re q u ire  
th a t  th ese  s tro n g e r  y ear classes g row  to  fu ll m a tu r ity  a n d  c o n tr ib 
u te  to  a  recovery  o f  th e  sp aw n in g  s to ck . T h is  seco n d a ry  effect 
necessarily  takes m o re  th a n  o n e  g en era tio n . F igu re  6 show s th e  
tim e  re q u ire d  fo r  a fu ll re c o v ery  o f  h is to r ic a l re c ru itm e n t,  as a 
fu n c tio n  o f  th e  in te n s ity  o f  f is h in g  re d u c tio n s . N o te  th a t  th e  h o r i
z o n ta l axis o f  th is  figu re  ra n g e s  fro m  0 ( to ta l  b a n  o n  fish ing ) to  
0 .15 , ju s t  above  x max =  0 .148 , w h ic h  is th e  m a x im a l re la tive  
fish in g  in te n s ity  a t w h ic h  a n y  lo n g - te rm  recovery  is  expected .

F o llow ing  th e  in itia l re c o v e ry  th ro u g h  p r im a ry  effects, a n d  a 
s u b se q u e n t d e te r io ra tio n  b e ca u se  o f  p a s t re c ru itm e n t decline, 
fu tu re  re c ru itm e n t s ta r ts  to  fo llow  a saw to o th  p a tte rn , i.e. up  
a n d  d o w n  (F ig u re  7 ). U n d e r  a  b a n  o n  fish in g , fu ll re co v ery  is 
e x p ec ted  in  79  years  (7  years  f o r  th e  p r im a ry  effect +  72  years fo r 
th e  s e c o n d a ry  effec t), b u t  th is  is  a g a in  fo llow ed  b y  a  d e te r io ra tio n  
d o w n  to  24%  o f  h is to r ic a l re c ru itm e n t 86 years  a fte r fishery  
re s tric tio n s . O n ly  a fte r ~ 1 3 0  years  is re c ru itm e n t ex p ec ted  to  
re m a in  c o n tin u a lly  above  th e  h is to ric a l level. A llow ing  a  m o d e ra te  
fish e ry  o f  10% o f  th e  c u r re n t  level increases th e  recovery  p e r io d  to  
over 200 years (F ig u re  6 ), w h e re as  a  fish in g  ra te  c lo se  to  x max =  
14.8%  o f  th e  c u rre n t level increases th e  re s to ra tio n  p e r io d  
in fin itely .

T h e  sh a rp  saw to o th  p a t te rn  in  F igu re  7  is th e  c o n seq u en ce  o f  
o u r  a s s u m p tio n  th a t  all fem ale  eels m a tu re  a t a fixed  age o f  16 
years. T h is  is o b v io u s ly  a  s im p lific a tio n  o f  rea lity , a n d  th e  sh a rp  
saw to o th  p a t te rn  is in  p a r t  a n  a rte fa c t o f  th a t  a s s u m p tio n . To over
co m e  th is  s h o rtc o m in g , w e m o d e lle d  th e  m a tu ra t io n  freq u en cy  as 
a  s m o o th  (a rb itra ry )  d is t r ib u tio n  a ro u n d  th e  average age a t
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Figure 6. T he tim e requ ired  for full rec ru itm en t recovery TRh.n as a 
function  o f th e  allowed p roportion  o f p resen t ra te  o f fishing 
m orta lity  (x) accord ing  to  Equation (6). N ote  th a t  th e  horizontal axis 
only reaches 0.15, w hich already co rresponds to  a  85% reduction  in 
fishing m ortality .
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Figure 9. E xpected rec ru itm e n t a f te r  a co m p le te  c losure of fishing a t  
j  = 0, as in Figure 7, excep t th a t  eels  are  no w  assum ed  to  m a tu re  over 
a range o f e ig h t different ages (cf. Figure 8).
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Figure 7. E xpected re c ru itm e n t a fte r a  co m p le te  closure o f fishing a t 
th e  relative tim e  j  = 0, num erically  derived from  E quations (8 ) and  
(9). N o te  th a t  j  <  0 represen ts  th e  tim e before fishing restrictions.
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m a tu r i ty  o f  16, b e tw ee n  ages 13 (n o  m a tu ra tio n )  a n d  21 (all 
m a tu re ) .  T h is  is  sh o w n  in  F igure  8, a n d  w e  u sed  a  b e ta  d is tr ib u tio n  
w ith  p a ra m e te rs  a  =  2.2 , ß  — 4 .8  to  skew  th e  d is tr ib u tio n  to w a rd s  
o ld e r  ages, a l th o u g h  th e  exac t fo rm  o f  th is  d is tr ib u tio n  is  o f  little  
im p o r tan c e . T h e  re su lt is  a  m u c h  s m o o th e r  tra je c to ry  (F ig u re  9), 
b u t  th e  overa ll p ic tu re  a n d  th e  sa w to o th  p a t te rn  re m a in  th e  
sam e. B ecause th e  sh a rp  “ te e th ” o f  F ig u re  7  are  n o w  s m o o th e d  
o u t,  p e a k  re c ru i tm e n t  79  years  a fte r th e  fish e ry  w as c losed  (the  
firs t fu ll recovery  w ith o u t  sm o o th in g )  n o  lo n g e r reaches th e  h is 
to ric a l level, b u t  th e  n e x t “ to o th ” does, a t j  =  97  years (w h e re ;  re p 
re sen ts  th e  n u m b e r  o f  years s ince  fish in g  re s tr ic tio n s  w ere 
im p le m e n te d ) . H o w ev er, th e  in te rsp e rsed  p e r io d s  o f  lo w  re c ru it
m e n t (a t ; =  18, 36, e tc .) o f  th e  tra je c to ry  are  n o w  ra p id ly  
sm o o th e d , a n d  m in im a l re c ru itm e n t levels ( th e  tro u g h s )  a rise  re la 
tively  m o re  rap id ly .

F inally , w e r e tu r n  to  th e  m in im a lly  re q u ire d  re d u c t io n  in  
fish in g  x max, a n d  ap p ly  th e  sm o o th e d  m a tu ra tio n  p a tte rn
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1.4 ¡5 16 17 18 19
Asc ai maturation

2 (1 21

Figure 8. P ro p o rtio n  o f each  c o h o rt assu m ed  to  m a tu re  a t e igh t 
d ifferen t ages.

(F ig u re  10). U n d e r  these  a ss u m p tio n s ,  re c ru itm e n t inc reases  
ra p id ly  becau se  o f  th e  p r im a r y  effect, la stin g  fo r 7 years. In  th e  
lo n g  te rm , how ever, th e  in a d e q u a te  re d u c tio n  in  fish in g  resu lts  
in  n o  fu r th e r  re co v ery  th ro u g h  to  th e  s e c o n d a ry  effect. I n  o th e r  
w o rd s , a n  o b servab le  in itia l su ccess  in  re co v ery  is n o  g u a ra n te e  
o f  u lt im a te  success.

Sensitivity analyses
To ev alu a te  th e  ro b u s tn e ss  o f  th e  p re s e n te d  resu lts , w e p re s e n t e las
tic ity  analyses o f  ̂  a n d  T R^  in  T ab les 2  a n d  3, respectively . T he  
e la stic ity  va lu es  illu s tra te  th e  re la tiv e  ch an g e  o f  x max o r  TRhí¡i th a t  a 
sm a ll re la tiv e  inc rease  o f  th e  d iffe ren t p a ra m e te rs  in d u ces

Figure 10. Illustration o f  th e  prerequisite  o n  th e  ra te  o f fishing 
m o rta lity  (xmax), according to  Equation (7). T he p ro p o rtio n  o f th e  
p re sen t ra te  o f  fishing m ortality  (F) allowed is se t to  xmax = 0.148 so 
th a t  w e see  no  long-term  recovery in re c ru itm en t a fte r th e  initial 
increase a ttr ib u ta b le  to  th e  prim ary effect following a  red u c tio n  in 
fishing effort a t j  = 0. M aturation  is assum ed a t  e igh t d ifferen t ages. 
N o te  th e  change o f  scale on  the  y-axis.
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T able 2. Sensitivity o f xmax ( th e  m axim al allow able fishing in tensity  
as a  fraction o f th e  cu rren t, th a t  w ould  bring  th e  decline to  a  halt) 
to  th e  param eters  th a t  affect xmax, accord ing  to  Equation  (7).

F Tex D T Toc
5.7 5.7 - 5 .7 -5 ,1 - 0 .6

(cf. C asw ell, 2001), w h e n  all o th e r  p a ra m e te rs  a re  k e p t  a t  th e ir  
s ta n d a rd  values (T ab le  1).

F ro m  T ab le  2, w e see  th a t  all p a ra m e te rs  h av e  a  s im ila r  effect o n  
x^ax, a l th o u g h  w ith  d iffe ren t signs, excep t fo r  t oc. T h e  p re c ise  e s ti
m a te  o f  th e  tim e  o f  th e  o c ea n ic  stage r oc is  a p p a re n t ly  n o t  th a t  re l
ev an t. T h e  o th e r  p a ra m e te rs  a re  ca teg o rized  in to  tw o  g ro u p s : F  
a n d  Tex to g e th e r d e te rm in e  th e  life tim e  fish in g  m o rta lity , 
w h e reas  D  a n d  r  q u a n tify  th e  h is to r ic a l d ec lin e  a n d  th e  g e n era tio n  
t im e , respectively .

T h e  p a ra m e te rs  a sso c ia ted  w ith  e x p lo ita tio n  (F  a n d  Tex) have 
th e  g rea test effect o n  th e  n u m b e r  o f  g e n e ra tio n s  n e e d e d  fo r  reco v 
e ry  (T ab le  3 ). T h e  p a ra m e te rs  r oc, Tec, a n d  R i/R hist h av e  th e  least 
effect, a n d  b e tw een  th e m  c o m e  D  a n d  t .  N o te  th a t  i f  c u rre n t e s ti
m a te s  o f  th e  ra te  o f  f ish in g  m o rta li ty  (F ) o r  th e  t im e -s p a n  o f  
e x p lo ita tio n  ( r ex) is  to o  h ig h , re co v ery  t im e  is expec ted  to  be  
ev en  lo n g e r a n d  th e  ra te  o f  fish in g  m o r ta li ty  w o u ld  have to  be  
re d u c e d  ev en  fu rth er .

Discussion
O u r  re su lts  sh o w  t h a t

e th e  eel b e in g  s low -g row ing , re co v erin g  th e  s to ck  w ill tak e  c o n 
s id erab le  tim e , o f  th e  o rd e r  o f  severa l decades, even  a fte r 
m assive  re d u c tio n s  in  m o rta lity ; 

o th e  le n g th  o f  th e  re co v ery  p e r io d  is  tig h tly  lin k ed  to  th e  level o f 
re d u c tio n  in  fish in g  (o r  o th e r  a n th ro p o g e n ic )  m o rta lity ; 

e la rg e  re d u c tio n s  in  m o rta li ty  a re  re q u ire d  to  ach ieve  lo n g -te rm  
recovery;

•  a n  in itia l in crease  in  r e c ru itm e n t d o es  n o t  g u a ra n te e  lo n g -te rm  
recovery .

E ven  i f  eel fisheries w ere  to  b e  b a n n e d  im m e d ia te ly  a n d  c o m 
p lete ly , recovery  o f  th e  s to c k  is  ex p ec ted  to  ta k e  severa l decades 
o r  m o re . N o n e  o f  th e  c u r re n t  b io lo g is ts  s tu d y in g  th e  eel resou rce , 
n o r  th e  s tak eh o ld e rs  o r  p o litic ia n s  in f lu en c e d  b y  o r  d e c id in g  o n  
p ro te c tio n  p lans, w o u ld  like ly  live  to  see  th e  recovery . H ow ever, 
fo r  th e re  to  be  an y  h o p e  a t all fo r  th e  s to ck , o u r  analyses in d ica te  
th a t  re d u c tio n s  in  fish in g  a n d  all o th e r  a n th ro p o g e n ic  im p ac ts  
sh o u ld  b e  m a d e  as so o n  a n d  as s tr in g e n tly  a s  possib le .

T h e  sensitiv ity  o f  th ese  re su lts  to  o u r  p a ra m e te r  e stim ates  is 
co n sid e rab le . O n e  c o m b in a tio n  o f  p a ra m e te r s  (F  a n d  Ta ) c o rre 
s p o n d s  to  th e  o rig in a l d a ta  so u rces , u s e d  in  th e  p a ra m e te r

T able 3. Sensitivity o f TRhta (th e  n u m b er o f  generations until full 
recovery o f rec ru itm en t) to  th e  re levan t p a ram eters  accord ing  to  
Equation (6), fo r th re e  values o f  x  ( th e  fraction  o f cu rre n t fishing 
in tensity  allowed).

X F Tex D T Toc Tee Rf/Rhist
0 - 8 .9 -8 .9 6.5 5.1 0.8 0.6 - 0 .7

0.05 -1 1 .5 -1 1 .5 9.3 7.7 1.1 0.5 - 0 .6

0.10 -2 0 .3 -2 0 .3 18.3 15.7 2.1 0.5 - 0 .5

e s tim a tio n  (D ek k er, 2 0 0 0 a ). T h e  o th e r  in f lu e n tia l c o m b in a tio n  
(D  a n d  t )  effectively q u a n tif ie s  th e  s teepness  o f  th e  h is to rica l 
d ec lin e  in  re c ru itm e n t a n d  t h e  g e n era tio n  t im e . O u r  p e rc e p t io n  
o f  th e  h is to ry  a n d  th e  a n th ro p o g e n ic  im p a c ts  m ig h t b e  w ro n g , 
b u t  in  th e  ab sen ce  o f  a p p ro p r ia te  k n o w ledge, o u r  resu lts  p ro v id e  
a  p re c a u t io n a ry  (a lth o u g h  n o t  conserva tive) e s tim a te  o f  expected  
recovery  p e rio d s .

I t  is o f  so m e  c o n ce rn  th a t  o u r  estim ates  o f  s to ck -w id e  b io log ica l 
charac te ris tic s , su ch  as age a t  m a tu rity , te n d  to  b e  ty p ica l fo r  th e  
n o r th e rn  p a rts  o f  th e  d is t r ib u t io n  o f  th e  eel. I f  so , recovery  
p e rio d s  m ig h t b e  s h o r te r  t h a n  ca lcu la ted , b u t  th e  h is to rica l d o m 
in a n c e  o f  n o r th e rn  re sea rc h  co m p lica te s  a  m o re  b a la n ced  view. 
H ow ever, even  i f  g ro w th  ra te s  w ere  tw ice  as h ig h  (Y alçin -Ô zdilek  
e t a l ,  2006 ), a n d  age a t m a tu r i ty  h a lf  as h ig h  as w e have 
a ssu m ed , recovery  w o u ld  s t i l l  b e  a  d e ca d a l p rocess.

T h e  eel is n o t  th e  o n ly  d e p le te d  fish  species, a lth o u g h  i t  is o n e  o f  
th e  w o rs t cases (D ekker, 2 0 0 4 ). F o r fish  stocks in  general, th e  effect 
o f  m a n a g e m e n t m ea su re s  fo llo w in g  a  s to ck  co llapse  h a s  b e en  w ell 
analy sed  in  m o d e llin g  s tu d ie s , p a ra lle lin g  o u rs . In  cases w h e re  
recovery  fails a t a  d eca d a l tim e -sc a le , e x te rn a l fa c to rs  a re  su p p o se d  
to  be  invo lved . A n  ex am p le  is  th e  re c en t analy sis  fo r  N o r th  A tlan tic  
co d  ( G adus m orh u a )  stocks (IC E S, 20 0 6 b ), d iscu ss in g  in ter  alia  
ex p lo ita tio n , c lim a te  ch an g e , tro p h ic  in te ra c tio n s  w ith  p re d a to rs  
a n d  prey , a n d  d e p e n s a tio n  in  th e  s to c k - re c r u i tm e n t  re la tio n sh ip . 
F o r th e  eel case, how ever, th e  an tic ip a te d  d e ca d a l o r  c en ten n ia l 
recovery  p e r io d  p re d ic te d  h e re  is  re la ted  to  its  longev ity , a n d  th e  
ex trem ely  lo w  c u r re n t  r e c ru i tm e n t  th a t  is s u p p o se d  to  in d ica te  
a n  ex trem ely  lo w  effective SSB. I f  e x te rn a l fa c to rs  o th e r  th a n  th e  
fish e ry  a re  a lso inv o lv ed , o u r  m o d e l  w ill b e  in a d e q u a te , a n d  re c o v 
e ry  p e r io d s  even  lo n g e r th a n  w e  a n tic ip a te .

T h e re  is  te n ta tiv e  e v id en ce  th a t  th e  s to c k - re c r u i tm e n t  re la tio n 
sh ip  o f  eel m ig h t  in d e e d  s h o w  d e p e n s a tio n  (D ekker, 2004; ICES, 
2005), i.e . th a t  re c ru itm e n t d ec lin es  fa s ter th a n  th e  sp aw n in g  
s to ck  w h e n  s to ck  levels a re  low . D e p e n sa tio n  h a s  n o t  b een  ta k e n  
in to  a c c o u n t in  th e  p re s e n t analyses. I f  d e p en sa tio n  is  real, th e  p r o 
sp ec t fo r  recovery  is  ev en  w o rse  th a n  analysed  h e re . T h e  p o p u 
la tio n  m ig h t a lre ad y  b e  b e lo w  its  c ritic a l p o in t ,  w h e re  a  
m a x im u m  re d u c tio n  in  (a n th ro p o g e n ic )  m o r ta li ty  c a n n o t a lone  
co m p e n sa te  fo r  th e  d e p en sa tio n . I f  th e  p a s t  25 years o f  decline  
re flec t d e p en sa tio n , th is  a lso  im p lie s  th a t  th e  e s tim a te  o f  th e  
re c ru it p ro d u c t io n  p e r  sp aw n e r {b) w e u se  h e re  reflects a  p a s t s i tu 
a tio n  w ith  h ig h e r  b th a n  c a n  b e  e x p ec ted  fo r  th e  fu r th e r  d e p le ted  
sp aw n in g  s to ck  o f  today . O n  th e  o th e r  h a n d , d e p en sa tio n  w o u ld  
im p ly  th a t  b d e p en d s  p o s itiv e ly  o n  th e  size o f  th e  sp aw n in g  
s tock , a n d  th a t  a n  in itia l effect o f  p ro te c tiv e  m easu re s  w o u ld  
b en efit f ro m  p o s itiv e  feedback, th ro u g h  in c rea se d  re p ro d u c tiv e  
o u tp u t  b.

O u r  m o d e l is o v e rs im p lis tic  a b o u t th e  b io lo g y  o f  th e  eel, a n d  
th e  v a rio u s  a n th ro p o g e n ic  fac to rs  a ffec ting  th e  stock . T h e  m o d e l 
focuses o n  fish in g  m o rta lity  in  th e  yellow  a n d  silver eel stages. 
F isheries  o n  o th e r  life stages (g lass eel) h av e  b e e n  ig n o re d , as 
have o th e r  so u rces  o f  a n th ro p o g e n ic  m o rta li ty  (e.g. h a b ita t loss, 
m ig ra tio n  b a rrie rs , p o llu tio n ) . A d d itio n a lly , p o te n tia l  den sity - 
d e p e n d e n t p rocesses in  th e  c o n tin e n ta l  p h a se  (d isp e rs io n , 
g ro w th , m o rta lity , a n d  sex  d iffe ren tia tio n ; see  ICES, 2003b , fo r 
a n  overv iew ) have b e e n  neg lected . T hese  s im p lifica tio n s  w ere  
d e lib e ra te ly  a p p lied , to  enab le  a  p o p u la tio n -w id e  a p p ro a c h  to  be  
d e v e lo p ed  a n d  c lear a n d  traceab le  re su lts  to  be  o b ta in e d . 
L o n g - te rm  tre n d s  in  th e  sp aw n in g  s to ck  w ill d e p en d  p rim a r ily  
o n  life tim e  m o rta lity  levels, r a th e r  th a n  o n  w h a t fa c to rs  im p o se  
th e  m o rta lity . In  g eneral, one c a n  rep lace  o u r  fish in g  m o rta lity
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b y  an y  o th e r  m o r ta li ty  fac to r, w ith o u t a ffecting  re su lts  s ig n ifi
can tly . S tro n g  d e n s ity -d ep en d en ce  o f  so m e  k in d  (e.g. in  sex  d iffe r
e n tia tio n )  m ig h t re d u c e  th e  effect o f  m o rta lity  re d u c tio n s , as 
m o d e lled  h e re . H o w ev er, th is  w ill o n ly  a p p ly  locally  a n d  b e  d iffi
c u lt  to  verify  in  n a tu ra l  p o p u la tio n s , becau se  its  effects a re  h a rd  
to  sep a ra te  fro m  o th e r  s im u lta n e o u s  processes. So far, th e  ev id en ce  
fo r  d e n s ity -d e p e n d e n c e  in  th e  E u ro p ea n  eel is w eak, like ly  b ecau se  
o f  its  c u rre n t d e p le ted  s ta tu s. F o r glass eel fisheries, a  t im e -s h if t 
c o u ld  be expec ted  p ro lo n g in g  th e  t im e  fo r  fu ll p r im a ry  re sp o n se  
to  fish e ry  re s tric tio n s , b e cau se  th e  re sp o n se  t im e  w o u ld  c o r re 
s p o n d  to  th e  w h o le  c o n tin e n ta l  p a r t  o f  th e  fife cycle. H ow ever, 
th e  issue  o f  th e  glass eel fisheries  c a n n o t b e  assessed  w ith o u t  c o n 
s id e r in g  p o te n tia l  lo ca l d e n sity -d e p en d e n c e  in  fu ll, w h ic h  w o u ld  
c learly  go  b ey o n d  o u r  a im  o f  a  s im p le  a n d  tra c ta b le  m o d e l. 
M o reo v er , th e  g en era l decline  ob serv ed  in  r e c ru itm e n t s in ce  
1980 (M o ria rty , 1986; D ekker, 2000b; ICES, 2006a), a n d  th e  
d ec lin e  observed  in  yellow  a n d  silver eel fish e ry  y ie lds (D ek k er, 
2003 , 2004), m a k e s  i t  increasing ly  u n like ly  th a t  d e n sity - 
d e p e n d e n c e  still p lays a  key  ro le  in  s to c k  d y n am ics  (D ek k er, in  
p re s s ) .

H e re , o u r  m a in  focus  w as o n  m o d e llin g  a n d  q u a n tify in g  th e  
s to c k - re c r u i tm e n t  re la tio n sh ip , fo r th e  c u rre n t d e p le ted  s itu a tio n . 
T o o u r  k n o w ledge, th is  is th e  firs t a t te m p t  to  m o d e l th e  fu ll life 
cycle o f  th e  E u ro p e a n  eel. H opefu lly , th is  w o rk  w ill in sp ire  
o th e rs  (a n d  ou rse lves) to  im p ro v e  th e  m o d e llin g , a n d  to  
im p ro v e  th e  q u a n tif ic a tio n  o f  p a ra m e te rs , i.e. to  im p ro v e  o u r  
general u n d e rs ta n d in g  o f  eel biology.
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