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A lte rn a tiv e  m a n a g e m e n t scen a rio s  w ere  e v a lu a te d  in a  s im u la tio n  fram e w o rk  th a t  m im icked  th e  r e c e n t  ex p lo ita tio n  o f  so le  a n d  plaice 
in  th e  N o rth  Sea. A large p ro p o r tio n  o f  p laice is tak en  as b y c a tch  o f  th e  b e a m  traw l flee t ta rg e tin g  so le , y e t c u rre n t m a n a g e m e n t o f th e  

tw o  s to ck s  a s s u m e s  no  in te ra c tio n  in th e ir  ex p lo ita tio n . T h e  ev a lu a tio n  c rite r ia  in c lu d ed  b io logical a n d  e co n o m ic  susta inab ility , a n d  

stab ility  in t h e  m a n a g e m e n t m easu res. T he  fishery  w as a ssu m e d  t o  re s p o n d  to  m a n a g e m e n t re s tr ic tio n s  by d ro p p in g  th e  least p ro fit­
ab le  trips. W e  in v estig a ted  tw o  c o n tra s tin g  m a n a g e m e n t s tra teg ies , s ing le-spec ies to ta l  allow able  c a tc h e s , a n d  e ffo rt regu la tion . U n d e r 

t h e  a ss u m p tio n s  m ad e , t h e  la t te r  s tra te g y  p e rfo rm ed  b e tte r . T h e  re su lts  su g g es t th a t ,  g iven a ss e ss m e n t e r ro r  a n d  bias, a  s tra te g y  th a t  
a c c o u n ts  fo r  th e  m ixed  n a tu re  o f  a  fishery a n d  th a t  occasiona lly  re su lts  in perce iv ed  u n d e re x p lo ita tio n  m ay  w o rk  best. S tab ility  in 

fish ing  m o rta lity  re in fo rces  itself, th ro u g h  low er a sse ssm en t bias, a n d  m a n a g e m e n t c o rrec tio n s  b e c o m e  less freq u e n t. T h e  c o m m o n  
a s s u m p tio n  in  m a n y  s to ck  a ssessm en ts  in EC w a ters  th a t  fish ing  m o rta lity  in  th e  m o s t re c e n t year s h o u ld  resem ble  th e  v a lue  o b ta in e d  

in p rev ious years  ("sh rinkage") h ad  a  negative  e ffec t o n  th e  s tab ility  o f  c o n tro l m easu res.
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I n tr o d u c t io n
M an a g e m e n t b y  to ta l  allow able ca tch es  (TA Cs) o f  species c au g h t 
in  m ix ed  fisheries is  p ro b le m a tic  becau se  th e  q u o ta  o f  d iffe ren t 
species m a y  b e  ex h au sted  a t d iffe ren t ra tes. F ishers a re  th e re fo re  
faced  w ith  a  d ile m m a  w hen  th e  q u o ta  fo r  o n e  species is exhausted : 
s to p  fish in g  a n d  u n d e ru tiliz e  th e  q u o ta  fo r  o th e r  species, o r  c o n ­
tin u e  fish in g  a n d  d isca rd  o r  illegally la n d  o v e rq u o ta  fish  (D aan , 
1997). W h e n  th e y  ch o o se  th e  la t te r  o p tio n , th e  ta rg e t fish ing  m o r ­
ta lity  (F ) im p lie d  b y  th e  T A C  w ill b e  exceeded, a n d  th e  scientific  
basis  fo r s to ck  assessm en t a n d  fu tu re  m a n a g e m e n t advice w ill be  
co m p ro m ise d  i f  th e  s to ck  assessm en t is  b ased  o n  official lan d in g s  
d a ta  a lone  (a s su m in g  th a t  th e se  e q u a l th e  catches).

In  th e  N o r th  Sea, a  la rge  p ro p o r t io n  o f  th e  lan d in g s  o f  p la ice  
(Pleuronectes p la tessa) a n d  so le  (Solea solea) com es fro m  th e  
D u tc h  b e a m  traw i fishery  in  th e  fo rm  o f  a  m ix ed  catch. 
H ow ever, e x p lo ita tio n  o f  th e  tw o  stocks is m an ag ed  separately , 
an d  th e  TA C  m a n a g e m e n t does n o t  a cc o u n t fo r th e ir  tech n ica l 
a n d  e co n o m ic  in te ra c tio n s  (P ie t a n d  R ice, 2004). E ven th e  new  
E C  m a n a g em e n t p la n  fo r N o r th  Sea p la ice  a n d  sole (EC, 2007), 
w h ic h  w as a d o p te d  in  2007 a n d  im p le m e n te d  fo r  th e  firs t t im e  
in  2008, c o n sid e rs  th e  TA Cs fo r  th e  tw o  species separately. 
A lth o u g h  th e  p ro b le m  is  w ell k n o w n , th e  so lu tio n  is  less 
o b v io u s . A n  e ffo r t-m a n a g em e n t sy s tem  is a  possib le  alternative . 
A lth o u g h  th e  E C  p la n  c o m p le m e n ts  th e  tw o  single-species TACs

w ith  e ffo rt lim ita tio n s , i t  is c u rre n d y  n o t  c lear w h e th e r  th e  
fish e ry  w ill b e  re s tric ted  b y  TACs o r  b y  effo rt lim ita tio n s . 
T h e re fo re , it  is w o rth  inv estig a tin g  th e  p o te n tia l effects o n  th e  
s to ck s  a n d  o n  th e  v iab ility  o f  th e  fisheries o f  a  m a n a g em e n t 
sy stem  th a t  re s tric ts  effort.

S im u la tio n s  o f  ex p lo ited  p o p u la tio n s  a n d  m a n a g e m e n t p ro ­
ced u res  p ro v id e  in s ig h t in to  th e  sensitiv ities  o f  a  system  to  d iffer­
e n t  m a n a g em e n t reg im es, ev en  i f  th e  u ltim a te  m a n a g em e n t 
p e rfo rm an c e  c a n n o t b e  p re d ic te d  (B u tte rw o rth  a n d  P u n t,  1999; 
S a in sb u ry  e t a l ,  2000; Keli e t a l ,  2002, 2005; P u n t  et a l ,  2002; 
U lr ic h  e t a l ,  2002; H a rw o o d  a n d  Stokes, 2003; P as to o rs  e t a l ,  
2 007 ). W e develo p ed  a s im u la tio n  fram ew o rk  c o n ta in in g  a  
“ t r u e ” p o p u la tio n  a n d  a  “perce iv ed ” p o p u la tio n , as w ell as a  feed ­
b a c k  lo o p  b e tw een  th e  tw o . In  th e  s im u la tio n , d a ta  co llec ted  each  
y ear f ro m  th e  tru e  p o p u la tio n  serve as in p u t  to  th e  a n n u a l s to ck  
a ssessm en ts. A s th e  d a ta  co llection  a n d  th e  assessm ent p ro c e d u re s  
in tro d u c e  e rro r , th e  re su ltin g  p e rceived  p o p u la tio n  dev ia tes 
f ro m  th e  t ru e  p o p u la tio n . I t  is th e  perceived  p o p u la tio n  th a t  
d rives  th e  m a n a g e m e n t decisions. T hese decisions  are  th e n  
im p o s e d  o n  th e  t ru e  p o p u la tio n  in  th e  n e x t y ear o f  th e  s im u la tio n .

B u ild in g  o n  earlie r w o rk  (U lr ich  e t a l ,  2002; M ach ie ls  e t al., 
2007 ; P a s to o rs  et a l ,  2007), w e a tte m p t to  charac te rize  th e  
m ix e d  N o r th  Sea. flatfish  fishery  a n d  to  exp lore  a n d  u n d e rs ta n d  
th e  p o te n tia l  effects o f  a lte rn a tiv e  m a n a g em e n t regim es.
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T h e  s im u la tio n  fram e w o rk  w as b a sed  o n  Keli e t al. (2002) a n d  Keli 
a n d  B rom ley  (2 004), b u t  w ith  th e  a d d itio n  o f  e co n o m ic  co n sid e r­
a tio n s . A lth o u g h  th e  e c o n o m ic  im p a c t o f  a lte rn a tiv e  m an ag em en t 
s tra teg ies  h a s  b een  analysed  fo r  v a rio u s  fisheries (e.g. F rost, 1997; 
S u tin en , 1999), s im u la tio n s  h av e  ra re ly  b een  u sed  (d e  W ilde, 1999; 
Salz a n d  F rost, 2000; P asco e  e t al., 2001; U lrich  et al., 2002), 
becau se  th is  re q u ire s  e co n o m ic  d a ta  b y  fleet o r  p re fe rab ly  even 
b y  in d iv id u a l vessel a n d  t r ip .

W e re p o r t  o n  tw o  sce n a rio s  h e re , o n e  re fle c tin g  c u r re n t  m a n ­
a g e m e n t b y  TA C s, a n d  o n e  b a se d  o n  e f fo r t  re s tric tio n s . T he  
m a n a g e m e n t g o a ls  fo r b o th  scen a rio s  w ere  se t a cc o rd in g  to  
th e  p re c a u t io n a ry  a p p ro a c h  to  fish e ry  m a n a g e m e n t,  a lth o u g h  
th e  n ew  E C  m a n a g e m e n t p la n  fo rm u la te s  d iffe ren t objectives, 
su ch  as ta rg e t f ish in g  m o rta li t ie s .  T h e  p re c a u t io n a ry  ap p ro a ch  
p ro v id e s  th e  fra m e w o rk  fo r  m a n a g e m e n t adv ice  de live red  b y  
th e  In te rn a tio n a l C o u n c il fo r  E x p lo ra tio n  o f  th e  Sea (ICES, 
2 0 0 1 ). I t  re q u ire s  th a t  to  h a v e  s to ck s  a n d  fish e rie s  w ith in  safe 
b io lo g ic a l lim its , th e  p ro b a b il i ty  s h o u ld  b e  h ig h  th a t  th e  
s p aw n in g -s to c k  b io m a s s  [B (a lth o u g h  th e  IC ES ja rg o n  t r a ­
d it io n a lly  uses th e  sy m b o l SSB fo r  s p aw n in g -s to c k  b io m ass, 
w e  u se  B  fo r  co n sis ten cy , b e ca u se  Biim a n d  Bpa a lso  re fe r spec ifi­
cally  to  s p aw n in g -s to c k  b io m a s s ))  is  ab o v e  a  l im it  value (called  
Biim) b e lo w  w h ic h  r e c ru i tm e n t  m a y  b e c o m e  im p a ired . In  
a d d i t io n ,  th e  p ro b a b il i ty  s h o u ld  b e  h ig h  th a t  fish in g  m o rta lity  
( F )  is b e lo w  a  l im i t  v a lu e  (ca lled  F]jm) th a t  w ill d riv e  B  to  
Bum- B ecause o f  u n c e r ta in ty  in  th e  a n n u a l e s tim a te s  o f  B  a n d  
F, IC ES h as  d e fin e d  m o re  c o n se rv a tiv e  (p re c a u tio n a ry )  o p e r ­
a tio n a l re fe ren ce  p o in ts ,  £ pa a n d  F pa ( th e  s u b s c r ip t  p a  s tan d in g  
fo r  p re c a u t io n a ry  a p p ro a c h ) .  W h e n  a  s to ck  is e s tim a te d  to  be  
ab o v e  Bpa, th e  p ro b a b il i ty  s h o u ld  b e  h ig h  th a t  in  rea lity  i t  is 
ab o v e  Blirn. S im ilarly , w h e n  F  is e s tim a te d  to  b e  b e lo w  F pa, th e  
p ro b a b il i ty  s h o u ld  b e  h ig h  th a t  in  re a lity  i t  is  b e lo w  F lim. T h is 
m a n a g e m e n t fram e w o rk  is th e re fo re  r is k  a v o id in g  a n d  d o es  
n o t  ta rg e t  re fe ren ce  p o in ts  su ch  as MSY. In  p rac tic e , F pa is 
o f te n  u sed  as a  de fa c to  ta rg e t  F, b e ca u se  th e  T A C  adv ice  is 
u su a lly  th e  c a tc h  th a t  is  fo reca st u n d e r  F pa. T h e re fo re , th e  
ad v ice  is  s im u la te d  c o rre s p o n d in g  to  Fpa a n d  th e  TACs a n d  
e ffo r t re s tr ic tio n s  a re  se t a cco rd in g ly . N o te  th a t ,  w hereas  in  
re a lity  th e  adv ice  is  n o t  a lw ays fo llow ed , in  o u r  s im u la tio n s  i t  is.

T h e  objective  o f  o u r  s tu d y  w as to  m o n ito r  th e  tw o  m an ag em en t 
scen ario s  over a n n u a l  tim e -s te p s , a n d  to  ev a lu a te  th e ir  p e rfo rm ­
a n ce  w ith  re spec t to  b io lo g ica l (e.g. su s ta in ab le  s to ck  develop ­
m e n t) ,  e co n o m ic  (e.g. n e t  rev e n u es), a n d  m a n a g e m e n t c rite ria  
(s tab ility  o f  m a n a g em e n t m easu re s ).

Methods
T h e  m o d e l w as im p le m e n te d  in  th e  F ishL ab s im u la tio n  fram ew ork  
[ th e  v e rs io n  u sed  he re  is h e ld  b y  th e  firs t a u th o r; th e  FishLab 
fram ew o rk  is n o  lo n g e r  m a in ta in e d , b e ca u se  i t  has b een  t ra n s ­
fe rred  to  FLR (Keli e t al., 2 0 0 7 )] , re p re se n tin g  a  se t o f  d y n am ic  
lin k  lib raries  (D L Ls) th a t  c an  be  called  fro m  w ith in  Excel (Keli 
e t al., 2002, 2005). T h e  e q u a tio n s  a re  lis te d  in  A p p en d ix  
A. S im u la tio n s  w ere  r u n  in  a  “M o n te  C arlo ” s e t-u p  (x lO O ) to  
ev a lu a te  th e  variability ' in  th e  fin a l o u tc o m e s. T h e  s tru c tu re  o f  
th e  m o d e l is illu s tra te d  in  th e  flow  d ia g ra m  (F ig u re  1).

Basic m odel
T h e  m o d e l co n sis ted  o f  tw o  m a in  p a rts : th e  o p e ra tin g  m o d e l (O M ) 
s im u la ted  th e  t ru e  system , a n d  th e  m a n a g e m e n t p ro c e d u re  (M P ) 
s im u la ted  th e  p e rceived  system  a n d  asso c ia ted  m a n ag em e n t 
decisions. T he  O M  re p re s e n te d  tw o  a g e -s tru c tu re d  p o p u la tio n s

th a t  m im ic k e d  N o r th  S ea  so le  a n d  p la ice , respectively . T hese  
p o p u la tio n s  w ere  d e v e lo p in g  in  a n n u a l tim e -s te p s  fro m  a  s ta r tin g  
p o p u la tio n  in  1957, g iv en  a n n u a l r e c ru itm e n t a n d  m o rta lity  
(F  a n d  n a tu ra l  m o rta li ty  M ) .  T h e  M P  s im u la ted  (i) a n n u a l o b se r­
v a tio n s  ta k en  fro m  th e  p o p u la tio n s , su ch  as co m m e rc ia l 
c a tch -a t-ag e  d a ta  a n d  tu n in g  series, (ii) a n n u a l s to ck  assessm ents 
b y  XSA (ex ten d ed  s u rv iv o rs  analysis; D a rb y  a n d  F la tm an , 1994) 
an d  asso c ia ted  catch  fo rec a s ts , a n d  (ii i)  a n n u a l m a n ag em en t 
d ec isio n s  d ep en d in g  o n  t h e  scena rio . T h e  XSA m e th o d , a  cali­
b ra te d  v a r ia n t o f  v ir tu a l p o p u la t io n  analysis (V PA ), is c u rre n tly  
used  to  assess flatfish  (IC E S , 2007).

In  th e  M P, th e  a n n u a l “ ta r g e t  F '  ( th e  fish in g  m o rta lity  averaged  
o v e r ages 2 - 8 ,  i.e. F2_ 8) w a s  se t a cco rd in g  to  th e  Fpa d e te rm in e d  by  
ICES: 0.4 fo r so le  a n d  0.3 f o r  p la ice  (ICES, 2004). In  th e  TA C  sce n ­
a rio , th e  ca tch  fo recast u n d e r  F pa o f  each  species w as set as th e  
respec tive  TAC. In  th e  e f fo r t  scenario , th e  catch  fo recasts  u n d e r  
Fpa w ere tra n s la te d  in to  a n  a llow ab le  e ffo rt in  th e  eco n o m ic  s u b ­
m o d e l (see be low ). All o p t io n s  in  th e  s im u la te d  assessm en t an d  
fo recast p ro c e d u re  m a tc h e d  th o s e  used  b y  ICES (2004), a n d  se t­
tin g s  w ere  m a in ta in e d  fo r  th e  e n tire  s im u la tio n  p e rio d . T h is  is 
c o n tra ry  to  c o m m o n  p ra c tic e  o f  ICES W o rk in g  G ro u p s , w h ich  
m ay  m a k e  sm all chan g es  t o  th e  settings each  year.

T h e  s im u la tio n  c o n s is te d  o f  a  h is to ric  p a r t  sp an n in g  th e  years 
fro m  1957 to  2002 a n d  a  p ro je c te d  p a r t  f ro m  2003 to  2015. 
T h e re fo re , 2002 was th e  f ir s t  y e a r  in  w h ic h  a n  a ssessm en t was 
ca rr ie d  o u t  le ad in g  to  a  m a n a g e m e n t d ec isio n  fo r  th e  nex t year. 
F ro m  2003, F  w as a ffec ted  b y  th e  m a n a g em e n t d ecision  m a d e  
th e  year b e fo re , th ro u g h  a  fe e d b ac k  lo op . T h e  tech n ica l in te ra c tio n  
b e tw een  so le  a n d  p la ice  in  th e  D u tc h  b e am  traw l fishery  was 
a ssu m e d  to  re flec t th e  lin k a g e  b e tw een  th e  tw o  species in  all fish­
eries. N e ith e r  c a tch in g  n o r  d isca rd in g  o f  u n d e rs ized  fish was 
a ssu m e d  to  ta k e  p lace. A p p e n d ix  B gives a  d e ta iled  d e sc rip tio n  
o f  th e  in p u t  d a ta  in  th e  b a s ic  m odel.

Econom ic subm odel
T he e co n o m ic  s u b m o d e l w a s  co n stru c ted  to  calcu late  th e  a n n u a l 
rem o v a ls  b y  th e  fishery , a s  w ell as costs a n d  revenues. E co n o m ic  
p a ra m e te rs  w ere  o b ta in e d  fro m  a n  analysis o f  lo g b o o k  d a ta  a n d  
d a ta  o n  costs  a n d  rev en u es  b y  th e  LEI p an e l, a  sam ple  re p resen tin g  
25%  o f  th e  D u tc h  fleet. T h e  p rice -e la stic ity  p a ram e te rs  o f  sole a n d  
p la ice  w ere  b a sed  o n  N ie lse n  (1999). F o r  th e  effo rt scenario , th e  
s u b m o d e l a lso fu n c tio n e d  as  a  m ea n s  to  calcu late  th e  m a n ag em en t 
d ec isio n , i.e. th e  a llow ab le  e ffo rt, f ro m  th e  catch  fo recasts  u n d e r  
Fpa. T h e  ca lcu la tio n s  w e re  d o n e  th ro u g h  C o b b -D o u g la s  p ro ­
d u c tio n  fu n c tio n s , th e  d e riv a tio n  o f  w h o se  p a ram e te rs  is exp la ined  
below . T h e  s p aw n in g -s to c k  b iom asses  o f  th e  tw o  species a n d  th e  
D u tc h  p o r tio n s  o f  th e ir  re sp ec tiv e  catch  fo recasts  in  each  y ear 
se rved  as in p u t  fo r th e  e c o n o m ic  su b m o d e l, w h ich  th e n  calcu la ted  
th e  a sso c ia ted  a n n u a l t r u e  catches (see be low ). T he  calcu la ted  
catches (a fte r ra is in g  th e m  b a c k  from  th e  D u tc h  to  th e  in te r ­
n a tio n a l level) w ere  o u tp u t  a n d  fe d  back  in to  th e  b asic  m o d e l, as 
rea lized  rem ova ls  in  th e  O M . R evenues w ere  calcu la ted  fro m  th e  
la n d e d  catches a n d  th e  p ric e s  p e r  k ilog ram m e, th e  la tte r  b e in g  
d e p e n d e n t o n  th e  la n d in g s , b u t  sub jec t to  p ric e  elasticity. T h e  
p ric e -e la s tic ity  m o d e l causes  revenues  to  f lu c tu a te  less th a n  la n d ­
ings. T h e  costs  w ere  calcu la ted  fro m  th e  e ffo rt dep loyed . 
E q u a tio n s  a n d  p a ra m e te rs  a re  lis ted  in  A p p en d ix  A.

T h e  e co n o m ic  s u b m o d e l w as d esigned  as a s h o r t- te rm  m o d e l to  
p re d ic t a d ju s tm en ts  w ith in  th e  ex isting  fleet in  re sp o n se  to  m a n ­
ag e m en t po lic ies. F o r in d iv id u a l vessels, responses w o u ld  co n sis t 
o f  a d ju s tm e n ts  in  seaso n al o r  sp a tia l effo rt a llocation , in  th e  use
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Figure 1. Flow diagram  o f th e  sim ulation . T he th ick  arrow s m ark w here calculations in th e  econom ic subm odel are  carried o u t, d e n o te d  by 
steps  1, 2, an d  3, as explained in th e  m ain  text. SI and  S2 d e n o te  scenarios 1 and  2, respectively.

o f  gears, o r  in  th e  n u m b e r o f  effective sea-days. F ishers  w ere 
assu m ed  to  m ax im ize  th e ir  n e t re v en u es  p e r  u n i t  o f  th e  re s tric tin g  
factor. In  th e  TAC scenario , th e  re s tr ic tin g  fac to r w as tak en  to  be 
th e  w e igh ted  value o f  th e  in d iv id u a l tran sfe rab le  q u o ta s  (IT Q s) 
o f  sole a n d  pla ice, a value calcu la ted  b y  m u ltip ly in g  th e  sole an d  
p la ice  IT Q s w ith  fixed average p rices, th e n  s u m m in g  th e  p ro d u c ts . 
H en ce , fishers w ere  assum ed  to  m ax im ize  th e ir  n e t revenues, 
d iv id ed  by th e  w eigh ted  value  o f  th e  IT Q s  th e ) ' u sed  d u r in g  th a t 
tr ip . In  th e  e ffo rt-re s tric tio n  scen ario , fishers  w ere  a ssu m e d  to  
m ax im ize  th e ir  n e t revenues p e r  d ay  a t  sea. T he  basic  a ssu m p tio n  
w as th a t  w ith  a  m a n a g em en t re s tr ic tio n  o n  th e  fishery, th e  least 
e ffic ien t tr ip s  (th o se  w ith  low est n e t rev en u es  p e r  u n i t  o f  th e  
re s tric tin g  fac to r) w o u ld  be d ro p p e d  f i r s t

To calcu late  th e  p a ram eters  fo r  th e  su b m o d e l, w e u sed  the  
D u tc h  re p o r te d  lan d in g s  an d  e ffo r t d a ta  a n d  c o rre sp o n d in g  e co n ­
o m ic  d a ta  b y  fish ing  trip  fo r 2002, b u t  to  red u c e  th e  n u m b e r  o f  
re c o rd s  in  th e  database, in d iv id u a l t r ip s  w ere  g ro u p e d  b y  vessel, 
m o n th , a n d  gear. T hese v e s s e l - m o n th - g e a r  g ro u p s  w ere  so rted  
acco rd in g  to  descend ing  efficiency, i.e. d e scen d in g  n e t  revenues 
p e r  u n i t  o f  th e  re s tric tin g  factor. S ubsequen tly , all re c o rd s  w ere 
c u m u la ted , a n d  lan d in g s  w ere  reg ressed  against fish in g  effort. 
T h is  re la tio n sh ip  b e tw een  effo rt a n d  la n d in g s  o f  each  species led  
to  a  d iffe ren t p ro d u c tio n  fu n c tio n  fo r  e ach  m a n a g em e n t scenario , 
becau se  fishers w ere expected  to  fo llow  a  d iffe ren t s tra teg y  acco rd ­
in g  to  th e  ty p e  o f  restric tion .

T h e  ex p o n en tia l regression  o f  la n d in g s  o n  fish in g  e ffo rt was 
d esig n ed  as a  classical C o b b -D o u g la s  p ro d u c tio n  fu n c tio n  o f  
th e  fo rm

L¡ =  a ,B jE ß , (1)

w h e re  L  d en o tes  land ings , E  th e  fish in g  e ffo r t in  ho rsep o w er-d ay s  
(h p -d ay s), B  th e  sp aw n ing -stock  b io m a ss , i th e  species, a n d  a  a n d  
ß  are  c o n stan ts  ( ß  <  1). T he a c tu a l e q u a t io n s  a n d  th e  e stim a ted  
p a ra m e te r  values a re  listed in  A p p e n d ix  A . A n im p o r ta n t  fea tu re  
o f  th is  p ro d u c tio n  fu n c tio n  is  th a t  th e  ra te  o f  increase  in  land ings 
decreases as effort increases. T h is  reflects th e  a s s u m p tio n  tha t 
i f  th e  fisher)' is re s tric ted , th e  least e ffic ien t tr ip s  w o u ld  be 
d ro p p e d  first.

O n e  a ssu m p tio n  u n d e rly in g  th e  e co n o m ic  su b m o d e l is th a t 
th e  efficiency o f  m o n th - v e s s e l - g e a r  g ro u p s  is n o t  d is tr ib u te d  
ra n d o m ly , a n d  th a t fishers m a y  decide  to  cance l specific 
m o n th - v e s s e l- g e a r  co m b in a tio n s  to  m ax im ize  n e t  revenues. A n  
analysis o f  v a ria n ce  o f  th e  n e t revenues p e r  h p -d a y  w as p e rfo rm ed  
to  te s t th is  hyp o th esis . Selected ex p lan a to ry  variab les w ere m o n th , 
gear, in te ra c tio n  o f  m o n th  a n d  gear, available h p -d ay s  p e r  year, 
vessel, h p -g ro u p  o f  vessel, in te ra c tio n  o f  gear a n d  h p -g ro u p , an d  
in te ra c tio n  o f  h p -g ro u p  a n d  availab le h p -d ay s . F o r th e  en tire  
fleet, 56%  o f  th e  variance  co u ld  be exp la in ed  b y  th ese  variab les 
(T able 1), vessel, h p -g ro u p , a n d  gear b e in g  th e  m o s t im p o r ta n t  
F o r in d iv id u a l h p -g ro u p s  (T able 2 ), th e  va rian ce  exp lained  
v a ried  b e tw een  53%  fo r E u ro -c u tte rs  (en g in e  p o w er < 3 0 0  hp ) 
a n d  79%  fo r  vessels > 2 0 0 0  h p , a n d  th e  m o s t im p o r ta n t  ex p lan a ­
to ry  variab les w ere  vessel a n d  m o n th . T hese re su lts  m ake  it  
p lausib le  th a t  th e  in d u s try  sh o u ld  b e  ab le  to  cancel th e  least effi­
c ien t tr ip s  w h en  th ey  faced a re s tric tio n . T herefo re , n e t revenues 
w o u ld  decrease  less th a n  p ro p o r tio n a lly  w ith  th e  re s tric tio n , by 
c o n ce n tra tin g  tr ip s  in  th e  m o s t efficient seasons, a n d  b y  trad in g  
q u o ta  o r  h p -d a y s  fro m  less-efficien t vessels to  m o re -e ffic ien t 
ones. In  th e  lo n g  te rm , th is  m a y  cause  less-efficien t vessels to  be  
w ith d raw n  fro m  th e  fishery.

T he  va riab ility  in  n e t revenues a n d  catches o f  p la ice  a n d  sole 
am o n g  g ro u p s  o f  tr ip s  is p ro b ab ly  less th a n  a m o n g  in d iv id u a l 
tr ip s . T h is  m ean s  th a t  w e  m ay  b e  u n d e re s tim a tin g  th e  p o te n tia l 
fo r  fishers to  o p tim ize  th e ir  b eh av io u r, a n d  h e n ce  th e  cu rv a tu re  
o f  th e  p ro d u c t io n  fu n c tio n s  fo r  th e  tw o  species.

Scenarios
Scenario  7: T A C  m a n a g e m e n t
In  th is  scenario , th e  tw o  species a re  m an ag ed  in d e p e n d en tly  by  
single-species TACs. W e m ake th e  a ssu m p tio n  th a t  th e  fisheries 
p rim arily  ta rg e t sole (the  m ost valuab le  species by  a fac to r o f  4 - 5  
in  te rm s  o f  p r ic e  p e r  k ilo g ram m e ), a n d  th a t  fish in g  co n tin u e s  
u n til  th e  so le  TA C has b een  fu lly  tak e n , irrespective  o f  th e  plaice 
TAC. In  o th e r  w ords , ex p lo ita tio n  o f  so le  d e te rm in es  th e  b e h a ­
v io u r  o f  th e  fleets, re su ltin g  in  u n d e r-  o r  ov e rex p lo ita tio n  o f  th e  
p la ice  TAC. W e  assu m e  th a t  o v e rq u o ta  catch  o f  p la ice  is n o t 
lan d e d , a n d  th e re fo re  n o t  a cco u n te d  fo r in  th e  assessm ent,
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T ab le  1. Analysis o f  variance for th e  w hole  fleet: te s t of 
betw een-sub jects  effects w ith  th e  d e p en d e n t variable being n e t 
revenues p e r hp-day.

Source Type 1 
sum  of 
squares

d.f. Mean
square

F Significance

C orrected model 524 751a 60 8 702.3 9.95 <0.01

Intercept 209 706 1 209 706.0 239.80 <0.01

hp-group 235 545 5 47 109.1 53.87 <0.01

Gear 126 310 2 63 155.0 72.22 <0.01

M onth 41 056.9 1 3732.4 4.26 <0.01

G ear * hp-group 106 866 6 17 811.0 20.36 <0.01

Gear * m onth 88 309.4 2 4014.0 4.59 <0.01

hp-group * hp- days 17 023.8 6 2837.3 3.24 <0.01

Vessel 463 240 55 8407.2 9.61 <0.01

Error 409 483 468 874.4 - -
Total 955 206 528 - - -

Corrected total 934 235 528 - - -

ar2 = 0.562 (adjusted r2 = 0.505).

le ad in g  to  a  d iscrepancy  b e tw een  th e  t ru e  ca tch  a n d  th e  p e rce iv ed  
c a tch  (= lan d in g s) . T h is  scenario  is  th o u g h t  to  ap p ro x im a te ly  
re flec t th e  c u rre n t s itu a tio n , a lth o u g h  i t  clearly  is a  s im p lifica tio n : 
n o t  a ll fleets ta rg e t sole, an d  a  sm all p a r t  o f  th e  D u tc h  b e a m  traw l 
fleet even  exp lo its  th e  a rea  n o r th  o f  55°N , w h e re  sole a re  v irtu a lly  
ab sen t a n d  th e  ta rg e t species is p laice.

T h e  p la ice  ca tch  taken  is ca lcu la ted  fro m  th e  effo rt re q u ire d  to  
d e p le te  th e  so le  TA C  (see b e lo w ), a n d  m a y  b e  b e lo w  o r  exceed  th e  
p la ice  TA C. In  b o th  cases, th e  ca lcu la ted  p la ice  ca tch  is fe d  b ack  
in to  th e  O M  as th e  tru e  catch . I f  th e  p la ice  catch  exceeds th e  
TA C, th e  la n d in g s  (= perce ived  catch ) in  th e  M P  a re  e q u a l to  th e  
TA C, o th e rw ise  lan d in g s  are  eq u al to  th e  t ru e  catch . T h e  a g e  d is ­
tr ib u t io n  o f  th e  lan d in g s  is a ssu m ed  to  b e  e q u a l to  th e  age d is t r i ­
b u t io n  o f  th e  t ru e  catch.

S cen a rio  2: e ffo r t m a n a g e m e n t
F o r th is  scen a rio , m a n ag em en t is b ased  o n  th e  allow able  effo rt. 
W e d e c id ed  to  s im u la te  a  m a n a g em e n t ru le  w here  th e  a llow able  
e ffo rt is  d e te rm in e d  by  th e  species fo r  w h ic h  th e  c a tch  fo recast 
im p o ses  th e  m o s t severe e ffo rt re s tric tio n . H en ce , th is  e ffo rt is 
th e  lo w e r o f  th e  tw o va lues e s tim a te d  to  y ie ld  th e  p re d ic te d  
ca tch  u n d e r  th e  ta rge t F  fo r  each  species. O f  cou rse , m an ag ers  
m a y  decide  to  app ly  a  d iffe ren t type  o f  e ffo r t-m a n a g em e n t 
reg im e , e.g. o n e  w here  th e  allow able  effo rt is  d e te rm in e d  b y  th e  
c a tch  fo reca st o f  th e  m o s t va lu ab le  species, o r  o f  th e  spec ies th a t 
n e ed s  le a st re s tric tio n . W e d id  n o t  r u n  s im u la tio n s  o f  such  
m a n a g e m e n t regim es.

T h e  resp ec tiv e  catches ta k en  w ith  th e  allow able  e ffo rt serve 
d ire c tly  as in p u t  fo r  th e  tru e  ca tch  in  th e  O M , as w ell as fo r  th e  
la n d in g s  in  th e  M P. In  c o n tra s t to  c o n tro l  b y  TACs, w h e re  d is c a rd ­
in g  o f  o v e rq u o ta  catch  is im p lie d  u n d e r  fu ll co m p lian ce , i f  th e  
q u o ta s  d o  n o t  m a tch , co m p lian ce  u n d e r  e ffo rt c o n tro l im p lie s  
t h a t  all fish  c a u g h t m ay  be  landed .

Calculations
B ecause th e  p a ra m e te rs  o f  th e  e co n o m ic  s u b m o d e l a re  b a se d  o n  
th e  D u tc h  fish e r) ' only, it w as necessa ry  to  scale th e  fo recast

catches d o w n  to  th e  D u tc h  p o r t i o n s  o f  th e  to ta l in te rn a tio n a l 
catches. Sim ilarly , th e  c a tc h e s  su b se q u e n tly  tak en  w ith  D u tc h  
effort h a d  to  be  scaled u p  a g a in  to  a rriv e  a t  in te rn a tio n a l 
catches. T h e  p ro p o r tio n s  o f  th e  in te rn a tio n a l so le  a n d  p la ice  
catches ta k en  b y  th e  D u tc h  f is h e ry  w ere  a ssu m e d  to  b e  c o n stan t 
a t 74%  a n d  45% , re sp ec tiv e ly  (averages over th e  p e rio d  1 9 9 5 -  
2002; ICES, 2004).

T he  ca lcu la tio n  o f  a n n u a l  ‘‘t r u e ”  ca tch es  a n d  e co n o m ic  resu lts  
w as p e rfo rm ed  in  th re e  s tep s .

(i) U sing  th e  inverse p r o d u c t io n  fu n c tio n s  (listed  in  A p p en d ix  
A ), effo rt w as c a lcu la te d  f ro m  th e  sp aw n in g -s to ck  b io m ass  
(B ) a n d  th e  D u tc h  p a r t  o f  th e  c a tch  fo recast u n d e r  th e  
ta rg e t F. In  scen a rio  1, th e  tru e  effo rt equals  th e  effort 
re q u ired  to  dep le te  th e  so le  TA C , u s in g  th e  t ru e  B  in  th e  cal­
cu la tio n . In  scenario  2 ,  th e  t ru e  e ffo rt eq u als  th e  a llow ed 
effo rt ( th e  low er e s tim a te  o f  th e  e ffo rt re q u ire d  to  dep le te  
th e  fo recast ca tch  o f  t h e  tw o  spec ies), u s in g  th e  perceived  
B  to  m im ic  a  m a n a g e m e n t p ro ce ss  in  w h ich  o n ly  estim ates 
are  available, b u t n o t  t h e  t ru e  values.

(ii) T ru e  D u tc h  catches ta k e n  w ith  th e  e ffo rt d e te rm in e d  in  step
(i) w ere  calcu la ted , u s in g  th e  t ru e  B  in  th e  p ro d u c tio n  fu n c ­
tio n s  lis ted  in  A p p e n d ix  A . I n  scen a rio  1, o n ly  th e  p la ice  ca tch  
h a d  to  b e  calcu la ted , b e c a u s e  th e  so le  catch  w as set eq u al to  
th e  TAC. T h e  t ru e  D u tc h  ca tch es  w ere  th e n  ra ised  to  tru e  
in te rn a tio n a l catches.

(iii) P rices, costs, rev en u es , a n d  p ro f its  w ere  ca lcu la ted  from  
D u tc h  lan d in g s  a n d  e ffo r t,  u s in g  th e  costs a n d  revenues  fu n c ­
tio n s  lis ted  in  A p p e n d ix  A . In  scenario  2, lan d in g s  were 
always e qual to  catches , w h e re a s  in  scen a rio  1, p o te n tia l over­
q u o ta  catches fo r  p la ic e  w e re  n o t  lan d ed .

Uncertainty
U n certa in ty  w as explic itly  in c o rp o ra te d  in to  th e  s im u la tio n  fram e­
w ork , a cknow ledg ing  th e  p re s e n c e  o f  a  v a rie ty  o f  sources 
(R osenberg  a n d  R estrepo, 1994). I n  th e  s im u la tio n , th is  u n c e r­
ta in ty  caused  th e  p e rc e p t io n  to  dev iate  fro m  th e  tru e  w orld . 
Sources o f  e r ro r  inc lude : p ro c e ss  e rro r, a ttr ib u ta b le  to  n a tu ra l 
v a ria tio n  in  d y n a m ic  p ro cesses  (e .g . re c ru itm e n t) ; m e a su re m e n t 
e rro r , g en era ted  w h e n  c o lle c tin g  ob serv a tio n s  from  th e  p o p u ­
la tions; e s tim a tio n  e rro r, a r is in g  fro m  e s tim a tin g  p a ra m e te rs  o f  
th e  d y n am ic  p ro cess  d u r in g  th e  a ssessm en t p rocess; m o d e l e rro r, 
because  th e  t ru e  c o m p le x ity  o f  th e  dy n am ics  c an  n ev er b e  cap ­
tu red ; a n d  im p le m e n ta tio n  e rro r , a ttr ib u ta b le  to  im p erfec t 
im p le m e n ta tio n , e.g. w h e n  TA C s a re  exceeded . In  o u r  case, 
m o d e l e r ro r  w as m in im a l b e ca u se  th e  e q u a tio n s  u sed  to  c o n stru c t 
th e  s im u la ted  p o p u la tio n s  w e re  th e  sam e as th o se  u sed  to  assess 
th e m . V a ria tio n  a m o n g  M o n te  C arlo  ru n s  cam e  fro m  tw o 
sources: ra n d o m  variab ility  in  re c ru itm e n t a ro u n d  a  R icker 
re la tio n sh ip , a n d  sam p lin g  e r ro r  in  th e  g en era tio n  o f  th e  tu n in g  
series. B ecause th e  tim e -se rie s  o f  s to ck  a n d  re c ru itm e n t data  
since 1957 d o  n o t p ro v id e  ev id en ce  fo r o n e  p a r tic u la r  s to c k -  
re c ru itm e n t re la tio n sh ip , th e  c h o ic e  o f  a R icker re la tio n sh ip  was 
a rb itra ry , a n d  w e  d id  n o t te s t  ro b u s tn e ss  to  a lte rn a tiv e  hypo theses  
(M achiels  e t a l ,  2007; P a s to o rs  e t  a l ,  2007). C o n sid e rin g  th a t 
re c ru itm e n t v a ria tio n  is th e  m a jo r  source o f  p ro cess  e rro r , we 
d id  n o t in c lu d e  a d d itio n a l fo rm s, such  as v a riab ility  in  
w e ig h t-a t-ag e  o r  selectiv ity  (see  P a s to o rs  e t a l ,  2007).
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T ab le  2. Analyses o f variance for hp-groups: te s t o f betw een-sub jects  effects w ith  th e  d e p en d en t variable  being n e t revenues p e r hp-day.

hp-group Source Type 1 sum  o f squares d.f. M ean square F Significance

0 -2 6 0 Corrected model 5 061 141.5b 263 19 243.884 5.098 <0.001

Intercept 414 947.950 1 414 947.950 109.934 <0.001

Gear 233 166.043 2 116 583.021 30.887 <0.001
M onth 124 604.387 11 11 327.672 3.001 0.001
Gear * m onth 102 830.578 22 4810.481 1.274 0.178
hp-days 14 199.940 1 14 199.940 3.762 0.053
Vessel 4 583 340.5 227 20 190.927 5.349 <0.001
Error 4 000 976.7 1060 3774.506 - -

Total 9 477 066.2 1324 - - -

Corrected total 963.378 1323 - - -

2 61 -300 Corrected model 21 890.617d 203 107.836 10.254 <0.001
Intercept 27 472.774 1 27 472.774 2612.356 <0.001
Gear 1279.602 2 639.801 60.838 <0.001
M onth 4493.482 11 408.498 38.844 <0.001

Gear * m onth 2830.191 22 128.645 12.233 <0.001

hp-days 546.835 1 546.835 51.998 <0.001

Vessel 12 740.507 167 76.290 7.254 <0.001

Error 19 749.935 1878 10.516 - -
Total 69 113.326 2082 - - -
Corrected total 41 640.552 2081 - - -

3 01 -800 C orrected model 574.644e 32 17.958 4.957 <0.001
Intercept 145.440 1 145.440 40.150 <0.001

Gear 16.036 1 16.036 4.427 0.037
M onth 170.649 11 15.514 4.238 <0.001
Gear * m onth 37.386 7 5.341 1.474 0.181
hp-days 27.998 1 27.998 7.729 0.006

Vessel 322.575 12 26.881 7.421 <0.001
Error 492.649 136 3.622 - -
Total 1212.733 169 - - -
C orrected total 1067.293 168 - - -

§U~\1OCO C orrected model 154.004f 35 4.400 5.228 <0.001

Intercept 141.502 1 141.502 168.114 <0.001
Gear 50.556 1 50.556 60.064 <0.001
M onth 27.557 11 2.505 2.976 0.002
Gear * m onth 22.274 11 2.025 2.406 0.010
hp-days 0.209 1 0.209 0.248 0.619
Vessel 53.407 11 4.855 5.768 0.000
Error 93.430 111 0.842 - -

Total 388.936 147 - - -

C orrected total 247.433 146 - - -

1501-2000 Corrected model 738.79SC 98 7.539 27.928 <0.001
Intercept 1600.308 1 1600.308 5928.560 <0.001

Gear 50.058 1 50.058 185.445 <0.001
M onth 369.071 11 33.552 124.298 <0.001

Gear * m onth 10.119 5 2.024 7.497 <0.001
hp-days 13.296 1 23.296 86.302 <0.001

Vessel 286.251 80 3.578 13.256 <0.001
Error 224.S83 832 0.270 - -

Total 2563.686 931 - - -
C orrected total 963.378 930 - - -

Continued
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T ab le  2 . Continued

hp-group Source Type 1 sum  of squares d.f. M ean square F Significance
>2000 C orrected model 607.1882 68 8.929 30.274 <0.001

Intercept 934379 1 944.379 3 201.857 <0.001

Gear 27.691 1 27.691 93.885 <0.001
M onth 210.317 11 19.120 64.824 <0.001
G ear * m onth 0.168 2 9.309E — 02 0.316 0.729
hp-days 3.001 1 3.001 10.176 0.002

Vessel 365.993 53 6.906 23.413 <0.001
Error 166.645 565 0.295 - -

Total 1718.213 634 - - -

Corrected total 773.834 633 - - -

2r2 = 0.785 (adjusted r2 = 0.759). 
br2 = 0 0.558 (adjusted r2 = 0 0.449). 
cr2 = 0 0.767 (adjusted r2 = 0 0.739). 
V  = 0 0.526 (adjusted r2 = 0 0.474). 
V2 = 0.538 (adjusted r2 = 0 0.430). 
fr2 = 0 0.622 (adjusted r2 = 0 0.503).

Results
Scenarios
In  b o th  scen ario s , th e  p la ic e  s to ck  recovered  a n d  generally  s tayed  
above B iimi w h e reas  th e  so le  s to ck  generally  re m a in e d  above  B\im 
(F ig u re  2 ). T h e  p e rfo rm a n c e  th e re fo re  co n fo rm e d  to  th e  m a n a g e ­
m e n t  go a l o f  th e  p re c a u t io n a ry  ap p ro ach , w h e re  th e  advice sh o u ld  
a sce rta in  th a t  s to ck s  w o u ld  n o t  d ro p  be low  th e se  lim it  re fe rence  
p o in ts . I n  scen ario  1, ho w ev er, th e  in itia l rise  o f  th e  sp aw n in g  
s to ck  w as fo llow ed  b y  a  dec lin e , in  c o n tra s t to  a  c o n tin u in g  rise  
in  scen a rio  2. M o reover, F  c o u ld  rise  steeply  in  scenario  1 w h e n  
s to ck  sizes w ere  a lre ad y  decreasing , re q u ir in g  d ras tic  re d u c tio n s  
subseq u en tly . In  co n tra s t , F  re m a in e d  stab le  in  scen ario  2. T h is  
s tab ility  c lo se r to  th e  ta rg e t F  re su lte d  in  g re a te r p o p u la tio n  
g ro w th  th a n  in  scen a rio  1, a n d  d iscrepancies b e tw een  th e  p e r ­
ceived  a n d  t r u e  p o p u la tio n s  w ere  sm aller.

In  sc en a rio  1, th e re  w as o v e rq u o ta  fish in g  o f  p la ice  th ro u g h o u t  
th e  s im u la tio n  p e r io d  in  a t  least so m e  M o n te  C arlo  ru n s  (F igu re  
3 ), re s u ltin g  in  th e  p e rc e iv ed  ca tch  (= lan d in g s) b e in g  lo w er th a n  
th e  t r u e  c a tch . T h is  is  th e  c o n seq u en ce  o f  ta rg e t Fs fo r  so le  a n d  
p la ice  n o t  c o rre s p o n d in g  to  s im ila r effo rt levels (w ith  th e  a s s u m p ­
t io n  th a t  th e  so le  TA Cs a re  a d h e red  to ) ,  le a d in g  to  con flic tin g  
m a n a g e m e n t objectives. D u tc h  effo rt in c rea sed  m assively, b u t  it 
declined  to w a rd s  th e  e n d  o f  th e  s im u la tio n  p e r io d  (F igu re  4 ).

In  scenario  2, th e  effort restric tion  w as m o re  o ften  (except th e  first 
year) d e te rm in ed  b y  th e  p la ice  assessm ent th a n  b y  tha t fo r sole 
(F igure 5). D esp ite  th e  effo rt restric tion  a lternating  betw een being  
plaice- o r  so le-determ ined , th e  resulting  effort level was fairly 
c o n stan t over th e  years (F igu re  4). T h e  conflicting  level o f  effort 
requ ired  to  m ee t th e  ta rg e t Fs o f  the  tw o species necessarily led  to  
perceived  “u n d erex p lo ita tio n ” o f  o n e  o f  th e  species (o ften  a lternating  
betw een  th e  species a m o n g  years). This te rm  is used  he re  to  m ean  
exp lo ita tion  be low  th e  ta rg e t ca tch  forecast, w hereas “overexploita­
tion”  m ean s exp lo ita tion  exceeding th e  ta rge t fo reca s t Form ally, 
there  sh o u ld  n o t  b e  overexp lo ita tion  in  scenario 2, because th e  
low er o f  tw o  efforts w as alw ays used. H ow ever, there  w as som etim es 
overexp lo ita tion  because th e  M P  calculated allowable effort based  o n  
th e  p red ic ted  spaw n ing -stock  b iom ass, w hereas th e  tru e  spaw ning 
s to ck  was som etim es larger, lead in g  to  h ig h er catches th a n  p red icted .

I n  scen ario  1, s im u la te d  p ric e s  firs t d ecreased  a n d  th e n  rose , 
w hereas  th e y  d ro p p e d  f ir s t a n d  th e n  s tab ilized  in  scen a rio  2

(F ig u re  4 ). N e t  revenues  fo llo w e d  th e  d e v e lo p m en t o f  th e  la n d in g s  
(m ir ro r in g  th e  d e v e lo p m e n t o f  th e  p ric e s) : in  scen a rio  1, th e y  
in c re a se d  b u t  th e n  d ec lin ed , w hereas  th e y  c o n tin u e d  to  rise  in  
sce n a rio  2  (F igu re  4).

C om parative evaluation
W e selected  a  range  o f  ev a lu a tio n  c rite ria  (T able 3) to  review  an d  
c o m p a re  th e  resu lts  o f  th e  tw o  scenarios. In  te rm s  o f  th e  susta inab le  
ex p lo ita tio n  o f  th e  stocks, b o t h  m a n ag em en t reg im es generally  led  
to  avo idance  o f  lim it re ference  p o in ts . Scenario  2  p e rfo rm e d  slightly, 
b u t  significantly, b e tte r  th a n  scenario  1: fo r  sole, scenario  2 never 
v io la ted  w hereas scen a rio  1 d id  so occasionally . F o r  p laice, 
scen ario  2  v io la te d  B^m  less o f te n  th a n  scenario  1. M ean  lan d in g s  
d id  n o t  d iffer significantly, b u t  th e  a n n u a l v a ria tio n  in  sole land ings 
w a s  low er in  scenario  1, a n d  in  plaice lan d in g s  low er in  scenario  
2. F ro m  a n  econom ic  pe rsp ec tiv e , scenario  2  ap p ea red  to  p e rfo rm  
b e t te r  th a n  scenario  1, w ith  significantly  h ig h e r  n e t revenues in  
b o th  th e  sh o rt a n d  th e  lo n g  te rm . T hese h ig h e r n e t revenues seem  
to  b e  d u e  to  low er variab le  costs a t low er e f fo r t  A lth o u g h  n e t 
rev en u es  over th e  w h o le  p e r io d  w ere  sim ilar, th e  n e t revenues in  
scen ario  2  d id  n o t  decline d u r in g  th e  la tte r p a r t  o f  th e  s im u la tio n  
p e r io d , suggesting  th a t  i f  th e  s im u la tio n  p e rio d  h a d  b een  p ro lo n g ed , 
s cen ario  2  w o u ld  have also y ie lded h ig h e r n e t  revenues over th e  
w h o le  p e r io d  E co n o m ic  s tab ility  betw een  years w as s im ila r in  th e  
tw o  scenarios. ‘W ith  re spec t to  m an agem en t, scenario  2  w as m o re  
stab le , re q u irin g  effo rt re s tric tio n s  to  vary  a n n u ally  b y  o n ly  4%  on  
average, w hereas TACs v a ried  an nually  b y  14%  a n d  12%  fo r sole 
a n d  pla ice, respectively.

Shrinkage
I n  scen a rio  1, th e  p e rc e p t io n  o f  s to ck  d e v e lo p m en t lagged  several 
y e a rs  b e h in d  th e ir  t r u e  d e v e lo p m en t (F igu re  2 ). T h is  c a n  b e  seen  
m o re  easily w h e n  th e  t ru e  p o p u la tio n  an d  th e  p e rce iv ed  p o p u ­
la t io n  estim ates  fro m  each  M o n te  C arlo  r u n  are  co m p a re d  
(F ig u re  6 a ). B ecause o f  th is  lag, th e re  was a  cyclical a lte rn a tio n  
o f  u n d e re s tim a tio n  a n d  o verestim ation .

W e in v estig a ted  w h e th e r  th is  lag  was c a u sed  b y  sh rin k ag e , a 
te c h n ica l s e tt in g  in  th e  XSA assessm ent m o d e l a ffecting  th e  esti­
m a te d  F  in  th e  m o s t re c e n t years. T h e  se ttin g  u se d  trad itio n a lly  
in  ro u tin e  IC ES assessm ents o f  N o rth  Sea p la ice  a n d  so le  is
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Figure 2. Sim ulation results. Left panels: historical tim e-series; m iddle panels: p ro jec ted  p a r t o f th e  TAC scenario; righ t panels: p ro jec ted  part 
o f th e  effort scenario. Panels from  to p  to  bo tto m : sole B, sole F2_g, plaice B, plaice F2_8. Solid curves d en o te  th e  tru e  popula tion , dashed and  
d o tte d  curves th e  popu la tion  as perceived  in th e  respective year. T he m ean o f  100 M o n te  Carlo runs of th e  m odel is show n (th ick  solid curves 
for th e  tru e  state, dash ed  curves fo r th e  perceived state), boun d ed  by th e  centra l 50% range o f th e  values (i.e. th e  tw o  centra l quartiles; th in  
solid curves for th e  tru e  state, d o t te d  curves for th e  perceived state). Variability in th e  M on te  Carlo runs com es from  rec ru itm en t and 
sam pling error. S traight th ick  lines d en o te  Biiw or F|im, respectively, an d  stra igh t th in  lines Bpa o r Fpa, respectively. N o te  th a t  ICES has n o t 
defined F|im for sole.
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Figure 3. T he p ro p o rtio n  o f M o n te  Carlo runs in w hich th e  plaice 
catch  exceeded th e  plaice TAC in scenario  1, 200 2 -2 0 1 5 .

b ased  o n  sh rin k in g  th e  m o s t recen t F  e stim ate  to  th e  m e a n  over th e  
p re c ed in g  5 years  (w ith  s.e. o f  0.5; ICES, 2004), to  a cco u n t fo r 
u n c e r ta in tie s  in  th e  n o n -c o n v e rg ed  p a r t  o f  th e  VPA . T he  choice 
o f  a  spec ific  degree  o f  sh rinkage  reflects a  t ra d e -o ff  b e tw een  u n c e r­
ta in ty  a n d  b ias  in  th e  e stim ate  o f  F. T herefo re , th e  co n seq u en ce  o f  
s tro n g  sh rin k a g e  is th a t  actually  rea lized  changes in  F  in  re cen t 
years a re  p a rtly  o v e rru le d  by  values o f  F  in  th e  m o re  d is ta n t 
p a s t  F o r  c o m p a riso n , w e carried  o u t  100 M o n te  C arlo  n m s  w ith  
id e n tic a l se ttin g s, excep t th a t  F  w as s h ru n k  less s tro n g ly  tow ards 
th e  re c e n t average (over 3 years w ith  s.e. =  2 .0 ). In  th is  case 
(F igu re  6 b ), th e  d iscrepancy  b e tw een  perceived  a n d  tru e  p o p u ­
la tio n  s ize  w as red u ced  m arked ly  a n d  th e  cycles d isap p ea red . 
T h e re fo re , th e  lag  in  p e rc ep tio n  o f  th e  t ru e  p o p u la tio n  develop ­
m e n t a n d  th e  cyclical a lte rn a tio n  o f  u n d e r-  a n d  o v erestim atio n  
a p p e a r  to  b e  cau sed  by  th e  s tro n g  sh rinkage  setting . U n d e r  low
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Figure 5. T he  p ropo rtion  o f M o n te  Carlo runs in w hich th e  sole 
ca tch  forecast de term ined  th e  effort restric tion  in scenario 2, 
200 2 -2 0 1 5 .

sh rin k ag e , sp aw n in g  s to ck  a n d  F  o f  th e  tw o  species re m a in  m o re  
s tab le  (F ig u re  7 ). A lth o u g h  scen a rio  2 was r u n  w ith  th e  sam e 
s tro n g  sh rin k a g e  as scen ario  1, th e re  was n o  in d ic a tio n  o f  cycles, 
becau se  m a n a g e m e n t s tab ilizes e ffo rt d irectly , a n d  i f  F  d o e s  n o t 
v a ry  over t im e , sh rin k in g  to  th e  m e a n  has n o  a d d itio n a l effect.

Discussion
A ssum ptions
T h e  c o n s tru c t io n  o f  th e  tru e  p o p u la tio n  w as b ased  o n  s im ila r 
a ss u m p tio n s  a n d  th e  sam e e q u a tio n s  as th o se  u sed  in  th e  assess­
m e n t o f  th e  p e rce iv ed  p o p u la tio n . T h is  m ay  easily lead  to  o v e rco n ­
fid en ce  in  th e  re su lts , a n d  m u s t  b e  acknow ledged  as a  possib le  
w eakness in  th is  ty p e  o f  analysis.

M o reover, th e  t ru e  n a tu ra l m o rta lity , m a tu rity -a t-a g e , a n d  h is ­
to r ic a l  w e ig h ts  in  th e  O M  are  a ssu m e d  to  be  k n o w n  in  th e  M P, 
w h ic h  is, o f  co u rse , n e v e r th e  case. T h e  sam e app lies  to  th e  tru e



E ffec t o f  m a n a g em en t choices on susta inab ility  a n d  econom ic perform ance  o f  a  m ix ed  fish ery

T ab le  3. Perform ance w ith respect to  biological, econom ic, a n d  m anagem en t evaluation criteria  for t h e  tw o scenarios.
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P aram eter Scenario 1 TAC Scenario 2  effort 
restric tion

Biological criteria for sole

Frequency F >  Fpa (target F; %) 51.6 15.2

Frequency B <  BKm (%) 1.9 0.0

Mean (true) landings ('000 t) 266 258
Mean absolute difference in landings between tw o consecutive years (%) 14.3 16.5

Biological criteria for plaice - -
Year of recovery (>75%  of runs with B >  B|im) 2004 2004

Frequency F >  Fpa (target F; %) 74.2 36.0

Frequency B <  B,im from 2004 on (%) 4.5 1.8

Mean (true) landings ('000 t) 1130 1209
Mean absolute difference in landings between tw o consecutive years (%) 11.5 7.2

Economic criteria - -
Mean net short-term  revenues (2003-2005; Cmillion) 378 400

Mean net long-term  revenues (2013-2015; ^m illion) 444 514

Overall m ean net revenues (2003-2015; €m illion) 1984 2049
Mean absolute difference in net revenues betw een two consecutive years (%) 9.3 9.2

M anagem ent criteria - -
Mean absolute difference in m anagem ent m easure between consecutive years (%) Sole TAC 14.3 Plaice TAC 12.3 Allowable effort; 3.6

Emboldened scores are significantly better than the score in the alternative scenario (t-test assuming equal variances, p <  0.05; proportions are 
arcsine-square-root transformed; no Bonferroni correction).

c a tch  c o m p o s itio n . T h e  im p lic it b u t  u n re a lis tic  a ssu m p tio n  h e re  is 
th a t  th e  m a rk e t-sa m p lin g  p ro g ram m e  gives p rec ise  e stim ates  o f  
th e  age c o m p o s itio n  o f  th e  la n d e d  ca tch . A n o th e r  a s s u m p tio n  is 
th a t  th e  age c o m p o s i tio n  is th e  sam e in  th e  lan d e d  a n d  th e  d is ­
c a rd ed  o v e rq u o ta  catches. T h is  is a n  u n re a lis tic  a ssu m p tio n , 
becau se  fishers m a y  h ig h -g rad e  a n d  selectively  d isca rd  sm all fish  
o f  lo w  va lue  w h e n  a p p ro ach in g  e x h a u s tio n  o f  th e ir  q u o ta .

C onsequen tly , th e  p o te n tia l so u rces  o f  v a ria tio n  a n d  b ia s  are  
u n d e re s tim a te d  in  th e  ap p ro a ch , a n d  th e  re su lts  m ay  be o v e ro p ti-  
m is tic  w ith  regards to  h o w  w ell th e  M P  is  ab le  to  m o n ito r  th e  tru e  
d ev e lo p m en t o f  stocks. M o reo v er, th e re  are  o th e r  s im p lifica tions . 
Fo r in s tan ce , h is to ric a l re c ru itm e n t series o f  sole a n d  p la ice  
ap p ea r  to  be  co rre la ted , w hereas  th e  p ro jec ted  re c ru itm e n t o f  th e  
tw o  species in  th e  s im u la tio n s  w as u n c o rre la te d .
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F igure 6. T he difference betw een tru e  an d  perceived  estim ates o f  8  o f  10 M on te  Carlo runs o f  scenario 1. Left panels, sole; right panels, plaice. 
Positive values m ean  th a t  th e  perceived p o p u la tio n  is u n d erestim ated  co m pared  w ith  th e  t ru e  population . Variability in th e  M on te  Carlo runs 
com es from  re c ru itm en t and  sam pling error, (a ) W ith strong  shrinkage (over 5 years, s.e. =  0.5). (b) W ith w eak shrinkage (over 3 years, 
s.e. = 2.0).
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F igure  7 . Scenario 1 w ith  w eak shrinkage (over 3 years, s.e. = 2.0). See 
legend  o f Figure 2 for full explanation.

A n  im p o r ta n t  re s tric tio n  o f  th is  co m p ara tiv e  analysis  o f  tw o  
m a n a g e m e n t scen ario s  is th a t  m a n y  o f  th e  u n d e rly in g  d a ta  are  
b a se d  o n  th e  p re s e n t b e h a v io u r  o f  th e  fleets, w h ic h  is a  re sp o n se  
to  th e  p re s e n t m a n a g e m e n t system  (sing le-spec ies TA C s). F o r 
in s ta n ce , ca tch  ra te s  m ay  ch an g e  w h en  sing le-spec ies TA Cs are  
re p la c e d  b y  e ffo rt re s tric tio n s , b ecau se  fishers w ill g a in  a d d itio n a l 
f re e d o m  to  ta rg e t in d iv id u a l species, a n d  th is  m a y  affect th e

d ire c tio n  in  w h ich  a  fish e ry  d e v e lo p s . W e  have a ssu m e d  th a t  th e  
fish e ry  w ill n o t  ch an g e  f r o m  a  s o le - ta rg e te d  one , b u t  th is  c a n n o t 
b e  g u aran teed . I n  fact, th e  a s s u m p tio n  th a t  th e  so le  TA C drives 
th e  p la ice  ca tch  is a  s im p lif ic a tio n , b ecau se  a sm a ll p a r t  o f  th e  
D u tc h  flee t fishes in  a n  a re a  w h e re  so le  catches a re  negligible. 
M oreover, u n d e r  effo rt re s tr ic t io n s ,  fish e rs  m a y  also m ax im ize  
th e ir  p ro f it  b y  im p ro v in g  e ffo r t  charac te ris tic s  th a t  a re  n o t  
re s tr ic te d  a n d  inc rease  th e  c a tc h a b il i ty  ( th e  so -ca lled  “tech n o lo g y  
c reep ” p h e n o m e n o n ; P a sco e  e t  a l ,  2001; U lrich  e t al., 2002; 
R ijn sd o rp  et a l ,  2006 ). W h e n  t h i s  h a p p e n s , p a ra m e te rs  o f  th e  p ro ­
d u c tio n  fu n c tio n s  ch an g e  o v e r  tim e , a n d  effective catches fo r  a  
g iven  a m o u n t  o f  e ffo rt w ill d i f f e r  f ro m  ex p ec ted  catches.

A n o th e r  a ssu m p tio n  re la te s  to  th e  b e h a v io u r  o f  fishers w ith  
re g a rd  to  h ig h -g rad in g . U n d e r  th e  ex istin g  sing le-spec ies q u o ta  
reg im e , catches m a y  b e  h ig h e r  th a n  la n d in g s  becau se  o f  h ig h - 
g ra d in g  a n d  d isca rd in g  o f  o v e rq u o ta  catches. U n d e r  e ffo rt re s tric ­
t io n s , th e re  is n o  in c e n tiv e  fo r  h ig h -g rad in g  a n d  o v e rq u o ta  
d isca rd in g , so  la n d in g s -p e r-u n it-o f-e f fo r t  m a y  increase. 
H ow ever, th e  p ro d u c t io n  fu n c t io n s  are  b a se d  o n  (h is to rica l)  la n d ­
ings d a ta  only, w h e re as  th e y  a r e  u sed  in  th e  m o d e l fo r generating  
ca tch  d a t a  In  reality , catches a re  likely to  b e  b ig g e r th a n  th e  la n d ­
ings, w h ic h  c o u ld  cause  u n d e re s t im a tio n  o f  m o d e lled  catches.

T h e  d isca rd in g  o f  u n d e rs iz e d  p la ice  h a s  b e en  ig n o re d  in  th is  
analysis. B ecause o f  th e  d if f e r e n t b o d y  sh ap es  o f  so le  a n d  p la ice, 
th e  selectiv ity  o f  th e  p re s c r ib e d  80 m m  m e sh  size is  v e ry  d iffe ren t 
fo r  th e  tw o  species. T h e  50%  re te n t io n  le n g th  in  th e se  n e ts  is 27  cm  
fo r  sole (m in im u m  la n d in g  s ize  24 c m ), b u t  18 cm  fo r p la ice  
(m in im u m  la n d in g  size 27 c m ) .  T h is  im p lies th a t  la rg e  q u an titie s  
o f  u n d e rs ized  p la ice  a re  c a u g h t  a n d  d isca rd ed . D isca rd  estim ates  
w ere  n o t  availab le  a t  th e  t im e  o f  th is  s tudy , b u t  h av e  recen tly  
b e e n  in c lu d e d  in  th e  p la ice  s to c k  assessm en t ev en  th o u g h  th e ir  
re liab ility  is q u e s tio n ab le  (IC E S , 2005). By n eg lec tin g  th e  d is ­
c a rd ed  frac tion , th e  im p lic it  a s s u m p tio n  is th a t  o n ly  fish  above 
th e  respective  m in im u m  la n d in g  sizes a re  c a u g h t  Keli a n d  
B rom ley  (2004) p o in te d  o u t  th a t  tak in g  m a n a g em e n t decisions 
fo r  N o r th  Sea p la ice  b a se d  o n  s im u la tio n s  w ith o u t acco u n tin g  
fo r  d isca rd in g  lead s  to  in c o r re c t  p e rc e p tio n s  o f  s to ck  dev elo p m en t. 
H ow ever, th e  availab le e s tim a te s  are  b a se d  o n  c ru d e  e x tra p o l­
a tio n s , a n d  th e ir  in c o rp o ra t io n  m ig h t easily lead  to  u n reliable 
re su lts . D ickey-C ollas e t a l  (2007 ) fo u n d  th a t  th e  in c lu s io n  o f  
n o isy  d isca rd  e s tim a te s  m a y  m a k e  p o p u la tio n  tre n d s  h a rd  to  
tra c k  w ith  XSA. A lth o u g h  w e  acknow ledge  th a t  assessm ents m ay  
b e  im p ro v ed , th is  sh o u ld  n o t  devalue  th e  co m p a ra tiv e  va lue  o f  
th e  tw o  scenario s  assessed  w ith o u t  these  co m p lica tio n s.

W e  also  assu m ed  fu ll c o m p lia n ce  to  th e  m a n a g e m e n t m easu res  
(a llow ing  fo r  legal d isca rd in g  o f  o v e rq u o ta  p la ice  ca tch  in  scenario  
1). I n  reality , co m p lia n ce  w ith  TACs m a y  be a  fu n c tio n  o f  th e  d is ­
c rep an c ies  b e tw een  th e  TA Cs set in  consecu tive  years. W ith o u t 
d ire c te d  re sea rch  in to  fish e rs ’ re sponses  to  m a n a g em e n t m easu res, 
i t  is p ro b le m a tic  to  in c o rp o ra te  im p le m e n ta tio n  b ia s  in to  a  m o d e l.

T h e  te ch n ica l in te ra c tio n  b e tw een  sole an d  p la ice  in  th e  D u tc h  
b e a m  traw l fishery  is  ta k e n  as a  p ro x y  fo r th e  lin k ag e  b e tw een  th e  
tw o  species in  a ll fisheries. T h is  a ssu m p tio n  im p o ses  fr ic tio n  w ith  
a n o th e r  a s s u m p tio n  th a t  D u tc h  catches can  b e  m u ltip l ie d  b y  
fixed  b u t  d iffe ren t fa c to rs  to  a rriv e  a t th e  respective  in te rn a tio n a l 
catches (1 .35  fo r  so le, 2 .25  fo r  p la ice). T h e  fr ic t io n  arises because  
th e  d iffe ren t m u ltip lie rs  im p ly  th a t ,  in te rn a tio n a lly , m o re  p la ice  is 
c a u g h t th a n  can  b e  a cc o u n te d  fo r b y  th e  m ix ed -fish e ry  
in te rac tio n .

W e fu r th e r  a ssu m e d  th a t  fu tu re  m a n a g em e n t d ec isio n s  w ere  
b a se d  o n  fish in g  a t a  ta rg e t  F  th a t  equals th e  re sp ec tiv e  P pa (fo r
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b o th  species in  th e  TA C  scenario , a n d  fo r  th e  species re q u irin g  
s tro n g e r e ffo r t-re s tr ic tio n  in  th e  e ffo rt-reg u la tio n  scen ario ). In  
reality , th e  E C  m a n a g em e n t p la n  fo r  N o r th  Sea p laice a n d  sole 
a d o p te d  in  2007 a n d  im p le m e n te d  fo r  th e  firs t tim e  in  2008 p r e ­
scribes ta rg e t Fs th a t  a re  red u ced  b y  10%  each year u n til  th e  
final ob jec tives o f  F =  0.3 fo r  p la ice  a n d  F  =  0 .2 fo r so le  w ill have 
b een  reach ed . W ith  th is  p la n  b eco m in g  o p e ra tio n a l, th e  stocks 
sh o u ld  rec o v er m o re  qu ick ly  a n d  lo w er Fs w o u ld  b e  realized. 
H ow ever, b ecau se  o u r  s tu d y  w as ca rrie d  o u t  befo re  th e  n ew  m a n ­
ag em en t p la n  existed , w e  d id  n o t  in c o rp o ra te  any  a d ju stm en ts  o f  
ta rg e t F  in  th e  s im u la tio n s , w h ich  m a y  have led  to  a  m o re  pess i­
m is tic  d e v e lo p m en t th a n  th e  n e w  p la n  w o u ld  a llow  fo r. A n 
earlie r version  o f  th e  c u rre n t m a n a g e m e n t p la n  has b een  evaluated  
by  M achiels e t al. (2007) a n d  th e  Scientific , T echn ical, a n d  
E co n o m ic  C o m m itte e  fo r  F isheries  (STECF, 2006), th ro u g h  s im u ­
la tio n  s tu d ie s  s im ila r  to  th is  one .

U lrich  e t al. (2002) u n d e r to o k  a  c o m p a rab le  s tu d y  o n  the  
m ixed -fla tfish  fish e ry  o f  th e  N o r th  Sea, a lso in c lu d in g  econom ics . 
T h ey  m o d e lle d  in d iv id u a l fleets, in c lu d e d  d isca rd in g  o f  u n d ers ized  
fish, a n d  a ssu m ed  th a t  F  is p ro p o r tio n a l to  e f fo r t S im ilarly , th e  
s im u la tio n  s tu d y  th a t  ev a lu a ted  th e  d ra ft E C  m a n a g em e n t p lan  
(M ach iels  e t al., 2007) a ssu m ed  a  p ro p o r tio n a l re la tio n  b e tw een  
effo rt a n d  F. H ow ever, th is  a ssu m p tio n  seem ed  p ro b le m a tic  in  
th e  ev a lu a tio n  b y  ST EC F (2006). To o u r  know ledge, a  p r o ­
p o r tio n a l re la tio n sh ip  b e tw een  effo rt a n d  F  has n o t  b e en  c o n v in ­
cingly  d e m o n s tra ted . O n  th e  c o n tra ry , th e  re la tio n sh ip  varies  in  
response  to  te ch n ica l, e n v iro n m e n ta l, a n d  b eh av io u ra l factors 
(R ijn sd o rp  et al., 2006 ). T h e  la s t a u th o rs  n o te d  th a t  th ro u g h  
o p tim iz a tio n  b e h a v io u r  o f  fishers, fish in g  m o rta lity  can  b e  affected 
less th a n  p ro p o r tio n a lly  b y  effo rt re d u c tio n s . W e th e re fo re  believe 
th a t  a  p ro d u c tio n  fu n c tio n  b a se d  o n  th e  id ea  th a t  a fish e ry  faced 
w ith  m a n a g em e n t re s tr ic tio n s  w ill cance l th e  least p ro fitab le  
tr ip s  first is a  m o re  rea lis tic  ap p ro a ch . H ow ever, a lth o u g h  we 
in tro d u c e d  e c o n o m ic  d a ta  to  m im ic  changes in  fleet b eh av io u r 
in  re sp o n se  to  m a n a g em e n t, th e  a p p ro a ch  is still sim p listic . In  
p rac tice , species c o m p o s itio n s  o f  th e  ca tch  m ay  change  o u ts id e  
th e  s im u la ted  ran g e  in  re sp o n se  to  th e  m a n a g em e n t stra tegy  
chosen .

A n o th e r  lim ita tio n  is th e  lack  o f  sen s itiv ity  tests to  evaluate  th e  
ro b u s tn e ss  o f  o u r  c o n c lu s io n s  b y  v a ry ing  th e  v a rio u s  a ssu m p tio n s . 
I t  is c lear th a t  th e re  is  a  te n s io n  b e tw een  th e  level o f  de ta il th a t  m ay  
seem  desirab le  a n d  th e  level th a t  c an  b e  p ro v id e d  w hen  specifying, 
c o n d itio n in g , a n d  v a lid a tin g  O M s in  m a n a g em e n t ev aluation  
s tu d ies  (P as to o rs  e t a l ,  2007).

T o  p u t  all these  a s s u m p tio n s  in to  perspec tive , w e stress th a t 
scenario  1 is s u p p o se d  to  re flec t largely  th e  m a n a g em e n t system  
as i t  has b e e n  in  p lace  u n ti l  a n d  in c lu d in g  2007. T h e  o u tco m e s  
o f  o u r  s im u la tio n s  suggest th a t  th is  system  w o u ld  g u a ran te e  th a t  
b o th  stocks a re  m a n a g ed  effectively in  av o id in g  th e  lim it  reference 
p o in ts , a n d  th a t  th e  TAC system  is  a safeg u ard  against ov e rex p lo i­
ta tio n . H ow ever, th is  s ta te m e n t c o n tra s ts  sh a rp ly  w ith  th e  recen t 
p e rc ep tio n s  o f  th e  d ev e lo p m en ts  in  b o th  stocks, suggesting  th a t  
scenario  1 is to o  o p tim is tic  as a  re p re s e n ta tio n  o f  th e  recen t 
regim e.

Shrinkage
For m a n y  d em ersa l s to ck s  in  n o r th e rn  E u ro p e , th e  u se  o f  strong  
sh rinkage  o f  F  to w ard s  th e  rec en t 5 -y ea r m e a n  has b een  a 
c o m m o n  p ra c tic e  u n t i l  recen tly . F o r N o r th  Sea plaice a n d  sole, 
th is  p rac tic e  h a s  c h an g ed  re c en tly  (ICES, 2007), w h en  th e  results 
o f  th e  s im u la tio n s  re p o r te d  h e re  w ere  m ad e  availab le to  th e

a ssessm en t w o rk in g  g ro u p  i n  an  earlie r d ra f t (K raak  e t a l ,  
2004). O u r  analysis show s th a t  i f  F  va rie s  m arked ly , as in  scenario  
1, th e  u se  o f  s tro n g  sh rin k ag e  in d u c e s  q 'd i c a l  dev e lo p m en ts  in  th e  
stock. T h is  in s tab ility  is  c au sed  b y  th e  p e rc ep tio n  o f  th e  s to ck  be ing  
always o u t  o f  p h ase  w ith  th e  t r u e  state. S h ep h erd  (1999) c o m m e n ­
te d  th a t  sh rin k in g  F  to  th e  re c e n t  m ean  m ig h t cause co n flic t w ith  
s tro n g  signals in  th e  surveys, p a rt ic u la r ly  i f  ca tch  d a ta  are  in a c cu r­
ate. H ow ever, su ch  a c o n c lu s io n  m isses th e  p o in t  th a t  even i f  the  
ca tch  is  w ell sam p led  a n d  th e r e  are n o  s tro n g  signals in  surveys, 
sh rin k ag e  m a y  in tro d u c e  a  g re a te r  b ias  th a n  th e  u n c e r ta in ty  o rig ­
in a tin g  from  th e  u n c o n v erg ed  p a r t  o f  th e  V PA  th a t  it  is try in g  to  
avo id . Im p o rta n tly , th e  s tre n g th  o f  th e  sh rinkage  ch o sen  reflects 
a  tra d e -o f f  b e tw een  b ias  a n d  u n c e r ta in ty  (D ickey-C ollas et a l ,  
2007 ). I n  o u r  s im u la tio n s, m a n y  so u rces  o f  u n c e r ta in ty  w ere 
ab sen t (as exp la ined  above), b u t  in  ICES assessm ents, to ta l u n c e r­
ta in ty  m a y  b e  substan tia l.

T h e  b ias  h a s  m a rk e d  effects o n  th e  advice a n d  co rre sp o n d in g  
m a n a g e m e n t m easu res . D u r in g  a  p e r io d  w ith  a  s tro n g  tre n d  in  
F, sh rin k ag e  resu lts  in  a  d isc rep an c y  in  th e  p e rc ep tio n  o f  the  
t ru e  state  o f  th e  s to ck  (see a lso D ickey-C ollas e t a l ,  2007). 
T h e re fo re , th e  advice, a n d  th e  m easu res  tak en , w ill be  in a p p ro p r i­
a te  re la tiv e  to  th e  re ference  p o in ts  a im ed  fo r, a n d  always lag 
b e h in d , le a d in g  to  o v e rsh o o ts  a n d  u n d e rsh o o ts . T hese  p ro b lem s 
m a y  ex p la in  th e  re tro spective  b ia s  o f te n  observed  in  assessm ents. 
T h ey  m a y  also lead  to  u n w e lco m e  a n d  un n ecessa ry  v a ria tio n s  in  
TACs, so  u n d e rm in in g  th e  c red ib ility  o f  th e  scientific  advice (by  
cau s in g  la rge  re tro sp ec tiv e  c h an g e ) a n d  p ro h ib itin g  im p le m e n ­
ta tio n  o f  tim e ly  a n d  s tab le  m a n a g e m e n t m easu res. A s recovery  
p la n s  o r  o th e r  conserva tive  m ea su re s  are  o f te n  assoc iated  w ith  
s tro n g  re d u c tio n s  in  F, as in te n d e d  b y  th e  a d o p te d  E C  m a n a g e ­
m e n t  p la n  fo r N o r th  Sea p la ice  a n d  sole, th e  p e rc ep tio n  o f  
success o f  s u c h  p lan s  w o u ld  b e  jeo p a rd iz ed  i f  sh rinkage  o f  F  to  
th e  m e a n  w ere  app lied .

Com parison o f the tw o  scenarios
T h is  s im u la tio n  exercise w as u n d e rta k e n  to  exp lo re  th e  m e th o d ­
o lo g y  a n d  to  ga in  in s ig h t in to  th e  q u estio n  o f  h o w  a lte rn a tiv e  m a n ­
ag e m en t scen ario s  m a y  d ifferen tia lly  affect s to ck  d e v elo p m en t, th e  
fishery , its  eco n o m y , a n d  its  m a n a g e m e n t T he  p ro jec tio n s  a re  n o t 
m e a n t to  b e  v iew ed  as q u a n tita tiv e  s to ck  forecasts o r  p re d ic tio n s  to  
b e  used  in  N o r th  Sea fla tfish  m a n a g em e n t (P asto o rs  et a l ,  2007). 
R ather, th e  tw o  scenario s  re p re sen t a  qua lita tive  c o m p a riso n  o f  
tw o  m a n a g e m e n t system s fo r  a  p a rtic u la r  se t o f  sim p lify ing  
assu m p tio n s . T h e  c o n c lu sio n  as to  w h ich  m a n a g em en t scenario  
p e rfo rm s  b e s t sh o u ld  b e  v iew ed  as co n d itio n a l o n  m an y  restric tive  
a ssu m p tio n s , because  th e  c o n clu sio n s  m a y  n o t  h o ld  i f  so m e  o f  
th e se  w ere  re laxed  o r  changed.

B ased o n  th e  ev a lu a tio n  c r ite r ia  chosen , th e  e ffo r t-m a n a g em e n t 
scen a rio  ap p ea rs  to  b e  m o re  su itab le  fo r m an ag in g  th e  b eam  traw l 
fish e ry  th a n  th e  TA C  scenario , becau se  i t  resu lts  in  a  m o re  positive  
b io lo g ica l d ev e lo p m en t o f  b o th  stocks, in  h ig h e r s h o r t- te rm  an d  
lo n g - te rm  e co n o m ic  p ro fits , a n d  g rea te r s tab ility  o f  a n n u a l m a n ­
ag em e n t m easu res .

A lth o u g h  b o th  scen a rio s  generally  led  to  su sta in ab le  ex p lo ita ­
t io n  (i.e . they  k e p t F  b e lo w  F\im, a n d  th e  sp aw n in g  s to ck  above 
5 |,m), e ffo rt m a n a g em e n t d id  so  s ligh tly  b e tte r a n d  led  generally  
to  la rg e r s tocks a n d  low er effort. This is b ecau se  th e  
e ffo r t-re s tr ic tio n  im p le m e n te d  w as tu n e d  to  th e  species m o s t in  
n e ed  o f  re s tric tio n , so  acknow ledg ing  th e  m ixed -species n a tu re  
o f  th e  fishery . T h is  o ften  re su lte d  in  catches o f  th e  o th e r  species 
th a t  w ere  low er th a n  m ig h t b e  tak e n  w ith  th e  single-species
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ta rg e t F  (F pa). T h is , in  tu rn ,  w as favou rab le  fo r th e  d ev e lo p m en t 
o f  th a t  s to ck , a n d  was p a id  b a ck  la ter. H ow ever, o th e r  e ffo rt- 
m a n a g em e n t reg im es can  b e  envisaged a n d  very  d iffe ren t o u t ­
com es ex p ec ted . F o r in s tan ce , a  system  a im e d  specifically  a t 
su sta in in g  th e  fish e ry  o f  th e  m o s t valuab le  species co u ld  easily 
lead  to  o v e re x p lo ita tio n  o f  th e  o th e r.

S cenario  1, m im ic k in g  th e  c u r re n t  s itu a tio n , p e rfo rm e d  w orse  
because th e  so le  catch  d e te rm in e d  e ffo rt, w h e reb y  th e  p la ice  
s tock  w as o fte n  o v e rex p lo ited  a n d  so m e  p la ice  catches co u ld  n o t 
b e  lan d ed  a n d  d id  n o t c o n tr ib u te  to  revenues. Still, th is  scenario  
is  p ro b ab ly  o v e ro p tim is tic  as a  re fle c tio n  o f  th e  c u rre n t m a n ag e ­
m e n t reg im e, in  v iew  o f  th e  neg a tiv e  d e v e lo p m en t o f  th e  stocks 
observed  re c en tly  u n d e r  th e  c u rre n t m a n a g em e n t reg im e.

T he  d e v e lo p m en t o f  th e  s to ck s  w as m o re  stable u n d e r  scenario  
2, lead ing  to  lo w e r assessm en t b ias a n d  e rro r  (low er d iscrepancy  
betw een  p e rce iv ed  a n d  t ru e  sta tes  o f  b o th  stocks). A ssessm ent 
b ias c au se d  b y  sh rin k ag e  re in fo rces  instab ility . Conversely, 
th e  lack  o f  a sse ssm en t b ia s  re in fo rces  s tab ility  a n d  m akes  th e  
advice less sen s itiv e  to  sh rin k ag e . T h is  sh o u ld , in  tu rn ,  lead  to  
th e  se ttin g  o f  m o re  a p p ro p r ia te  m e asu re s  (in  th is  case, a llow ed 
effo rt).

To co n c lu d e , m a n y  o f  th e  d ifferences  b e tw een  th e  scenario  o u t ­
com es a re  a ttr ib u ta b le  to  th e  w ay  th e  m a n a g e m e n t reg im es dealt 
w ith  th e  c o n flic tin g  ta rg e t Fs fo r  so le  a n d  p la ice  an d  th e  in c o n s is t­
e n t fleet e ffo rt re q u ire d  to  execu te  these  Fs. O u r  s tu d y  suggests th a t  
a  m a n a g em e n t s tra teg y  th a t  occasiona lly  resu lts  in  perceived  
u n d e re x p lo ita tio n  o f  th e  stocks m a y  w o rk  best, g iven th e  existence 
o f  assessm en t e r ro r  a n d  b ias. O u r  resu lts  a lso  suggest th a t s tab ility  
in  fish ing  m o rta li ty  re in fo rces  itself, becau se  assessm en t b ia s  is 
low er u n d e r  g re a te r  stab ility , a n d  c o rrec tio n s  b e co m e  less 
necessary.
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A ppendix A: equations and sym bols used in th e  m odel 
Equations
P o p u la tio n  dynam ics

N i,a+ 1 .y+ 1 =

N i , p , y = N i ,p - +  N i 'p :y - \ e ~ z ‘^r - t  

M o rta lity  rates

Z'l.a.y =  Fi.a.y  +  M i.a ,y  

h i,  a. y  =  S i,a ,yfi,y

C atch  eq u a tio n

C i_a,y =  N i,a. y Î (  l - e - z w )x.y z .
^ t ,a ,y

(2)

(3)

(4)

(5)

(6)

S to c k - re c ru i tm e n t re la tio n sh ip  (R icker)

N i,r ,y  =  ( a ,B ,- y _ r e - f tß 'm - ) e B' ' - ^ / 2

e»,y ~  N (0 , o f )  

o f  =  ln (C V f +  1)

C atch  p e r  u n i t  effo rt m odels

A iJ ,a ,y  =
( ß f  -  a f)Z ¡ ,a ,y

Yield

Y i,y  =  J 2 Q .« .y W C.i.a ,y
a=r

S paw n in g -s to ck  b io m ass

p

Bi.y =  y ^ .N i.a.yW S.i.a.yOi.a.y
a — T

Single-species TAC scenario

Cj ,y —  Q s.y

E y  =  a 0 ( M ^ y y ßo Q fo

C p .y  =  a j p M p ^ E ^ ' ^  

E ffo rt-re str ic tio n  scenario

Q .y — a ¡M¡.yEy‘ 

C p ,y  =  O ipM p y E y !

E co n o m ic  variables

P i ,

« o . , = ^ ( D

R T.y =  ym'fiL j,y P i,y )  +  R o ,y  

C v , y  =  a c  +  ß c E y  1000 

R N .y  =  R T.y ~  C v ,y

(7)

(8) 

(9)

( 10)

(ID

(12)

(13)

(14)

(15)

(16) 

(17)

Ey =  M I N [ ( a o lS( M , , r ^ Q g ) ,  ( « ^ ( M , . , ) - * < $ , ) ]  (18)

(19)

(20)

(21 )

(22)

(23)

(24)

(25).
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Symbols used in equations

P aram eter D efinition

Population dynamics N,,.y Numbers o f fish of species 
/ of age a a t th e  start of 
year y

P Age of the  plus group; 
here, p  = 15 years

b  a,y Total m ortality of species i 
a t age a in year y

M ortality rates M ¡ „ Natural m ortality of 
species / a t age a  in year y

b o . Fishing m ortality of species 
/ a t age a in year y

is . Year effect of fishing 
m ortality of species i in 
year y

~'ia,y Selection pa tte rn  of species 
; a t age a in year y

Catch equation Q  a . Catch in num bers of 
species i a t age a in year y

Stock -  recruitm ent r Age at first recru itm ent to
relationship the fishery; here, r  = 1 year

B,.y Spawning-stock biomass of 
species i in year y

a„ ß, Constants; for i = sole 
a , = 5.1055, ß i = 0.0000168, 
and for i = plaice a¡ = 3.81, 
ßi = 0.00000331 (estimated 
as explained in Appendix 
B)

e i.y Recruitm ent residual of 
species i in year y

c¡ Standard error of 
recruitm ent residuals of 
species /

CV; Coefficient o f variation of 
recruitm ent; for / = sole 
CV, = 0.5, and  for ;=plaice 
CV; = 0.35 (estim ated as 
explained in Appendix 6)

Catch per unit effort 
models

U‘M y Cpue of species i by fleet ƒ  
a t age a  in year y

W¡J,, Cpue o f species / by fleet ƒ  
a t age a  adjusted to  start 
of year y

A iJ „ Averaging factor of species 
i for fleet ƒ  relating the 
population
abundance-at-age a during 
th e  tim e a t which the 
catch was taken to  the 
population
abundance-at-age a a t the 
beginning of th e  year y

P,J, Catchability, relationship 
between cpue and 
num bers o f species i for 
fleet ƒ  a t age a (source 
explained in Appendix B)

Continued

P a ra m e te r Definition

f t S tart o f the  period of 
fishing of fleet/, a t 0.66 of 
th e  year

ß i End of th e  fishing period 
o f fleet /  a t 0.7S of the 
year

S tandard  error o f cpue 
residuals of species i of 
f l e e t / a t  age a (source 
explained in Appendix B)

Yield Wa,a,y Body mass in th e  catch of 
species i a t age a in year y

b y Total catch mass of species 
i o f all ages in year y

Spawning-stock Ws,;,.y Body m ass in the  stock of
biomass species i a t age a in year y

0 ,a.y Proportion m ature of 
species / a t age a in year y

Single-species TAC b Fishing effort in million
scenario and
effort-restriction
scenario

hp-days in year y

M,y 8 of species / in year y 
relative to  th e  B of th a t 
species in the  reference 
y e a r (2002)

Q¿y Catch forecast (tonnes) of 
species i for year y, using 
th e  equation for yield Y

Qy Catch (tonnes) o f species 
i in year y

s (subscript) Sole
p  (subscript) Plaice

<*0, / f t  Oo.s, Constants; a 0 = 0.0009786,
a a.p, ß l  ßo, ay f t  =1.177,
f t .  «p. f t, a 0j  = 0.00011698,

a 0p =  0.00001882,
ßo = 1.40S7, ß p0 = 1.4578,
a s = 628.637, f t  = 0.7105,
a p = 916.432 and
f t  =  0.8496 in scenario 1,
ap = 1747.43 and
f t  = 0.6853 in scenario 2
(estim ated from
regressions as explained in
th e  main text)

Economic variables b y Dutch price in euros per 
kg of species i in year y

Cv.y Dutch variable costs in 
1000  euros in year y

a ,  ft Constants; a c = —1.629 
and f t =  1.4355 in scenario 
1, a c = 0.4715 and 
f t  = 1.4021 in scenario 2 
(estim ated from 
regressions, see main text)

BT.y Dutch total revenues in 
thousand euros in year y

Continued Continued
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Continued

P aram eter Definition

Dutch n e t revenues in 
thousand euros in year y

Uy Dutch landings of species i 
(tonnes) in year y

Lf Dutch landings of species i 
(tonnes) in reference year 
(2002); L° = 10 611 and L°p 
26 977 in scenario 1,
I ,  = 10 611 and L° 26 668 in 
scenario 2 (from LEI data)

Pf Dutch average price in 
euros per kg of species / in 
reference year (2002);
P° = 9.26 and P° = 1.86 
(from LEI data)

e¡ Price elasticity of species /; 
es = — 0.3 and  ep = — 0.2 
(after Nielsen, 1999)

Ro.y Dutch revenues from other 
species in thousand euros 
in year y

rS Dutch revenues from other 
species in reference year 
(2002) in thousand euros; 
R° = 46 385 (from LEI data)

E° Dutch fishing effort in 
reference year (2002) in 
million hp-days; £° = 53.569 
in scenario 1, £° = 53.346 in 
scenario 2 (from LEI data)

A ppendix B: input data
T he in p u t  d a ta  re q u ire d  fo r  th e  O M  are:

(i) In itia l (1957) p o p u la tio n  n u m b ers -a t-ag e  (N iaty); f ro m  
ICES (2004);

(ii) N a tu ra l  m o rta lity -a t-a g e  M  (M i¡a¡y); a ssum ed  c o n s ta n t 
(ICES, 2004);

(iii) M atu r ity -a t-a g e  (0¡_a¡y); a ssu m e d  c o n s ta n t (ICES, 2004);

(iv) M ea n  w e ig h t-a t-a g e  o f  fish  in  th e  s to ck  (W Sil->aj),) a n d  in  th e  
ca tch  {W c ,i,a,y)l fo r  th e  p e r io d  1 9 5 7 -2 0 0 1  fro m  ICES 
(2004); fo r  th e  years 2 0 0 2 -2 0 1 5  th e  ru n n in g  average over 
th e  p re v io u s  3 years;

(v) Selection  p a tte rn  (relative F -at-age, fo r 1957 -2 0 0 1  
abso lu te  F -at-age  values fro m  ICES (2003); fo r 2002—2015 
assum ed  c o n stan t as th e  average over th e  p e rio d  1 9 9 7 -2 0 0 1 ;

(vi) R ecru its  (N ¡ j0,); fo r  1 9 5 7 -2 0 0 1  fro m  ICES (2004); fo r 
2 0 0 2 -2 0 1 5  acco rd in g  to  a  R icker m o d e l w ith  a  lo g n o rm a l 
e r ro r  d is tr ib u tio n  (d e te rm in e d  by regressing  rec ru its  o n  
SSB b a se d  o n  1 9 5 7 -2 0 0 1  d a ta ; s ta n d a rd  dev ia tions ch o se n  
th ro u g h  v isu a l in s p e c tio n  o f  th e  re su ltin g  v a ria tio n ). 
R e c ru i tm e n t in  th e  p e r io d  2 0 0 2 -2 0 1 5  is a  sou rce  o f  v a ria ­
b ility  b e tw een  s im u la tio n  ru n s .

(v ii) Y ield ( Y,-,r ); fo r  1 9 5 7 -2 0 0 2  fro m  ICES (2004); fro m  2003 o n  
th e  y ie ld  is  d e te rm in e d  b y  th e  m a n a g em e n t decision  set in  
th e  p re v io u s  year.

F ro m  th e se  in p u t  da ta , th e  fo llow ing  q u an titie s  a re  calculated  
fo r  b o th  s to ck s  b y  year: c a tch -a t-ag e  (C,;0J,), p o p u la tio n  
n u m b e rs -a t-a g e  F -a t-a g e  ( F ^ f i ,  F 2_ 8 (F i.z-s.y), a n d
sp aw n in g -s to c k  b iom ass  (Biy).

T h e  in p u t  req u ire d  fo r  th e  M P  (as re q u ire d  b y  XSA) is  as 
follows.

(i) P e rce iv ed  catch -at-age ; e q u a l to  tru e  ca tch -a t-ag e  in  th e  O M  
fo r  sole, a n d  fo r p la ice  i f  th e  t ru e  c a tch  d id  n o t  exceed 
th e  TAC; o the rw ise  e q u a l to  th e  TA C w ith  th e  sam e age 
co m p o s itio n ;

(ii) P e rce ived  M ; eq u al to  t r u e  M  in  th e  O M ;

(iii) P e rce iv ed  m a tu rity -a t-ag e ; eq u al to  t ru e  m a tu r ity  in  th e  O M ;

(iv) P e rce ived  w e igh t-a t-age  o f  fish in  th e  s to c k  a n d  in  th e  
ca tch ; averages o f  tru e  v a lu e s  o f  th e  p re v io u s  3 years in  
th e  O M .

In  a d d it io n , fo r  each  species, tw o ca tch  p e r  u n i t  e ffo rt (cpue) 
series ( IT i,f¡n¡y) a re  generated  fo r  tu n in g , from  tru e  N -a t-ag e , tru e  
M -a t-a g e , tru e  F -at-age , a n d  catchab ilities  (q¡¿a, see  below ), 
w ith o u t a  p o w e r m o d e l. B o th  series are  set to  ta k e  p la ce  in  la te  
su m m e r, ta k in g  in to  a c c o u n t th e  p ro p o r tio n  o f  th e  y e a r  th e  fish 
have b e e n  exp lo ited  (survey s ta r ts  a t 0.66 a n d  en d s  a t 0 .75). 
C p u e  ser ies  1 co m m en ces  in  1984 an d  involves ages 1 - 9 ,  and  
series 2  com m en ces  in  1982 a n d  involves ages 1—3. 
C atch ab ilities  q.;yjQ a n d  th e ir  s ta n d a rd  e rro rs  (p¡¿a a re  g iven in  
Table  B Í .  T hese values are  ta k e n  fro m  ex isting  re sea rch  vessel 
su rvey  tu n in g  series (ICES, 2003), excep t fo r  ages 2 - 9  o f  sole 
series 1, w h ic h  a re  fro m  a  c o m m erc ia l flee t (ICES, 2004 ). T he  g en ­
e ra tio n  o f  tu n in g  series w ith  ra n d o m  e rro r  c o n tr ib u te s  a  second  
so u rce  o f  va ria b ility  b e tw een  s im u la tio n  ru n s .

In  th e  M P, th e  a n n u a l assessm en t is p e rfo rm ed  b y  XSA, u s ing  
th e  p e rce iv ed  da ta , w ith  th e  se ttin g s  fo r b o th  stocks as  u sed  in  
IC ES (2004) fo r  p la ice. F o r ru n s  w ith  lo w  sh rin k ag e , th e  s.e. has 
b e en  se t a t 2  (as o p p o sed  to  0 .5 fo r defau lt ru n s )  o v e r 3 years 
(as o p p o s e d  to  5 years fo r th e  d e fa u lt ru n s ) . T h e  assessm en t g en ­
erates v a lu e s  fo r perceived  F -at-age , perceived  N -a t-ag e , perceived  
F 2_ 8, a n d  perce iv ed  B  u p  to  th e  la s t d a ta  year. S h o r t- te rm  forecasts 
w ere  ru n ,  u n d e r  th e  a ssu m p tio n  th a t  F2_ 8 in  th e  in te rm e d ia te  year 
eq u alled  F 2_ g in  th e  p rev ious  year, a n d  w ith  th e  respec tive  ta rg e t

T ab le  B í. C atchability (q,y0) and  standard  erro r (<p¡¿a) o f  cpue 
series 1 a n d  2 fo r sole and  plaice.

Age a Sole as species / Plaice as species /

V ia* VlAa •Pia* <PiA*
1 8.89 0.29 3.94 0.18 7.29 0.54 2.47 0.37
2 6.22 0.50 4.92 0.31 7.70 0.31 3.62 0.43
3 5.27 0.24 5.57 0.50 8.62 0.24 4.93 0.49
4 5.11 0.22 - - 9.48 0.21 - -

5 5.09 0.22 - - 10.13 0.22 - -
6 5.27 0.19 - - 10.45 0.28 - -
7 5.31 0.26 - - 10.73 0.29 - -
8 5.31 0.27 - - 10.76 0.34 - -
9 5.31 0.20 - - 11.08 0.38 - -
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Fs (0.4 a n d  0.3 fo r  sole an d  pla ice, respectively) fo r th e  TAC year. 
T h e  selec tion  p a t te rn  in  th e  TA C  y ear a n d  th e  in te rm e d ia te  y ear 
w as a ssu m ed  to  b e  equal to  th e  average over th e  p rev io u s  3 
years. T hese fo recasts  gen era te  a  p re d ic te d  B  fo r th e  s ta rt o f  th e  
TA C  y ear a n d  1 y e a r  la te r a n d  th e  fo recast catch  fo r  th e  TAC

year. N o te  th a t  in  reality  in  2004  th e  ag e  range fo r  F  as w ell as 
th e  p a  re fe ren ce  p o in ts  c h a n g e d  (IC E S, 2005); w e u sed  th e  
values b e fo re  th a t  c hange  (IC E S , 2004).

d o i: 10.1093/icesjm s/fsn045
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A lte rn a tiv e  m a n a g e m e n t scena rio s  w ere  e v a lu a te d  in a  s im u la tio n  fram ew o rk  th a t  m im ick ed  th e  re c e n t ex p lo ita tio n  o f  so le  a n d  plaice 

in  th e  N o rth  Sea. A large p ro p o r tio n  o f  p la ice  is tak e n  as b y ca tch  o f  th e  b eam  traw l flee t ta rg e tin g  so le, y e t c u r re n t  m a n a g e m e n t o f  th e  

tw o  stocks a ssu m es  no  in te ra c tio n  in th e ir  ex p lo ita tio n . T he  ev a lu a tio n  c rite ria  in c lu d e d  bio logical a n d  e co n o m ic  susta inab ility , a n d  
stab ility  in  th e  m a n a g e m e n t m easu res . T h e  fishery  was a ssu m e d  to  re sp o n d  to  m a n a g e m e n t re s tric tio n s  by  d ro p p in g  th e  least p ro fit­

a b le  trips. W e in v estig a ted  tw o  c o n tra s t in g  m a n a g e m e n t s tra teg ies , single-species to ta l  a llow ab le  c a tch es , a n d  e ffo rt regu la tion . U n d er 
th e  a s su m p tio n s  m ade , th e  la t te r  s tra te g y  p e rfo rm ed  b e tte r . T he  re su lts  su g g est th a t ,  g iven a sse ssm e n t e r ro r  a n d  bias, a  s tra teg y  th a t  

a c c o u n ts  fo r th e  m ixed  n a tu re  o f  a  fishery  a n d  th a t  occasionally  re su lts  in perce iv ed  u n d e re x p lo ita tio n  m a y  w ork  best. S tab ility  in 
fishing m o rta lity  re in forces itself, th ro u g h  lo w er a sse ssm en t bias, a n d  m a n a g e m e n t c o rre c tio n s  b e c o m e  less f r e q u e n t  T he  c o m m o n  

a ssu m p tio n  in m a n y  s to c k  asse ssm e n ts  in EC w a ters  t h a t  fish ing  m o rta lity  in th e  m o s t re c e n t y ear s h o u ld  re sem b le  th e  va lue  o b ta in e d  
in p rev ious years ("shrinkage") h ad  a  n eg a tiv e  e ffec t o n  th e  s tab ility  o f c o n tro l m easures.
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Introduction
M an a g e m e n t b y  to ta l allow able  catches (T A C s) o f  species c au g h t 
in  m ix ed  fisheries is p ro b le m a tic  b ecau se  th e  q u o ta  o f  d ifferen t 
species m ay  b e  ex h au sted  a t d iffe ren t ra tes. F ishers a re  th e re fo re  
faced  w ith  a  d ile m m a  w hen  th e  q u o ta  fo r  o n e  species is exhausted : 
s to p  fish ing  a n d  u n d e ru tiliz e  th e  q u o ta  fo r o th e r  species, o r  c o n ­
tin u e  fish in g  a n d  d isca rd  o r  illegally  la n d  o v e rq u o ta  fish  (D aan , 
1997). W h en  th e y  ch o o se  th e  la tte r  o p tio n , th e  ta rg e t fish ing  m o r ­
ta lity  (F ) im p lie d  b y  th e  TAC w ill b e  exceeded , a n d  th e  scientific  
basis  fo r s to ck  assessm en t a n d  fu tu re  m a n a g e m e n t advice w ill be  
c o m p ro m ise d  i f  th e  s to ck  assessm en t is b ased  o n  official lan d in g s  
d a ta  a lone  (a ssu m in g  th a t  th ese  e q u a l th e  catches).

In  th e  N o r th  Sea, a  la rge  p ro p o r t io n  o f  th e  lan d in g s  o f  p la ice  
(Pleuronectes platessa) a n d  so le  (Solea solea) com es fro m  th e  
D u tc h  b eam  traw l fishery  in  th e  fo rm  o f  a  m ix ed  catch . 
H ow ever, ex p lo ita tio n  o f  th e  tw o  s to ck s  is m a n ag ed  separately , 
an d  th e  TAC m a n a g em e n t d o es  n o t a c c o u n t fo r th e ir  tech n ica l 
a n d  e co n o m ic  in te rac tio n s  (P ie t a n d  R ice, 2004). E ven th e  new  
E C  m a n a g e m e n t p lan  fo r  N o r th  Sea p la ice  a n d  sole (EC, 2007), 
w h ich  w as a d o p te d  in  2007  a n d  im p le m e n te d  fo r th e  first t im e  
in  2008, c o n sid e rs  th e  TACs fo r th e  tw o  species separately. 
A lth o u g h  th e  p ro b le m  is w ell k n o w n , th e  so lu tio n  is less 
obv ious. A n  e ffo r t-m a n a g em e n t system  is a  possib le  a lte rna tive . 
A lth o u g h  th e  E C  p la n  c o m p le m en ts  th e  tw o  single-species TACs

w ith  e ffo rt lim ita tio n s , i t  is c u rre n d y  n o t c lear w h e th e r  th e  
fisher)' w ill be  re s tr ic te d  b y  TA Cs o r b y  e ffo rt lim ita tio n s. 
T h ere fo re , it  is  w o r th  in v estigating  th e  p o te n tia l effects o n  th e  
stocks a n d  o n  th e  v iab ility  o f  th e  fisheries o f  a  m a n a g em en t 
system  th a t  re s tric ts  effort.

S im u la tio n s  o f  ex p lo ited  p o p u la tio n s  a n d  m a n a g em e n t p ro ­
cedures p ro v id e  in s ig h t in to  th e  sensitiv ities  o f  a  system  to  d iffer­
e n t m a n a g em e n t reg im es, even  i f  th e  u ltim a te  m a n a g em en t 
p e rfo rm an c e  c a n n o t b e  p red ic te d  (B u tte rw o rth  a n d  P u n t,  1999; 
S a in sb u ry  e t a l., 2000; Keli e t al., 2002, 2005; P u n t  e t al., 2002; 
U lrich  e t al., 2002; H a rw o o d  a n d  S tokes, 2003; P asto o rs  e t al., 
2007). W e develo p ed  a s im u la tio n  fram e w o rk  co n ta in in g  a  
“ tru e ” p o p u la tio n  a n d  a  “perceived” p o p u la tio n , as w ell as a  feed­
b ack  lo o p  b e tw een  th e  tw o . In  th e  s im u la tio n , d a ta  co llected  each 
year fro m  th e  tru e  p o p u la tio n  serve as in p u t  to  th e  a n n u a l s to ck  
assessm ents. As th e  d a ta  co llection  a n d  th e  assessm en t p ro ced u re s  
in tro d u ce  e rro r , th e  re su ltin g  p e rc e iv ed  p o p u la tio n  deviates 
fro m  th e  tru e  p o p u la tio n . I t is th e  perceived  p o p u la tio n  th a t  
drives th e  m a n a g e m e n t decisions. T hese decisions  are  th e n  
im p o se d  o n  th e  t ru e  p o p u la tio n  in  th e  n e x t y ear o f  th e  s im u la tio n .

B u ild ing  o n  earlie r w o rk  (U lrich  et a l ,  2002; M achiels et a l ,  
2007; P as to o rs  e t a l ,  2007), w e a tte m p t to  charac terize  th e  
m ixed N o r th  Sea flatfish  fishery  a n d  to  exp lo re  a n d  u n d e rs tan d  
th e  p o te n tia l effects o f  a lte rn a tiv e  m a n a g em e n t regim es.

F o r P e rm iss ions, p lease® 2008 In te rn a tio n a l C o u n c il fo r  th e  E x p lo ra tio n  o f  th e  Sea. P u b lish e d  by  O x fo rd  Jo u rn a ls . A ll rights reserved, 
em ail: jo u rn a ls .p e rm iss io n s@ o x fo rd jo u rn a ls .o rg
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T h e  s im u la tio n  fram ew o rk  w as b ased  o n  Keli e t al. (2002 ) an d  Keli 
a n d  B rom ley  (2004), b u t  w ith  th e  a d d itio n  o f  e c o n o m ic  co n s id e r­
a tio n s . A lth o u g h  th e  eco n o m ic  im p a c t o f  a lte rn a tiv e  m a n a g e m e n t 
s tra teg ies  h a s  b e e n  analysed  fo r v a rio u s  fisheries (e .g . F rost, 1997; 
S u tin en , 1999), s im u la tio n s  have ra re ly  b e en  u sed  (d e  W ilde, 1999; 
Salz a n d  F rost, 2000; Pascoe e t a l ., 2001; U lr ic h  e t al., 2002), 
becau se  th is  req u ire s  e co n o m ic  d a ta  b y  f le e t o r  p re fe rab ly  even 
b y  in d iv id u a l vessel an d  trip .

W e  re p o r t  o n  tw o  scen ario s  h e re , o n e  re f le c tin g  c u r re n t  m a n ­
a g e m e n t b y  TACs, a n d  o n e  b a se d  o n  e ffo r t re s tr ic tio n s . T he  
m a n a g e m e n t goals  fo r  b o th  scen a rio s  w e re  se t a cc o rd in g  to  
th e  p re c a u t io n a ry  a p p ro a c h  to  fish e ry  m a n a g e m e n t,  a lth o u g h  
th e  n e w  E C  m a n a g e m e n t p la n  fo rm u la te s  d if fe re n t ob jec tives, 
su ch  as ta rg e t  f ish in g  m o rta lit ie s . T h e  p re c a u t io n a r y  ap p ro a ch  
p ro v id e s  th e  fra m e w o rk  fo r  m a n a g e m e n t a d v ic e  d e liv e red  b y  
th e  In te rn a tio n a l C o u n c il fo r  E x p lo ra tio n  o f  th e  Sea (ICES, 
2 0 0 1 ). I t  re q u ire s  th a t  to  hav e  s to ck s  a n d  fish e rie s  w ith in  safe 
b io lo g ic a l lim its , th e  p ro b a b ility  s h o u ld  b e  h ig h  th a t  th e  
s p aw n in g -s to c k  b io m a ss  [£  (a lth o u g h  th e  IC E S  ja rg o n  t r a ­
d it io n a lly  uses th e  sy m b o l SSB fo r  s p a w n in g -s to c k  b io m a ss , 
w e use  B  fo r  co n sis ten cy , b eca u se  Bi¡m a n d  £ pa a lso  re fe r  spec ifi­
cally  to  s p aw n in g -s to c k  b io m a s s)]  is  above  a  l im i t  v a lu e  (called  
Blim) b e lo w  w h ich  re c ru itm e n t m ay b e c o m e  im p a ire d . In  
a d d i t io n ,  th e  p ro b a b ility  s h o u ld  b e  h ig h  th a t  f ish in g  m o rta lity  
(F )  is  b e lo w  a l im i t  v a lu e  (ca lled  F[irn) th a t  w ill d riv e  B  to  

B ecause o f  u n c e r ta in ty  in  th e  a n n u a l e s tim a te s  o f  B  a n d  
F, ICES h a s  d e fin e d  m o re  c o n se rv a tiv e  (p re c a u t io n a ry )  o p e r ­
a tio n a l re fe ren ce  p o in ts ,  Bpa a n d  F pa ( th e  s u b s c r ip t  p a  s tan d in g  
fo r  p re c a u t io n a ry  a p p ro a c h ) . W h e n  a  s to ck  is e s tim a te d  to  be  
above  B pa, th e  p ro b a b ility  s h o u ld  b e  h ig h  th a t  in  re a lity  i t  is 
ab o v e  •Alim- S im ilarly , w h en  F  is  e s tim a te d  to  b e  b e lo w  Fpa, th e  
p ro b a b il i ty  s h o u ld  b e  h ig h  th a t  in  re a lity  i t  is  b e lo w  F\im. T h is  
m a n a g e m e n t fram e w o rk  is th e re fo re  r is k  a v o id in g  a n d  d o es  
n o t  ta rg e t  re fe ren ce  p o in ts  su ch  as MSY. In  p ra c tic e , Fpa is 
o f te n  u sed  as a  de fa c to  ta rg e t  F, b ecau se  th e  T A C  ad v ice  is 
u su a lly  th e  c a tch  th a t  is fo reca st u n d e r  F pa. T h e re fo re , th e  
ad v ice  is  s im u la te d  c o rre s p o n d in g  to  Fpa a n d  th e  TA C s a n d  
e ffo r t re s tr ic tio n s  a re  se t acco rd in g ly . N o te  th a t ,  w hereas  in  
re a lity  th e  a d r ic e  is n o t alw ays fo llow ed , in  o u r  s im u la tio n s  i t  is.

T h e  ob jec tive  o f  o u r  s tu d y  w as to  m o n ito r  th e  tw o  m a n a g em e n t 
scen ario s  over a n n u a l tim e -s tep s, a n d  to  ev a lu a te  th e ir  p e r fo rm ­
an ce  w ith  re sp ec t to  b io lo g ica l (e.g. su sta in ab le  s to ck  dev elo p ­
m e n t) ,  e co n o m ic  (e.g. n e t rev e n u es), a n d  m a n a g e m e n t c rite ria  
(s tab ility  o f  m a n a g em e n t m easu re s ).

Methods
T h e  m o d e l was im p le m e n te d  in  th e  F ishL ab s im u la tio n  fram ew o rk  
[ th e  v e rs io n  u sed  he re  is h e ld  b y  th e  f ir s t a u th o r ;  th e  FishLab 
fram e w o rk  is n o  lo n g e r m a in ta in e d , becau se  i t  h a s  b e e n  tra n s ­
fe rred  to  FLR (Keli et a l ,  2 0 0 7 )] , re p re se n tin g  a  se t o f  d y n a m ic  
lin k  lib raries  (D L Ls) th a t  c an  b e  called  f ro m  w ith in  Excel (Keli 
et al., 2002, 2005). T h e  e q u a tio n s  a re  lis te d  in  A p p en d ix  
A. S im u la tio n s  w ere  r u n  in  a  “M o n te  C a r lo ” s e t-u p  ( x  100) to  
evaluate  th e  va riab ility  in  th e  fin a l o u tc o m e s. T h e  s tru c tu re  o f  
th e  m o d e l is illu s tra ted  in  th e  flow  d ia g ram  (F ig u re  1).

Basic m odel
T h e  m o d e l consis ted  o f  tw o  m a in  p a rts : th e  o p e ra tin g  m o d e l (O M ) 
s im u la ted  th e  tru e  system , a n d  th e  m a n a g e m e n t p ro c e d u re  (M P ) 
s im u la ted  th e  p e rceived  system  a n d  a sso c ia ted  m a n a g em e n t 
decisions. T he  O M  re p re sen te d  tw o  a g e -s tru c tu re d  p o p u la tio n s

th a t  m im ick ed  N o r th  Sea so le  a n d  p la ice , respectively . These 
p o p u la tio n s  w ere d e v e lo p in g  in  a n n u a l tim e -s te p s  fro m  a  s tartin g  
p o p u la tio n  in  1957, g iv en  a n n u a l re c ru itm e n t a n d  m o rta lity  
(F  a n d  n a tu ra l m o r ta lity  M ) .  T h e  M P  s im u la ted  (i) a n n u a l o b se r­
va tions tak e n  fro m  th e  p o p u la t io n s ,  such  as co m m erc ia l 
ca tch -a t-ag e  d a ta  a n d  tu n in g  series, (ii) a n n u a l s to ck  assessm ents 
by  XSA (ex ten d ed  su rv iv o rs  analysis; D a rb y  a n d  F la tm an , 1994) 
a n d  associated  ca tch  fo rec a s ts , a n d  (ii i)  a n n u a l m a n ag em en t 
decisions d e p en d in g  o n  th e  sce n a rio . T h e  XSA m e th o d , a  cali­
b ra te d  v a ria n t o f  v ir tu a l p o p u la t io n  an a ly sis  (V PA ), is cu rren tly  
u sed  to  assess fla tfish  (IC E S , 2007).

In  th e  M P, th e  a n n u a l  “ ta r g e t  F '  ( th e  fish in g  m o rta lity  averaged 
over ages 2 - 8 ,  i.e. F 2_g) w as s e t  a cco rd in g  to  th e  Fpa d e te rm in e d  b y  
ICES: 0.4 fo r  sole a n d  0.3 fo r  p la ice  (IC E S, 2004). In  th e  TAC scen ­
a rio , th e  catch  fo reca s t u n d e r  Fpa o f  e ach  species w as set as th e  
respective TAC. In  th e  e f fo r t  s cen a rio , th e  ca tch  fo recasts  u n d e r 
•Fpa w ere  tra n s la ted  in to  a n  a llow ab le  e ffo r t in  th e  e c o n o m ic  s u b ­
m o d e l (see b e lo w ). A ll o p t io n s  in  th e  s im u la ted  assessm en t an d  
fo recast p ro c e d u re  m a tc h e d  th o s e  u sed  b y  ICES (2004), a n d  set­
tings  w ere m a in ta in e d  fo r  t h e  e n tire  s im u la tio n  p e rio d . T h is  is 
co n tra ry  to  c o m m o n  p ra c tic e  o f  ICES W o rk in g  G ro u p s , w hich 
m ay  m ak e  sm all ch an g e s  to  th e  settings  e ach  year.

T h e  s im u la tio n  c o n s is te d  o f  a  h is to ric  p a r t  sp a n n in g  th e  years 
fro m  1957 to  2002 a n d  a  p ro je c te d  p a r t  f ro m  2003 to  2015. 
T h ere fo re , 2002 w as th e  f i r s t  y ear in  w h ic h  a n  assessm en t was 
c a rried  o u t  le ad in g  to  a  m a n a g e m e n t d ec is io n  fo r th e  nex t year. 
F ro m  2003, F  w as affec ted  b y  th e  m a n a g em e n t d ec isio n  m ade  
th e  year b efo re , th ro u g h  a  fe e d b ac k  lo op . T h e  tech n ica l in te rac tio n  
b e tw een  sole a n d  p la ice  in  th e  D u tc h  b eam  traw l fish e ry  was 
a ssu m ed  to  re flec t th e  l in k a g e  b e tw een  th e  tw o  species in  all fish­
eries. N e ith e r  c a tch in g  n o r  d isca rd in g  o f  u n d e rs ize d  fish  was 
assu m ed  to  tak e  p lace. A p p e n d ix  B gives a  d e ta iled  d e sc rip tio n  
o f  th e  in p u t  d a ta  in  th e  b a s ic  m odel.

Econom ic subm odel
T h e  e co n o m ic  s u b m o d e l w as  c o n s tru c ted  to  c a lcu la te  th e  a n n u al 
rem ovals b y  th e  fishery , as w e ll as costs  a n d  revenues . E co n o m ic  
p a ra m e te rs  w ere  o b ta in e d  f ro m  a n  analysis o f  lo g b o o k  d a ta  a n d  
d a ta  o n  costs a n d  rev e n u es  b y  th e  LEI pan e l, a  sam p le  re p resen tin g  
25%  o f  th e  D u tc h  fleet. T h e  p rice -e la stic ity  p a ra m e te rs  o f  sole an d  
p la ice  w ere  b a se d  o n  N ie lse n  (1999). F o r th e  e ffo r t s cen a rio , th e  
s u b m o d e l a lso fu n c tio n e d  as a  m ean s  to  c a lcu la te  th e  m a n a g em e n t 
decision , i.e. th e  a llow ab le  e ffo rt, f ro m  th e  ca tch  fo recasts  u n d e r 
Fpa. T he  ca lcu la tio n s  w ere  d o n e  th ro u g h  C o b b -D o u g la s  p ro ­
d u c tio n  fu n c tio n s , th e  d e r iv a tio n  o f  w h o se  p a ra m e te rs  is exp la ined  
below . T h e  sp aw n in g -s to c k  b io m asse s  o f  th e  tw o  species a n d  th e  
D u tc h  p o r tio n s  o f  th e ir  re sp ec tiv e  catch  fo recasts  in  each  year 
se rved  as in p u t  fo r th e  e c o n o m ic  su b m o d e l, w h ic h  th e n  calculated  
th e  assoc ia ted  a n n u a l  t ru e  ca tch es  (see b e lo w ). T h e  calcu la ted  
catches (a fte r ra is in g  th e m  b a c k  fro m  th e  D u tc h  to  th e  in te r ­
n a tio n a l level) w e re  o u tp u t  a n d  fed  b ack  in to  th e  b a sic  m odel, as 
rea lized  rem ovals  in  th e  O M . R evenues w ere  ca lcu la ted  fro m  th e  
la n d e d  catches a n d  th e  p ric e s  p e r  k ilo g ram m e, th e  la tte r  be ing  
d e p e n d e n t o n  th e  la n d in g s , b u t  su b jec t to  p r ic e  e lasticity . T he  
p rice -e lastic ity  m o d e l causes  revenues  to  f lu c tu a te  less th a n  la n d ­
ings. T he  costs w ere  c a lcu la ted  from  th e  e ffo r t deployed. 
E q u a tio n s  a n d  p a ra m e te rs  a re  lis ted  in  A p p e n d ix  A.

T h e  e co n o m ic  s u b m o d e l w as d esig n ed  as a  s h o r t- te rm  m o d e l to  
p re d ic t a d ju s tm en ts  w ith in  th e  ex isting  fleet in  re sp o n se  to  m a n ­
ag em en t po lic ies. F o r in d iv id u a l vessels, re sponses  w o u ld  consist 
o f  a d ju s tm en ts  in  sea so n a l o r  sp atia l effort a llo ca tio n , in  th e  use
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Figure 1. Flow diagram  o f th e  sim ulation. T he th ick  arrow s m ark  w here  calculations in th e  econom ic su b m o d e l are  carried  o u t, d e n o te d  by 
s tep s  1, 2, an d  3, as explained in th e  main tex t. SI a n d  S2 d e n o te  scenarios 1 an d  2, respectively.

o f  gears, o r  in  th e  n u m b e r  o f  effective sea-days. F ishers w ere  
a ssu m e d  to  m a x im ize  th e ir  n e t  revenues p e r  u n i t  o f  th e  re s tric tin g  
fac to r. In  th e  TA C  scenario , th e  re s tric tin g  fa c to r w as ta k e n  to  be  
th e  w e ig h ted  v a lu e  o f  th e  in d iv id u a l tran sfe rab le  q u o ta s  (IT Q s) 
o f  sole a n d  p la ice , a  value calcu lated  b y  m u ltip ly in g  th e  so le  an d  
p la ice  IT Q s w ith  fixed  average prices, th e n  s u m m in g  th e  p ro d u c ts . 
H e n ce , fishers w ere  a ssum ed  to  m axim ize  th e ir  n e t  revenues , 
d iv id e d  b y  th e  w e ig h ted  value o f  th e  IT Q s th e ) ' u sed  d u r in g  th a t  
tr ip . In  th e  e ffo r t-re s tric tio n  scenario , fishers  w ere  a ssu m e d  to  
m a x im iz e  th e ir  n e t  revenues  p e r  d ay  a t s e a  T h e  basic  a s s u m p tio n  
w as th a t  w ith  a  m a n a g e m e n t re s tric tio n  o n  th e  fishery, th e  least 
e ffic ien t tr ip s  (th o se  w ith  low est n e t rev en u es  p e r  u n i t  o f  th e  
re s tr ic tin g  fac to r) w o u ld  b e  d ro p p e d  f ir s t

To ca lcu la te  th e  p a ram e te rs  fo r  th e  su b m o d e l, w e  u sed  th e  
D u tc h  re p o r te d  lan d in g s  a n d  effo rt d a ta  a n d  c o rre sp o n d in g  e co n ­
o m ic  d a ta  b y  fish in g  t r ip  fo r 2002, b u t  to  re d u c e  th e  n u m b e r  o f  
re c o rd s  in  th e  da tabase , in d iv id u a l tr ip s  w ere  g ro u p e d  b y  vessel, 
m o n th ,  a n d  gear. T hese  v e s s e l -m o n th - g e a r  g ro u p s  w ere  s o r te d  
a cc o rd in g  to  d e scen d in g  efficiency, i.e. d e scen d in g  n e t re v en u es  
p e r  u n i t  o f  th e  re s tric tin g  factor. S ubsequen tly , all re c o rd s  w ere  
c u m u la ted , a n d  lan d in g s  w ere  regressed  a g a in s t fish in g  e f fo r t  
T h is  re la tio n sh ip  b e tw een  e ffo rt a n d  lan d in g s  o f  each species le d  
to  a  d iffe ren t p ro d u c tio n  fu n c tio n  fo r each  m a n a g e m e n t scen a rio , 
b e cau se  fish e rs  w ere  e x p ec ted  to  fo llow  a  d iffe ren t s tra teg y  a c c o rd ­
in g  to  th e  ty p e  o f  re s tric tio n .

T h e  e x p o n en tia l reg ression  o f  lan d in g s  o n  fish ing  e ffo r t w as 
d e sig n ed  as a  classical C o b b -D o u g la s  p ro d u c tio n  fu n c t io n  o f  
th e  fo rm

U  =  a,BiEß, (1)

w h e re  I  d e n o te s  lan d in g s , E  th e  fish ing  e ffo rt in  h o rsep o w er-d ay s  
(h p -d ay s ), B  th e  sp aw n in g -s to ck  b io m ass, i  th e  species, a n d  a  a n d  
ß  a re  c o n s ta n ts  ( ß  <  1). T h e  ac tu a l e q u a tio n s  a n d  th e  e s tim a te d  
p a ra m e te r  values a re  lis ted  in  A p p e n d ix  A. A n  im p o r ta n t fe a tu re  
o f  th is  p ro d u c t io n  fu n c tio n  is th a t  th e  ra te  o f  increase  in  la n d in g s  
decreases as e ffo rt increases. T h is  reflects th e  a s s u m p tio n  th a t  
i f  th e  fish e ry  is  re s tric ted , th e  least e ffic ien t tr ip s  w o u ld  b e  
d ro p p e d  first.

O n e  a ssu m p tio n  u n d e rly in g  th e  e co n o m ic  s u b m o d e l is th a t  
th e  efficiency o f  m o n th - v e s s e l - g e a r  g ro u p s  is  n o t  d is tr ib u te d  
ra n d o m ly , a n d  th a t  fishers m a y  d ec id e  to  can ce l specific 
m o n th —vessel—gear c o m b in a tio n s  to  m ax im ize  n e t  revenues. A n  
analysis o f  v a rian ce  o f  th e  n e t rev en u es  p e r  h p -d a y  w as p e rfo rm ed  
to  te s t  th is  hy p o th esis . Selected ex p la n a to ry  variab les w ere  m o n th , 
gear, in te ra c tio n  o f  m o n th  a n d  gear, availab le h p -d a y s  p e r  year, 
vessel, h p -g ro u p  o f  vessel, in te ra c tio n  o f  g ear a n d  h p -g ro u p , a n d  
in te ra c tio n  o f  h p -g ro u p  a n d  availab le  h p -d ay s . F o r  th e  e n tire  
fleet, 56%  o f  th e  variance  c o u ld  b e  exp la in ed  b y  th e se  variab les 
(T ab le  1), vessel, h p -g ro u p , a n d  g ear b e in g  th e  m o s t im p o r ta n t. 
F o r in d iv id u a l h p -g ro u p s  (T ab le  2 ), th e  v a rian c e  exp la ined  
v a ried  b e tw ee n  53%  fo r E u ro -c u tte rs  (e n g in e  p o w e r < 3 0 0  h p )  
a n d  79%  fo r  vessels > 2 0 0 0  h p , a n d  th e  m o s t im p o r ta n t  ex p lan a­
to ry  variab les w ere  vessel a n d  m o n th . T hese  re su lts  m a k e  it  
p lau sib le  th a t  th e  in d u s try  sh o u ld  b e  ab le  to  can ce l th e  least effi­
c ie n t tr ip s  w h en  th ey  faced a  re s tric tio n . T h ere fo re , n e t  revenues 
w o u ld  decrease  less th a n  p ro p o r tio n a lly  w ith  th e  re s tr ic tio n , by  
c o n c e n tra tin g  trip s  in  th e  m o s t e ffic ien t seasons, a n d  b y  tra d in g  
q u o ta  o r  h p -d ay s  fro m  less-efficien t vessels to  m ore -e ff ic ien t 
o nes. In  th e  lo n g  te rm , th is  m a y  cause less-effic ien t vessels to  b e  
w ith d ra w n  fro m  th e  fishery.

T h e  v a riab ility  in  n e t rev en u es  a n d  catches o f  p la ice  a n d  sole 
a m o n g  g ro u p s  o f  tr ip s  is p ro b a b ly  less th a n  a m o n g  in d iv id u a l 
tr ip s . T h is  m ean s  th a t  w e  m ay  b e  u n d e re s tim a tin g  th e  p o te n tia l 
fo r  fishers to  o p tim ize  th e ir  b eh av io u r, a n d  h e n ce  th e  cu rv a tu re  
o f  th e  p ro d u c tio n  fu n c tio n s  fo r  th e  tw o  species.

Scenarios
S cen a rio  7: TAC m a n a g e m e n t
I n  th is  scena rio , th e  tw o  species a re  m an a g ed  in d e p e n d e n tly  b y  
single-species TACs. W e m ake th e  a ssu m p tio n  th a t  th e  fisheries 
p rim arily  ta rg e t sole ( th e  m ost valuab le  species b y  a  fa c to r o f  4 - 5  
in  te rm s  o f  p r ic e  p e r  k ilo g ram m e), a n d  th a t  fish in g  c o n tin u e s  
u n t i l  th e  sole TA C  h a s  b een  fu lly  tak en , irrespective  o f  th e  p la ice  
TAC. I n  o th e r  w o rd s , ex p lo ita tio n  o f  sole d e te rm in e s  th e  b e h a ­
v io u r  o f  th e  fleets, re su ltin g  in  u n d e r -  o r  ov e rex p lo ita tio n  o f  th e  
p la ice  TAC. W e a ssu m e  th a t  o v e rq u o ta  catch  o f  p la ice  is n o t  
la n d e d , a n d  th e re fo re  n o t a c c o u n te d  fo r  in  th e  assessm ent,
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T a b le  1. Analysis o f  variance for th e  w hole fleet; te s t of 
be tw een -sub jec ts  effects w ith  th e  d e p en d en t variable being net 
revenues p e r hp-day.

Source Type 1 
sum  of 
squares

d.f. Mean
square

F Significance

Corrected model 524 751a 60 8 702.3 9.95 <0.01

Intercept 209 706 1 209 706.0 239.80 <0.01

hp-group 235 545 5 47 109.1 53.87 <0.01

Gear 126 310 2 63 155.0 72.22 <0.01

M onth 41 056.9 1 3732.4 4.26 <0.01

Gear * hp-group 106 866 6 17 811.0 20.36 <0.01

Gear * m onth 88 309.4 2 4014.0 4.59 <0.01

hp-group * hp- days 17 023.8 6 2837.3 3.24 <0.01

Vessel 463 240 55 8407.2 9.61 <0.01

Error 409 483 468 874.4 - -

Total 955 206 528 - - -

Corrected total 934 235 528 - - -

V  = 0.562 (adjusted r2 = 0.505).

le ad in g  to  a  d is c rep a n c y  b e tw een  th e  tru e  catch  a n d  th e  p e rceived  
ca tch  (^ la n d in g s ) .  T h is  scen ario  is th o u g h t to  ap p ro x im a te ly  
re flec t th e  c u r re n t  s itu a tio n , a lth o u g h  it  clearly  is  a  s im p lifica tio n ; 
n o t  all fleets ta rg e t  sole, a n d  a  sm all p a r t  o f  th e  D u tc h  b e am  tra w l 
fleet even  ex p lo its  th e  a rea  n o r th  o f  55°N , w here  sole a re  v irtu a lly  
a b se n t a n d  th e  ta rg e t  species is p laice.

T h e  p la ice  c a tch  tak en  is ca lcu la ted  fro m  th e  effo rt re q u ire d  to  
d ep le te  th e  so le  TA C  (see be low ), a n d  m a y  b e  b e lo w  o r  exceed  th e  
p la ice  TA C. I n  b o th  cases, th e  ca lcu la ted  p la ice  ca tch  is fed  b a ck  
in to  th e  O M  as  th e  tru e  catch . I f  th e  p la ice  ca tch  exceeds th e  
TA C, th e  la n d in g s  (^ p e rc e iv e d  catch ) in  th e  M P  a re  e q u a l to  th e  
TA C, o th e rw ise  lan d in g s  are  eq u al to  th e  tru e  catch . T h e  age d is ­
t r ib u t io n  o f  th e  la n d in g s  is  a ssu m ed  to  b e  eq u al to  th e  age d is tr i­
b u t io n  o f  th e  t r u e  catch.

Scenario  2: e f fo r t  m a n a g e m e n t
F o r  th is  s ce n a rio , m a n a g em e n t is b a sed  o n  th e  allow able  effo rt. 
W e  d ec id ed  to  s im u la te  a  m a n a g em e n t ru le  w h e re  th e  allow able  
e ffo rt is  d e te rm in e d  b y  th e  species fo r  w h ic h  th e  c a tch  fo recast 
im p o ses  th e  m o s t  severe e ffo rt re s tric tio n . H en ce , th is  e ffo rt is 
th e  lo w er o f  th e  tw o  values e s tim ated  to  y ie ld  th e  p re d ic te d  
ca tch  u n d e r  th e  ta rg e t F  fo r  each  species. O f  co u rse , m an ag ers  
m a y  decide  to  a p p ly  a  d iffe ren t ty p e  o f  e ffo r t-m a n a g em e n t 
reg im e, e.g. o n e  w h e re  th e  allow able  effort is d e te rm in e d  b y  th e  
ca tch  fo recast o f  th e  m o s t v a lu ab le  species, o r  o f  th e  species th a t  
n e e d s  le a st re s tr ic tio n . W e d id  n o t ru n  s im u la tio n s  o f  su ch  
m a n a g em e n t reg im es.

T h e  re sp ec tiv e  catches ta k e n  w ith  th e  allow able  e ffo rt serve 
d irec tly  as in p u t  fo r  th e  t ru e  catch  in  th e  O M , as w ell as fo r  th e  
lan d in g s  in  th e  M P . In  c o n tra s t to  c o n tro l by  TACs, w h e re  d is c a rd ­
in g  o f  o v e rq u o ta  c a tch  is  im p lie d  u n d e r  full co m p lian ce , i f  th e  
q u o ta s  d o  n o t m a tc h , c o m p lia n ce  u n d e r  e ffo rt c o n tro l  im p lie s  
th a t  all fish c a u g h t m ay  b e  lan d ed .

Calculations
B ecause th e  p a ra m e te rs  o f  th e  e co n o m ic  su b m o d e l a re  b a se d  o n  
th e  D u tc h  f ish e ry  only, i t  w as necessary  to  scale th e  fo recast

ca tch es  d o w n  to  th e  D u tc h  p o r t i o n s  o f  th e  to ta l in te rn a tio n a l 
c atches . S im ilarly , th e  c a tc h e s  su b se q u e n tly  ta k e n  w ith  D u tch  
e ffo r t h a d  to  be  scaled u p  a g a in  to  a rriv e  a t in te rn a tio n a l 
catches. T h e  p ro p o r tio n s  o f  th e  in te rn a tio n a l sole a n d  plaice 
catches ta k e n  by  th e  D u tc h  f is h e ry  w ere  a ssu m ed  to  b e  c o n s ta n t 
a t  74%  a n d  45% , resp ec tiv e ly  (averages over th e  p e r io d  1 9 9 5 -  
2002; ICES, 2004).

T h e  ca lcu la tio n  o f  a n n u a l “ t r u e ” c a tch e s  a n d  e c o n o m ic  re su lts  
w as p e rfo rm ed  in  th re e  steps.

(i) U sin g  th e  inverse p r o d u c t io n  fu n c tio n s  (listed  in  A p p e n d ix  
A ), e ffo rt w as ca lcu la te d  f ro m  th e  sp aw n in g -s to ck  b io m ass  
(B) a n d  th e  D u tc h  p a r t  o f  th e  ca tch  fo recast u n d e r  the  
ta rg e t F. In  scenario  1, th e  tru e  e ffo rt eq u als  th e  effort 
re q u ire d  to  dep lete  th e  s o le  TA C , u s in g  th e  t ru e  B  in  th e  cal­
c u la tio n . In  scenario  2 ,  th e  t ru e  e ffo rt equals  th e  a llow ed 
e ffo rt ( th e  lo w er e s t im a te  o f  th e  e ffo rt re q u ire d  to  dep le te  
th e  fo recast ca tch  o f  t h e  tw o  spec ies), u s ing  th e  perceived  
B  to  m im ic  a m a n a g e m e n t p ro cess  in  w h ich  o n ly  estim ates  
a re  availab le , b u t  n o t t h e  t r u e  values.

(ii) T ru e  D u tc h  catches ta k e n  w ith  th e  effo rt d e te rm in e d  in  step
(i) w ere  calcu la ted , u s in g  th e  tru e  B  in  th e  p ro d u c t io n  fu n c ­
tio n s  lis ted  in  A p p e n d ix  A . In  scen a rio  1, o n ly  th e  p la ice  ca tch  
h a d  to  b e  calcu la ted , b e c a u s e  th e  so le  catch  w as set eq u al to  
th e  TAC. T h e  t ru e  D u tc h  catches w ere  th e n  ra ised  to  tru e  
in te rn a tio n a l catches.

(iii) P rices , costs, rev en u es , a n d  p ro f its  w ere  calcu la te d  fro m  
D u tc h  lan d in g s  a n d  e ffo r t ,  u s in g  th e  costs a n d  rev e n u es  fu n c ­
t io n s  lis ted  in  A p p e n d ix  A. In  scen a rio  2, la n d in g s  w ere 
alw ays e q u a l to  catches, w h e re a s  in  scen ario  1, p o te n tia l  over­
q u o ta  catches fo r p la ice  w e re  n o t  landed .

U ncertainty
U n c e r ta in ty  w as explic itly  in c o rp o ra te d  in to  th e  s im u la tio n  fram e­
w o rk , acknow ledg ing  th e  p re se n c e  o f  a  v a rie ty  o f  sou rces 
(R o sen b erg  a n d  R estrepo, 1 9 9 4 ). In  th e  s im u la tio n , th is  u n c e r­
ta in ty  cau sed  th e  p e rc e p t io n  to  dev iate  fro m  th e  t ru e  w o rld . 
S o u rces  o f  e r ro r  include : p ro c e ss  e rro r , a ttr ib u ta b le  to  n a tu ra l 
v a ria tio n  in  d y n a m ic  p ro cesses  (e.g. re c ru itm e n t) ; m e a su re m e n t 
e rro r , g e n e ra ted  w h e n  co lle c tin g  ob serv a tio n s  from  th e  p o p u ­
la tio n s; e s tim a tio n  e rro r , a r is in g  fro m  estim a tin g  p a ra m e te rs  o f  
th e  d y n a m ic  p ro cess  d u r in g  th e  assessm en t p rocess; m o d e l  e rro r, 
b e cau se  th e  tru e  co m p lex ity  o f  th e  dy n am ics  can  n ev er b e  c ap ­
tu re d ; a n d  im p le m e n ta tio n  e rro r , a ttr ib u ta b le  to  im p e rfec t 
im p le m e n ta tio n , e.g. w h e n  TA Cs are  exceeded. I n  o u r  case, 
m o d e l e r ro r  w as m in im a l b e ca u se  th e  eq u atio n s  u sed  to  co n s tru c t 
th e  s im u la ted  p o p u la tio n s  w e re  th e  sam e as th o se  u sed  to  assess 
th em . V a ria tio n  a m o n g  M o n te  C arlo  ru n s  cam e  fro m  tw o 
sources: ra n d o m  v a ria b ility  in  re c ru itm e n t a ro u n d  a  R icker 
re la tio n sh ip , a n d  sam p lin g  e r ro r  in  th e  gen era tio n  o f  th e  tu n in g  
series. B ecause th e  tim e -se rie s  o f  s to ck  .and re c ru itm e n t d a ta  
since  1957 do  n o t  p ro v id e  ev idence  fo r o n e  p a r tic u la r  s to c k -  
re c ru itm e n t re la tio n sh ip , th e  cho ice  o f  a  R icker re la tio n sh ip  w as 
a rb itra ry , a n d  w e d id  n o t te s t ro b u s tn e ss  to  a lte rn a tiv e  h y p o th e se s  
(M ach ie ls  e t al., 2007; P a s to o rs  e t  al., 2007). C o n s id e rin g  th a t 
re c ru itm e n t v a ria tio n  is th e  m a jo r  sou rce  o f  p ro cess  e rro r , we 
d id  n o t  in c lu d e  a d d itio n a l fo rm s, such  as v a riab ility  in  
w e ig h t-a t-a g e  o r  selectiv ity  (see  P a s to o rs  e t al., 2007).
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T ab le  2. Analyses o f variance fo r hp-groups: te s t  o f betw een-subjects effects w ith  th e  d e p e n d e n t variab le  being n e t revenues p e r hp-day.

hp-group Source Type 1 sum  o f squares d-f. M ean square F Significance

0 -2 6 0 Corrected model 5 061 141.5b 263 19 243.884 5.098 <0.001

Intercept 414 947.950 1 414 947.950 109.934 <0.001
Gear 233 166.043 2 116 583.021 30.887 <0.001
M onth 124 604.387 11 11 327.672 3.001 0.001

Gear * m onth 102 830.578 22 4810.481 1.274 0.178
hp-days 14 199.940 1 14 199.940 3.762 0.053

Vessel 4 583 340.5 227 20 190.927 5.349 <0.001

Error 4 000 976.7 1060 3774.506 - -
Total 9 477 066.2 1324 - - -
Corrected total 963.378 1323 - - -

261-300 Corrected model 21 890.617d 203 107.836 10.254 <0.001
Intercept 27 472.774 1 27 472.774 2612.356 <0.001

Gear 1279.602 2 639.801 60.838 <0.001

M onth 4493.482 11 408.498 38.844 <0.001
Gear * m onth 2830.191 22 128.645 12.233 <0.001
hp-days 546.835 1 546.835 51.998 <0.001

Vessel 12 740.507 167 76.290 7.254 <0.001
Error 19 749.935 1878 10.516 - -
Total 69 113.326 2082 - - -
Corrected to ta l 41 640.552 2081 - - -

301-800 Corrected model 574.644' 32 17.958 4.957 <0.001

Intercept 145.440 1 145.440 40.150 <0.001
Gear 16.036 1 16.036 4.427 0.037
M onth 170.649 11 15.514 4.238 <0.001

Gear * m onth 37.386 7 5.341 1.474 0.181

hp-days 27.998 1 27.998 7.729 0.006
Vessel 322.575 12 26.881 7.421 <0.001
Error 492.649 136 3.622 - -

Total 1212733 169 - - -

Corrected to ta l 1067.293 168 - - -

801-1500 Corrected model 154.004f 35 4.400 5.228 <0.001
Intercept 141.502 1 141.502 168.114 <0.001

Gear 50.556 1 50.556 60.064 <0.001

M onth 27.557 11 2.505 2.976 0.002
Gear * m onth 22.274 11 2.025 2.406 0.010
hp-days 0.209 1 0.209 0.248 0.619
Vessel 53.407 11 4.855 5.768 0.000
Error 93.430 111 0.842 - -
Total 388.936 147 - - -

Corrected to ta l 247.433 146 - - -

1501-2000 Corrected model 738.795e 98 7.539 27.928 <0.001
Intercept 1600.308 1 1600.308 5928.560 <0.001

Gear 50.058 1 50.058 185.445 <0.001
M onth 369.071 11 33.552 124.298 <0.001

Gear * m onth 10.119 - 5 2.024 7.497 <0.001
hp-days 13.296 1 23.296 86.302 <0.001

Vessel 286.251 80 3.578 13.256 <0.001
Error 224.583 832 0.270 - -

Total 2563.686 931 - - -

Corrected total 963.378 930 - - -

Continued
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T ab le  2 . Continued

hp-group Source Type 1 sum  o f  squares d.f. M ean squ are F Significance

>2000 Corrected model 607.1883 68 8.929 30.274 <0.001

Intercept 934379 1 944.379 3 201.857 <0.001
Gear 27.691 1 27.691 93.885 <0.001

M onth 210.317 11 19.120 64.824 <0.001

Gear * m onth 0.168 2 9.309E -02 0.316 0.729

hp-days 3.001 1 3.001 10.176 0.002

Vessel 365.993 53 6.906 23.413 <0.001
Error 166.645 565 0.295 - -
Total 1718.213 634 - - -
Corrected total 773.834 633 - - -

V2 = 0.785 (adjusted r2 = 0.759). 
br2 = 0 0.558 (adjusted r2 = 0 0.449). 
V2 = 0 0.767 (adjusted r2 = 0 0.739). 
V  = 0 0.526 (adjusted r2 = O 0.474). 
' r 2 = 0.538 (adjusted r2 = 0 0.430). 
'r2 = 0 0.622 (adjusted r2 = 0 0.503).

Results
Scenarios
I n  b o th  scenarios, th e  p la ice  s to ck  recovered  a n d  generally  stayed 
above B¡¡m, w hereas  th e  sole s to c k  generally  re m a in e d  above B¡¡m 
(F igu re  2 ). T h e  p e rfo rm an c e  th e re fo re  co n fo rm e d  to  th e  m a n a g e ­
m e n t goal o f  th e  p re c a u t io n a ry  a p p ro a ch , w h e re  th e  adv ice  sh o u ld  
a sce rta in  th a t  stocks w o u ld  n o t  d ro p  b e lo w  th e se  lim it  refe rence  
p o in ts . In  scen a rio  1, ho w ev er, th e  in itia l r ise  o f  th e  sp aw n in g  
s to ck  w as fo llow ed  b y  a  d ecline , in  c o n tra s t to  a  c o n tin u in g  rise  
in  scenario  2. M oreover, F  c o u ld  rise  s teep ly  in  scenario  1 w hen  
s to ck  sizes w ere  a lready  d ecreasin g , re q u ir in g  d ra s tic  re d u c tio n s  
subsequen tly . I n  c o n tra s t, F  re m a in e d  stab le  in  scenario  2. T h is  
s tab ility  c loser to  th e  ta rg e t F  re su lted  in  g rea te r p o p u la tio n  
g ro w th  th a n  in  scenario  1, a n d  d iscrep an c ies  b e tw ee n  th e  p e r ­
ceived  a n d  tru e  p o p u la tio n s  w e re  sm aller.

In  scenario  1, th e re  w as o v e rq u o ta  fish in g  o f  p la ice  th ro u g h o u t 
th e  s im u la tio n  p e r io d  in  a t  le a st so m e  M o n te  C arlo  ru n s  (F igure  
3 ), re su lting  in  th e  perce iv ed  c a tch  (= lan d in g s) b e in g  lo w er th a n  
th e  tru e  catch . T h is  is th e  co n se q u e n c e  o f  ta rg e t  Fs f o r  sole an d  
p la ice  n o t  c o rre sp o n d in g  to  s im ila r  e ffo rt levels (w ith  th e  a ssu m p ­
tio n  th a t  th e  sole TACs a re  a d h e re d  to ) ,  le a d in g  to  con flic tin g  
m a n a g em e n t objectives. D u tc h  e ffo rt in c reased  m assively, b u t  it 
dec lin ed  to w ard s  th e  e n d  o f  th e  s im u la tio n  p e r io d  (F igu re  4).

In  scenario  2, th e  effort re s tric tio n  w as m o re  o ften  (except th e  first 
year) de te rm ined  b y  th e  p la ice  assessm ent th a n  b y  th a t  fo r sole 
(F igure 5). D espite th e  effort re s tric tio n  a lte rna ting  betw een  being 
p la ice- o r so le-determ ined , th e  re su lting  effort level w as fairly 
constan t over th e  years (F igure  4 ). T h e  conflic ting  level o f  effort 
req u ired  to  m ee t th e  ta rge t Fs o f  th e  tw o species necessarily  led  to  
perceived  “u n derexp lo ita tion”  o f  o n e  o f  th e  species (o ften  alternating  
betw een  th e  species a m o n g  years). T h is  te rm  is u sed  he re  to  m ean  
exp lo ita tion  below  th e  ta rg e t ca tch  forecast, w hereas “overexploita­
t io n ” m eans exp lo ita tion  exceeding th e  ta rge t fo rec a s t Formally, 
th e re  shou ld  n o t  b e  overexp lo ita tion  in  scenario  2, because th e  
low er o f  tw o  efforts was alw ays used . H ow ever, th e re  w as som etim es 
overexploita tion  because th e  M P  calculated  allow able effort based  o n  
th e  p red ic ted  spaw ning-stock  b io m ass, w hereas th e  t ru e  spaw ning 
s to ck  was som etim es larger, lead in g  to  h ig h e r catches th a n  p red ic ted .

I n  scenario  1, s im u la ted  p ric e s  first d ecreased  a n d  th e n  ro se , 
w hereas th e y  d ro p p e d  f ir s t a n d  th e n  s tab ilized  in  scenario  2

(F ig u re  4 ). N e t rev en u es  fo llo w e d  th e  d e v e lo p m e n t o f  th e  lan d in g s  
(m irro rin g  th e  d e v e lo p m e n t o f  th e  p ric e s) : in  scen a rio  1, th e y  
in c re a sed  b u t  th e n  d ec lin ed , w hereas  th e y  c o n tin u e d  to  rise  in  
scen ario  2  (F ig u re  4 ).

Com parative evaluation
W e  selected a  ran g e  o f  ev a lu a tio n  crite ria  (T able 3) to  review  an d  
co m p are  th e  re su lts  o f  th e  tw o  scenarios. I n  te rm s  o f  th e  susta inab le  
ex p lo ita tio n  o f  th e  stocks, b o th  m a n a g em e n t reg im es generally  led  
to  avo idance  o f  lim it re fe rence  p o in ts . S cenario  2  p e rfo rm ed  slightly, 
b u t  significantly, b e tte r  th a n  scenario  1: fo r  sole, scenario  2  never 
v io la ted  5 ^ ,  w hereas  sce n a rio  1 d id  so occasionally. F o r p laice, 
scen ario  2 v io la ted  B ^  less o fte n  th a n  scenario  1. M ean  lan d in g s  
d id  n o t  d iffer significantly , b u t  th e  a n n u a l v a ria tio n  in  sole land ings 
w as low er in  scen a rio  1, a n d  in  p la ice  la n d in g s  low er in  scenario  
2. F ro m  a n  e co n o m ic  pe rsp ec tiv e , scenario  2  ap p ea re d  to  p e rfo rm  
b e tte r  th a n  scenario  1, w ith  s ign ifican tly  h ig h e r n e t revenues  in  
b o th  th e  s h o r t  a n d  th e  lo n g  te rm . T hese h ig h e r n e t  revenues seem  
to  b e  d u e  to  low er v a riab le  costs a t low er e f fo r t  A lth o u g h  n e t 
revenues  over th e  w h o le  p e r io d  w ere sim ilar, th e  n e t revenues  in  
scen a rio  2  d id  n o t  decline  d u r in g  the  la tte r p a r t  o f  th e  s im u la tio n  
p e rio d , suggesting  th a t  i f  th e  s im u la tio n  p e rio d  h a d  b een  p ro lo n g ed , 
scenario  2  w o u ld  h av e  also y ie ld ed  h ig h e r  n e t  revenues over th e  
w h o le  p e rio d . E c o n o m ic  s tab ility  b e tw een  years w as s im ila r in  th e  
tw o  scenarios. W ith  re sp ec t to  m an ag em en t, scen ario  2 w as m o re  
stab le , req u irin g  e ffo rt re s tric tio n s  to  v a ry  a n n u ally  b y  o n ly  4 %  o n  
average, w hereas  TA Cs v a rie d  ann u ally  b y  14%  a n d  12%  fo r  sole 
a n d  p laice, respectively.

Shrinkage
I n  scen a rio  1, th e  p e rc e p t io n  o f  s to ck  d e v e lo p m en t lagged  several 
y ears  b e h in d  th e ir  t r u e  d e v e lo p m en t (F igu re  2 ). T h is  c an  b e  seen  
m o re  easily w h e n  th e  t ru e  p o p u la tio n  a n d  th e  perce iv ed  p o p u ­
la t io n  e stim ates  f ro m  each  M o n te  C arlo  r a n  are  c o m p a re d  
(F ig u re  6a). B ecause o f  th is  lag , th e re  w as a  cyclical a lte rn a tio n  
o f  u n d e re s tim a tio n  a n d  o v erestim atio n .

W e in v estig a ted  w h e th e r  th is  lag  w as cau sed  b y  sh rin k ag e , a 
te c h n ic a l se tt in g  in  th e  X SA  assessm en t m o d e l a ffecting  th e  esti­
m a te d  F  in  th e  m o s t  re c en t years. T h e  se ttin g  u sed  tra d itio n a lly  
in  ro u tin e  IC ES a ssessm en ts  o f  N o r th  Sea p la ic e  a n d  so le  is
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Figure 3. T he  p ro p o rtio n  o f M o n te  Carlo runs in w hich th e  plaice 
catch  exceeded th e  plaice TAC in scenario 1, 200 2 -2 0 1 5 .

b ased  o n  sh rin k in g  th e  m o s t re c en t F  e stim ate  to  th e  m e a n  over th e  
p reced in g  5 years (w ith  s.e. o f  0.5; ICES, 2004), to  a c c o u n t fo r  
u n c e r ta in tie s  in  th e  n o n -c o n v e rg e d  p a r t  o f  th e  VPA . T h e  cho ice  
o f  a  specific  degree o f  sh rinkage  re flec ts  a  tra d e -o ff  b e tw een  u n c e r­
ta in ty  a n d  b ias  in  th e  e stim ate  o f  F .  T herefo re , th e  co n seq u e n ce  o f  
s tro n g  sh rin k ag e  is th a t  ac tu a lly  rea lized  changes in  F  in  re c en t 
years  a re  p a rtly  ov erru led  b y  values o f  F  in  th e  m o re  d is ta n t 
p a s t. F o r  c o m p a riso n , w e ca rrie d  o u t  100 M o n te  C arlo  ru n s  w ith  
id e n tic a l se ttin g s, excep t th a t  F  w as s h ru n k  less s tro n g ly  to w ard s  
th e  re c en t average (over 3 years  w ith  s.e. =  2 .0 ). I n  th is  case 
(F igu re  6 b ) , th e  d is c re p a n q ' b e tw een  perceived  a n d  t ru e  p o p u ­
la tio n  size w as red u ced  m a rk ed ly  a n d  th e  cycles d isap p ea red . 
T h e re fo re , th e  lag  in  p e rc ep tio n  o f  th e  tru e  p o p u la tio n  dev elo p ­
m e n t a n d  th e  cyclical a lte rn a tio n  o f  u n d e r-  a n d  o v erestim atio n  
a p p e a r  to  b e  caused  b y  th e  s tro n g  sh rinkage  setting . U n d e r  lo w
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Figure 4. S im ulation  results. Left panels: p ro jec ted  p a rt o f th e  TAC scenario; right panels: pro jected  p a r t  o f  th e  effort scenario. Panels from  to p
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sh rin k ag e , sp aw n in g  s to c k  a n d  F  o f  th e  tw o  species re m a in  m o re  
stab le  (F ig u re  7 ). A lth o u g h  scen ario  2 was r u n  w ith  th e  sam e 
s tro n g  sh rin k ag e  as scen a rio  1, th e re  w as n o  in d ic a tio n  o f  cycles, 
becau se  m a n a g em e n t s tab ilizes  e ffo rt d irectly , a n d  i f  F  d o e s  n o t 
v a ry  over t im e , sh rin k in g  to  th e  m e a n  h a s  n o  a d d itio n a l effect.

Discussion
A ssum ptions
T h e  c o n s tru c t io n  o f  th e  t r u e  p o p u la tio n  w as b a sed  o n  s im ila r 
a s su m p tio n s  a n d  th e  sam e  e q u a t io n s  as th o se  u sed  in  th e  assess­
m e n t o f  th e  p e rceived  p o p u la tio n . T h is  m ay  easily  lead  to  o v e rc o n ­
fidence  in  th e  resu lts, a n d  m u s t b e  acknow ledged  as a p o ssib le  
w eakness in  th is  ty p e  o f  analysis.

M o reover, th e  t ru e  n a tu ra l  m o rta lity , m a tu rity -a t-a g e , a n d  h is ­
to r ic a l  w eigh ts  in  th e  O M  a re  a ssu m ed  to  b e  k n o w n  in  th e  M P, 
w h ich  is, o f  co u rse , never th e  case. T he  sam e app lies  to  th e  tru e
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Figure 5. T he p ro p o rtio n  of M on te  C arlo runs in w hich th e  sole 
ca tch  forecast de te rm in ed  th e  effort restric tion  in scenario  2, 
2 0 0 2 -2 0 1 5 .

Net R evenues
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T ab le  3. Perform ance w ith  respect to  biological, econom ic, an d  m an ag em en t evaluation  criteria  for th e  tw o  scenarios.

705

Param eter S cenario 1 TAC S cenario 2 effort 
restriction

Biological criteria for sole

Frequency F >  Fpa (target F; %) 51.6 15.2

Frequency B <  B|im (%) 1.9 0.0

Mean (true) landings ('000 t) 266 258
Mean absolute difference in landings between tw o consecutive years (%) 14.3 16.5

Biological criteria for plaice - -
Year of recovery (>75%  of runs with B >  BMm) 2004 2004

Frequency F >  Fpa (target F; %) 74.2 36.0

Frequency B <  BMm from 2004 on  (%) 4.5 1.8

Mean (true) landings ( '0 0 0 1) 1130 1209
Mean absolute difference in landings between tw o consecutive years (%) 11.5 7.2

Economic criteria - -
M ean net short-term  revenues (20Ó3-200S; €m illion) 378 400

Mean net long-term  revenues (2013-2015; €m illion) 444 514

Overall m ean net revenues (2003-2015; €m iliion) 1984 2049
Mean absolute difference in n e t revenues between two consecutive years (%) 9.3 9.2

M anagem ent criteria - -
Mean absolute difference in m anagem ent measure between consecutive years (%) Sole TAG 14.3 Plaice TAC 12.3 Allowable effort; 3.6

E m b o ld en ed  sco res  a re  significantly  b e tte r  th a n  th e  sc o re  in  th e  a lte rn a tiv e  sc en a rio  ( t- te s t  assu m in g  e q u a l variances, p  <  0.05; p ro p o rtio n s  are  
a rc s in e -sq u a re -ro o t t ra n sfo rm ed ; n o  B onferroni co rrec tio n ).

ca tch  c o m p o s itio n . T h e  im p lic it b u t  u n re a lis tic  a ssu m p tio n  h e re  is 
th a t  th e  m a rk e t-s a m p lin g  p ro g ra m m e  gives p rec ise  estim ates o f  
th e  age c o m p o s i t io n  o f  th e  la n d e d  catch . A n o th e r  a ssu m p tio n  is 
th a t  th e  age c o m p o s i tio n  is th e  sam e  in  th e  la n d e d  a n d  th e  d is ­
c a rd e d  o v e rq u o ta  catches. T h is  is  a n  u n rea lis tic  a ssu m p tio n , 
because  fishers m a y  h ig h -g rad e  a n d  selectively d iscard  sm all fish 
o f  lo w  v a lu e  w h e n  a p p ro a ch in g  e x h au s tio n  o f  th e ir  q u o ta

C onsequen tly , th e  p o te n tia l so u rces  o f  v a ria tio n  a n d  b ias axe 
u n d e re s tim a te d  in  th e  ap p ro ach , a n d  th e  re su lts  m a y  b e  o v e ro p ti-  
m is tic  w ith  reg a rd s  to  h o w  w ell th e  M P  is able to  m o n ito r  th e  tru e  
d e v e lo p m en t o f  s tocks . M oreover, th e re  are  o th e r  s im p lifications. 
F o r  in s tan ce , h is to r ic a l r e c ru itm e n t series o f  sole a n d  p la ice  
a p p e a r  to  b e  co rre la ted , w hereas th e  p ro je c ted  re c ru itm e n t o f  th e  
tw o  species in  th e  s im u la tio n s  w as u n co rre la ted .
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Figure 6. T he difference betw een  tru e  an d  perceived estim ates o f B o f  10 M o n te  Carlo runs o f  scenario 1. Left panels, sole; right panels, plaice. 
Positive values m ean th a t  th e  perceived  popu la tion  is underestim ated  co m p ared  w ith  th e  tru e  population . Variability in th e  M on te  Carlo runs 
com es from  rec ru itm en t an d  sam pling  error, (a) W ith strong shrinkage (over 5 years, s.e. = 0.5). (b) W ith w eak shrinkage (over 3 years, 
s.e. =  2.0).
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Figure 7. Scenario 1 w ith  w eak shrinkage (over 3 years, s.e. =  2.0). See 
legend o f Figure 2 fo r full explanation .

A n  im p o r ta n t re s tr ic tio n  o f  th is  co m p a ra tiv e  analysis o f  tw o 
m a n a g em e n t scen a rio s  is  th a t  m a n y  o f  th e  u n d e rly in g  d a ta  are  
b a se d  o n  th e  p re s e n t b e h a v io u r  o f  th e  fleets, w h ic h  is a  re sponse  
to  th e  p re sen t m a n a g e m e n t system  (sing le-spec ies TA Cs). F o r 
in s tan ce , catch  ra te s  m ay  ch an g e  w h en  sing le-spec ies TACs are  
re p laced  b y  effo rt re s tr ic tio n s , b ecau se  fishers w ill ga in  a d d itio n a l 
freed o m  to  ta rg e t in d iv id u a l spec ies, a n d  th is  m a y  affect the

d ire c tio n  in  w h ic h  a fish e ry  d evelops. W e  have a ssu m e d  th a t  th e  
fish e ry  w ill n o t  change  f r o m  a  so le - ta rg e ted  one , b u t  th is  c a n n o t 
b e  g u a ra n te ed . In  fact, th e  a s s u m p tio n  th a t  th e  so le  TA C  drives 
th e  p la ice  ca tch  is a s im p lif ic a tio n , b e ca u se  a sm all p a r t  o f  th e  
D u tc h  fleet fishes in  a n  a r e a  w h e re  so le  catches a re  neglig ib le. 
M o reo v er, u n d e r  e ffo r t re s tr ic t io n s ,  fish e rs  m ay  also m ax im ize  
th e ir  p ro f i t  b y  im p ro v in g  e ffo rt charac te ris tic s  th a t  a re  n o t 
re s tr ic te d  a n d  inc rease  th e  c a tc h a b ility  ( th e  so -called  “ tech n o lo g y  
creep ”  p h e n o m e n o n ; P a s c o e  et a l ,  2001; U lrich  et a l ,  2002; 
R ijn sd o rp  e t a l ,  2006 ). W h e n  th is  h a p p en s , p a ram e te rs  o f  th e  p r o ­
d u c tio n  fu n c tio n s  ch an g e  o v e r  tim e , a n d  effective catches fo r  a 
g iven  a m o u n t  o f  e ffo rt w ill d iffe r  f ro m  e x p ec ted  catches.

A n o th e r  a s s u m p tio n  re la te s  to  th e  b e h a v io u r  o f  fishers w ith  
re g a rd  to  h ig h -g rad in g . U n d e r  th e  ex is tin g  sing le-species q u o ta  
reg im e , catches m a y  b e  h ig h e r  th a n  la n d in g s  because  o f  h ig h - 
g ra d in g  a n d  d isca rd in g  o f  o v e rq u o ta  catches . U n d e r  e ffo rt re s tric ­
tio n s , th e re  is n o  in c e n tiv e  fo r h ig h -g rad in g  a n d  o v e rq u o ta  
d isca rd in g , so  ia n d in g s -p e r-u n it-o f-e f fo r t  m a y  increase . 
H o w ev er, th e  p ro d u c t io n  fu n c t io n s  are  b a se d  o n  (h is to rica l)  la n d ­
in g s  d a ta  on ly , w h e reas  th e y  a re  u sed  in  th e  m o d e l fo r  gen era tin g  
c a tch  d a ta . In  reality , c a tch e s  a re  likely to  b e  b igger th a n  th e  la n d ­
ings, w h ic h  co u ld  cau se  u n d e re s tim a tio n  o f  m o d e lled  catches.

T h e  d isca rd in g  o f  u n d e rs iz e d  p la ice  h a s  b een  ig n o re d  in  th is  
analysis . B ecause o f  th e  d if fe re n t b o d y  sh ap es  o f  so le  a n d  p la ice, 
th e  selec tiv ity  o f  th e  p re s c r ib e d  80 m m  m e sh  size is  v e ry  d iffe ren t 
fo r  th e  tw o  species. T h e  5 0 %  re te n tio n  le n g th  in  th e se  n e ts  is 2 7  cm  
fo r  so le  (m in im u m  la n d in g  size 24 c m ), b u t  18 cm  fo r  p la ice  
(m in im u m  la n d in g  size 27 c m ) .  T h is im p lie s  th a t  large q u an titie s  
o f  u n d e rs ize d  p la ice  a re  c a u g h t  a n d  d isca rd ed . D isca rd  e stim ates  
w ere  n o t  availab le  a t  th e  t im e  o f  th is  s tu d y , b u t  have rec en tly  
b e e n  in c lu d e d  in  th e  p la ic e  s to ck  a ssessm en t even  th o u g h  th e ir  
re liab ility  is q u e s tio n a b le  (IC E S , 2005). By n eg lecting  th e  d is ­
c a rd e d  frac tio n , th e  im p lic i t  a ssu m p tio n  is th a t  o n ly  fish  above  
th e  re sp ec tiv e  m in im u m  la n d in g  sizes a re  c a u g h t  Keli a n d  
B ro m ley  (2004) p o in te d  o u t  th a t  tak in g  m a n a g e m e n t d e ris io n s  
fo r  N o r th  Sea p la ice  b a s e d  o n  s im u la tio n s  w ith o u t a cc o u n tin g  
fo r d isca rd in g  leads to  in c o r re c t  p e rc ep tio n s  o f  s to ck  d e v e lo p m e n t 
H o w ev er, th e  availab le  e s tim a te s  are  b a se d  o n  c ru d e  ex tra p o l­
a tio n s , a n d  th e ir  in c o rp o ra t io n  m ig h t easily  lead  to  u n re liab le  
re su lts . D ickey-C ollas e t a l. (2007) fo u n d  th a t  th e  in c lu s io n  o f  
n o isy  d isca rd  estim ates  m a y  m ake  p o p u la tio n  tre n d s  h a rd  to  
tra c k  w ith  XSA. A lth o u g h  w e  acknow ledge th a t  assessm en ts  m ay  
b e  im p ro v ed , th is  s h o u ld  n o t  devalue  th e  co m p a ra tiv e  va lue  o f  
th e  tw o  scen ario s  assessed  w ith o u t  th ese  co m p lica tio n s.

W e also  a ssu m e d  full c o m p lia n ce  to  th e  m a n a g em e n t m easu res  
(a llo w in g  fo r legal d isc a rd in g  o f  o v e rq u o ta  p la ice  catch  in  scen ario  
1). In  reality , co m p lia n ce  w ith  TACs m a y  b e  a  fu n c tio n  o f  th e  d is ­
c rep an c ie s  b e tw een  th e  T A C s set in  consecu tive  years. W ith o u t 
d ire c te d  re sea rch  in to  fish e rs ’ re sponses  to  m a n a g em e n t m easu res, 
i t  is p ro b le m a tic  to  in c o rp o ra te  im p le m e n ta tio n  b ias  in to  a  m o d e l.

T h e  tec h n ica l in te ra c tio n  b e tw een  sole a n d  p la ice  in  th e  D u tc h  
b e am  traw l fish e ry  is ta k e n  as a  p ro x y  fo r th e  linkage  b e tw een  th e  
tw o  species in  all fisheries. T h is  a ssu m p tio n  im p o ses  fr ic t io n  w ith  
a n o th e r  a s s u m p tio n  th a t  D u tc h  catches can  b e  m u ltip lied  b y  
fixed  b u t  d iffe ren t fac to rs  to  a rriv e  a t th e  re sp ec tiv e  in te rn a tio n a l 
ca tch es  (1 .35  fo r  so le, 2.25 fo r  p la ice). T h e  fr ic tio n  arises because  
th e  d iffe ren t m u ltip lie rs  im p ly  th a t ,  in te rn a tio n a lly , m o re  p la ice  is 
c a u g h t th a n  c an  b e  a c c o u n te d  fo r  b y  th e  m ix ed -f ish e ry  
in te ra c tio n .

W e fu r th e r  a ssu m e d  th a t  fu tu re  m a n a g em e n t d ecisions  w ere  
b a se d  o n  fish in g  a t a  ta rg e t F  th a t  equals th e  respec tive  P pa (fo r
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b o th  species in  th e  TAC scenario , a n d  fo r th e  species req u irin g  
stro n g e r e ffo rt-re s tric tio n  in  th e  e ffo r t-re g u la tio n  scen a rio ). In  
reality , th e  E C  m a n a g em en t p la n  fo r  N o r th  Sea p la ice  a n d  sole 
ad o p te d  in  2007  a n d  im p le m en ted  fo r th e  firs t tim e  in  2008 p re ­
scribes ta rg e t Fs th a t  are  re d u c ed  b y  10%  each y ear u n ti l  th e  
fina l objectives o f  F  -  0.3 fo r  p la ice  a n d  F  -  0 .2  fo r  sole w ill have 
b een  reach ed . W ith  th is  p la n  b e co m in g  o p e ra tio n a l, th e  s tocks 
sh o u ld  reco v er m o re  qu ick ly  a n d  low er Fs w o u ld  b e  realized. 
H ow ever, becau se  o u r  s tudy  w as carried  o u t  b e fo re  th e  n ew  m a n ­
ag em en t p la n  existed, w e d id  n o t  in c o rp o ra te  any  ad ju stm en ts  o f  
ta rg e t F  in  th e  s im u la tions, w h ich  m a y  hav e  led  to  a m o re  pessi­
m is tic  d e v e lo p m en t th a n  th e  n e w  p la n  w o u ld  a llow  for. A n 
earlie r version  o f  th e  c u rre n t m a n a g e m e n t p la n  h a s  b een  evaluated  
by  M achiels e t al. (2007) a n d  th e  Scientific , T echn ical, an d  
E co n o m ic  C o m m itte e  fo r Fisheries (STECF, 2006), th ro u g h  s im u ­
la tio n  s tu d ie s  s im ila r to  th is  one.

U lrich  e t  al. (2002) u n d e r to o k  a c o m p a rab le  s tu d y  o n  th e  
m ixed -fla tfish  fishery  o f  th e  N o r th  Sea, a lso in c lu d in g  econom ics . 
T h ey  m o d e lled  in d iv id u a l fleets, in c lu d e d  d isca rd in g  o f  u n d ers ized  
fish, an d  a ssu m e d  th a t  F  is p ro p o r tio n a l to  e f fo r t  Sim ilarly , th e  
s im u la tio n  s tu d y  th a t  evaluated  th e  d ra f t E C  m a n a g e m e n t p la n  
(M achiels et al., 2007) a ssum ed  a  p ro p o r tio n a l re la tio n  b e tw een  
effo rt a n d  F. H ow ever, th is  a s s u m p tio n  seem ed  p ro b le m a tic  in  
th e  ev a lu a tio n  b y  STECF (2006). To o u r  k n o w ledge, a  p ro ­
p o r tio n a l  re la tio n sh ip  b e tw een  e ffo rt a n d  F  h as n o t  b e en  c o n v in ­
cingly  d e m o n s tra te d . O n  th e  c o n tra ry , th e  re la tio n sh ip  varies in  
re sp o n se  to  techn ica l, en v iro n m en ta l, a n d  b eh av io u ra l factors 
(R ijn sd o rp  e t a l ,  2006). T h e  la s t a u th o rs  n o te d  th a t  th ro u g h  
o p tim iz a tio n  b e h av io u r o f  fishers, fish in g  m o rta lity  can  b e  affected 
less th a n  p ro p o r tio n a lly  b y  effo rt re d u c tio n s . W e th e re fo re  believe 
th a t  a  p ro d u c tio n  fu n c tio n  b ased  o n  th e  id ea  th a t  a  fish e ry  faced 
w ith  m a n a g e m e n t re s tric tio n s  w ill can ce l th e  least p ro fitab le  
tr ip s  first is  a  m o re  realistic  ap p ro a ch . H ow ever, a lth o u g h  we 
in tro d u c e d  e co n o m ic  d a ta  to  m im ic  changes in  fleet b e h av io u r 
in  re sponse  to  m a n ag em en t, th e  ap p ro a ch  is still s im p lis tic . In  
p rac tice , species co m p o sitio n s  o f  th e  c a tch  m ay  ch an g e  o u ts id e  
th e  s im u la ted  range  in  re sp o n se  to  th e  m a n a g e m e n t strategy 
chosen .

A n o th e r  lim ita tio n  is th e  lack  o f  sen sitiv ity  tests  to  evaluate  th e  
ro b u s tn e ss  o f  o u r  con clu sio n s  b y  v a ry in g  th e  v a rio u s  a ssu m p tio n s . 
I t  is c lear th a t  th e re  is a te n sio n  b e tw een  th e  level o f  d e ta il th a t  m ay  
seem  desirab le  a n d  th e  level th a t  c an  be  p ro v id e d  w h en  specifying, 
co n d itio n in g , a n d  v a lid a tin g  O M s in  m a n a g e m e n t ev a lu a tio n  
stu d ies  (P as to o rs  e t a l ,  2007).

To p u t  all these  a ssu m p tio n s  in to  persp ec tiv e , w e stress th a t  
scenario  1 is su p p o sed  to  re flec t la rge ly  th e  m a n a g em e n t system  
as it  has b e e n  in  place u n til  a n d  in c lu d in g  2007. T h e  o u tco m es  
o f  o u r  s im u la tio n s  suggest th a t  th is  system  w o u ld  g u a ra n te e  th a t  
b o th  stocks a re  m an ag ed  effectively in  a v o id in g  th e  lim it  re fe rence  
p o in ts , a n d  th a t  th e  TAC system  is a  safeg u ard  a gainst overexp lo i­
ta tio n . H ow ever, th is  s ta tem e n t c o n tra s ts  sh a rp ly  w ith  th e  rec en t 
p e rc ep tio n s  o f  th e  dev elo p m en ts  in  b o th  stocks, suggesting  th a t  
scenario  1 is to o  o p tim is tic  as a  re p re s e n ta tio n  o f  th e  re c en t 
regim e.

Shrinkage
F or m a n y  d em e rsa l stocks in  n o r th e rn  E u ro p e , th e  u se  o f  s tro n g  
sh rinkage  o f  F  to w ard s  th e  re c e n t 5 -year m e an  h a s  b een  a 
c o m m o n  p rac tic e  u n ti l  recen tly . F o r N o r th  Sea p la ice  a n d  sole, 
th is  p rac tic e  h a s  changed  recen tly  (IC E S, 2007), w hen  th e  resu lts  
o f  th e  s im u la tio n s  re p o r te d  h e re  w ere  m a d e  availab le  to  th e

assessm ent w o rk in g  g ro u p  i n  a n  e a rlie r d ra f t (K ra ak  e t a l ,  
2004). O u r  analysis show s th a t  i f  F  va rie s  m arked ly , as in  scenario  
1, th e  use o f  s tro n g  sh rin k ag e  in d u c e s  q 'd i c a l  d ev e lo p m en ts  in  th e  
s tock . T h is  instability ' is  c au sed  b y  th e  p e rc ep tio n  o f  th e  s to ck  being  
always o u t o f  p h ase  w ith  th e  t r u e  state. S h ep h erd  (1999) c o m m e n ­
te d  th a t  sh rin k in g  F  to  th e  re c e n t m ean  m ig h t cause  c o n flic t w ith  
s tro n g  signals in  th e  surveys, p a rt ic u la r ly  i f  ca tch  d a ta  are  in a c cu r­
ate. H ow ever, su ch  a c o n c lu s io n  m isses th e  p o in t  th a t  even i f  the  
catch  is w ell s am p led  a n d  th e re  are  n o  s tro n g  signals  in  surveys, 
sh rinkage  m ay  in tro d u c e  a  g re a te r  b ias th a n  th e  u n c e r ta in ty  o rig ­
in a tin g  fro m  th e  u n co n v erg ed  p a r t  o f  th e  V PA  th a t  i t  is try in g  to  
avo id . Im p o r ta n tly , th e  s tre n g th  o f th e  sh rinkage  c h o sen  reflects 
a  tra d e -o ff  b e tw een  b ias a n d  u n c e r ta in ty  (D ickey-C ollas e t a l ,  
2007). In  o u r  s im u la tio n s , m a n y  so u rces  o f  u n c e r ta in ty  were 
ab sen t (as exp la in ed  above), b u t  in  ICES assessm ents, to ta l u n c e r­
ta in ty  m a y  be su b stan tia l.

T h e  b ias has m a rk e d  effects o n  th e  advice a n d  co rre sp o n d in g  
m a n a g em e n t m easu res . D u r in g  a  p e r io d  w ith  a  s tro n g  tre n d  in  
F, sh rinkage  resu lts  in  a  d isc rep an c y  in  th e  p e rc e p t io n  o f  th e  
tru e  state  o f  th e  s to ck  (see a lso  D ickey-C ollas e t a l ,  2007). 
T h ere fo re , th e  advice, a n d  th e  m ea su re s  taken , w ill b e  in a p p ro p r i­
a te  re la tive  to  th e  re fe rence  p o in ts  a im ed  for, a n d  alw ays lag  
b e h in d , lead in g  to  o v ersh o o ts  a n d  u n d e rsh o o ts . T hese  p ro b lem s 
m ay  exp la in  th e  re tro sp ec tiv e  b ia s  o f te n  observed  in  assessm ents. 
T hey  m ay  also lead  to  u n w e lco m e  a n d  u nnecessary  v a ria tio n s  in  
TACs, so  u n d e rm in in g  th e  c red ib ility  o f  th e  scien tific  adv ice  (by  
cau s in g  la rge  re tro sp ec tiv e  ch an g e) a n d  p ro h ib itin g  im p le m e n ­
ta tio n  o f  tim e ly  a n d  s tab le  m a n a g e m e n t m easu res. A s recovery  
p lan s  o r  o th e r  co n serva tive  m e asu res  are  o ften  asso c ia ted  w ith  
s tro n g  re d u c tio n s  in  F, as in te n d e d  b y  th e  a d o p te d  E C  m an ag e­
m e n t p la n  fo r  N o r th  Sea p la ice  a n d  sole, th e  p e rc ep tio n  o f  
success o f  such  p lan s  w o u ld  b e  je o p a rd ized  i f  sh rin k ag e  o f  F  to  
th e  m e an  w ere ap p lied .

Com parison o f th e  tw o  scenarios
T his s im u la tio n  exercise w as u n d e r ta k e n  to  exp lore  th e  m e th o d ­
ology a n d  to  ga in  in s ig h t in to  th e  q u e s tio n  o f  h o w  a lte rn a tiv e  m a n ­
ag em en t scena rio s  m a y  d ifferen tia lly  affect s to ck  d ev e lo p m en t, th e  
fishery, its  eco n o m y , a n d  its  m a n a g e m e n t  T he  p ro je c tio n s  a re  n o t 
m e a n t to  b e  v iew ed  as q u a n tita tiv e  s to ck  forecasts o r  p re d ic tio n s  to  
b e  used  in  N o rth  Sea fla tfish  m a n a g e m e n t (P asto o rs  et a l ,  2007). 
R ather, th e  tw o  scenario s  re p re sen t a  qualita tive  co m p a riso n  o f  
tw o  m a n a g em e n t system s fo r  a  p a rtic u la r  set o f  sim plify ing  
a ssu m p tio n s . T h e  c o n c lu sio n  as to  w h ich  m a n a g em e n t scenario  
p e rfo rm s  b e st s h o u ld  b e  v iew ed  as c o n d itio n a l o n  m a n y  res tric tive  
a ssu m p tio n s , because  th e  c o n clu sio n s  m ay  n o t h o ld  i f  so m e  o f  
th e se  w ere re laxed  o r  changed .

Based o n  th e  ev a lu a tio n  c rite r ia  c h o se n , th e  e ffo r t-m a n a g em e n t 
scenario  ap p e a rs  to  b e  m o re  su itab le  fo r  m an ag in g  th e  b eam  traw l 
fishery  th a n  th e  TA C sce n a rio , becau se  i t  results in  a  m o re  positive  
b io log ica l d ev e lo p m en t o f  b o th  stocks, in  h ig h e r s h o r t- te rm  a n d  
lo n g -te rm  e c o n o m ic  p ro fits , an d  g re a te r stab ility  o f  a n n u a l m a n ­
ag em en t m easu res.

A lth o u g h  b o th  scenario s  generally  led  to  su sta in a b le  ex p lo ita ­
t io n  (i.e. th e y  k e p t F  b e lo w  Plim) a n d  th e  spaw n ing  s to ck  above 
ff|im)> effo rt m a n a g em e n t d id  so s lig h tly  b e tte r a n d  led  generally  
to  la rger s tocks a n d  low er e ffo rt. This is because  the  
e ffo r t-re s tric tio n  im p le m e n te d  w as tu n e d  to  th e  species m o s t in  
n eed  o f  re s tric tio n , so acknow ledg ing  th e  m ixed -species  n a tu re  
o f  th e  fishery. T h is  o ften  re su lted  in  catches o f  th e  o th e r  species 
th a t  w ere  lo w er th a n  m ig h t be  ta k e n  w ith  th e  sing le-species
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ta rg e t F  (F pa). T h is , in  tu m , w as fav o u rab le  fo r  th e  d e v e lo p m en t 
o f  th a t  s to ck , a n d  w as p a id  b a ck  la te r. H ow ever, o th e r  e ffo rt- 
m a n a g e m e n t reg im es can  b e  envisaged an d  very  d iffe ren t o u t ­
co m e s  expec ted . F o r instance, a  system  a im e d  specifically  a t 
su s ta in in g  th e  fish e ry  o f  th e  m o s t va lu ab le  species c o u ld  easily 
le a d  to  o v e re x p lo ita tio n  o f  th e  o the r.

S cen ario  1, m im ic k in g  th e  c u rre n t s itu a tio n , p e rfo rm e d  w orse  
b e cau se  th e  so le  ca tch  d e te rm in e d  e ffo rt, w hereb y  th e  p la ice  
s to c k  w as o fte n  o v erexp lo ited  a n d  so m e  p la ice  catches c o u ld  n o t  
b e  la n d e d  a n d  d id  n o t  c o n tr ib u te  to  revenues . Still, th is  sc en a rio  
is  p ro b a b ly  o v e ro p tim is tic  as a  re fle c tio n  o f  th e  c u rre n t m a n a g e ­
m e n t  reg im e, in  H e w  o f  th e  negative  d e v e lo p m en t o f  th e  stocks 
o b se rv ed  recen tly  u n d e r  th e  c u rre n t m a n a g em e n t reg im e.

T h e  d e v e lo p m en t o f  th e  stocks w as m o re  stab le  u n d e r  scen a rio  
2 , le a d in g  to  lo w er assessm ent b ias a n d  e rro r  (low er d isc rep an cy  
b e tw een  p e rce iv ed  a n d  tru e  states o f  b o th  stocks). A ssessm en t 
b ia s  c au se d  b y  sh rinkage  re in fo rces  instab ility . C onversely , 
th e  lack  o f  a ssessm en t b ias re in fo rces  s tab ility  an d  m ak es  th e  
adv ice  less sensitive  to  sh rinkage. T h is  sh o u ld , in  tu rn ,  lead  to  
th e  se tt in g  o f  m o re  ap p ro p ria te  m easu re s  ( in  th is  case, a llow ed  
e ffo rt).

T o  c o n c lu d e , m a n y  o f  th e  d ifferences b e tw een  th e  sc en a rio  o u t ­
c o m es  a re  a ttr ib u ta b le  to  th e  w ay  th e  m a n a g em e n t reg im es  d ealt 
w ith  th e  c o n flic tin g  ta rg e t Fs fo r sole a n d  p la ice  a n d  th e  in c o n s is t­
e n t  flee t effo rt re q u ire d  to  execute these  Fs. O u r  s tu d y  suggests th a t  
a  m a n a g e m e n t s tra teg y  th a t  occas iona lly  resu lts  in  perce iv ed  
u n d e re x p lo ita tio n  o f  th e  stocks m a y  w o rk  b est, g iven  th e  ex istence  
o f  a ssessm en t e r ro r  a n d  bias. O u r  re su lts  a lso  suggest th a t  s tab ility  
i n  fish in g  m o rta li ty  re in fo rces  itself, becau se  a ssessm en t b ia s  is 
lo w e r u n d e r  g re a te r  stab ility , a n d  c o rre c tio n s  b eco m e  less 
necessary.
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S to c k - re c ru i tm e n t  re la tio n sh ip  (R icker)

E¡y ~  N (0 , o f )  

o f  =  ln (C V ?  +  1)

C atch  p e r  u n i t  effo rt m odels

( ß f  —  a f )Z , .a ,y

Yield

Y i,y —  C i.a .y W c .i.a .y

S p aw n in g -s to c k  b iom ass

Single-species TAC scenario

C s.y —  Q s.y  

Ey =  a 0(M s,y)~ß° Q ^ ,  

C p ,y  —  C ( \ 'p M  p y E ^ i,F

(7)

(8) 

(9)

(10)

( 11)

( 12)

(13)

(14)

(15)
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(17)

A ppendix A: eq u ation s and sym bols used in th e  m odel 
Equations
P o p u la tio n  d y n a m ics

N i,a + \.y + l =  N i,a ,y C  Z"°'r

N i , p , y  =  N i , p -  J  . r _ i  +  N ; , p > y _ i  e ~ z ¡ r 'r - '

(2)

(3)

E ffo rt-re s tr ic tio n  scenario

E ,  =  m i n [ ( < * , ( m , , , ) - k q « ) ,  ( « a t f y - S Q g , ) ]  (18)

Q , y  =  a sM $ .y E ß‘ (1 9)

Cp,y  — apM p,yEyp (20)

E co n o m ic  variab les

M o rta lity  rates

C a tch  e q u a t io n

Z i , a , y  =  P ¡ , a . y  +  NIi.a.y

h ¡ , a . y  == S i ,  a , y f i , y

C i, a, y  =  N i ,a.
B  i. a.y  

'Z i,a .y

(4)

(5)

(6)

B-T.y — y ^ ( E | . y P i ,y )  +  RfO.y

C y , y  =  o c +  ß cEy 1000

R-N.y =  R-T.y C y , y

(21)

(22)

(23)

(24)

(25).
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Symbols used in equations

P aram eter D efin ition

P opu la tion  dynam ics H,o,y N um bers o f  fish o f  species 
i o f  age a  a t th e  s ta r t  o f 
year y

P A ge o f  th e  plus group; 
here, p =  15 years

la,y T otal m orta lity  o f  species i 
a t  age a in year y

M o rta lity  ra tes N atural m orta lity  o f  
species i a t  age a  in year y

h “,y Fishing m o rta lity  o f  species 
i a t  age a  in year y

h y Y ear effect o f  fishing 
m orta lity  o f  species i  in 
year y

h,a,y Selection p a tte rn  o f  species 
i a t age a  in year y

C atch  eq u a tio n Cia,y C atch  in n u m b e rs  o f 
species i a t  age a  in year y

S to c k -  re c ru itm e n t r A ge a t first re c ru itm e n t to
relationsh ip th e  fishery; here, r  =  1 year

h y Spaw ning-stock b iom ass of 
species i in year y

a„ ß , C onstants; fo r i = sole 
a¡ = 5.1055, A  = 0.0000168, 
a n d  fo r ; =  plaice a¡ = 3.81, 
A  = 0.00000331 (es tim ated  
as explained in A ppend ix  
B)

®iy R ec ru itm en t residual o f 
species i in year y

cr¡ S tan d a rd  e rro r of 
rec ru itm e n t residuals o f  
species i

CV, C oefficient o f  varia tion  of 
rec ru itm en t; for i = sole 
CV; = 0.5, and  fo r i=plaice 
CV, = 0.35 (e s tim a ted  as 
exp la ined  in A ppend ix  B)

C atch  p e r u n i t  effo rt U'M y C pue o f  species i by fleet ƒ
m odels a t  age a in year y

V fioy C pue of species i by fleet ƒ  
a t  age a  ad ju sted  to  s ta r t 
o f  year y

A ij.o.y A veraging fac to r o f  species 
i fo r fleet ƒ  relating  th e  
popu la tion
abund an ce-a t-ag e  a du rin g  
th e  tim e a t w hich th e  
ca tch  w as ta k en  t o  th e  
p opu la tion
ab u n d an ce-a t-ag e  a  a t  th e  
beginning  o f  th e  yea r y

% .a Catchability, relationsh ip  
b e tw een  cp u e  a n d  
num bers  o f  species / for 
flee t ƒ  a t  age a  (sou rce  
explained  in A ppend ix  B)

C o n tin u ed

P a r a m eter D efin ition

af S ta r t  o f  th e  period  of 
fish ing  o f  f le e t / ,  a t  0.66 of 
t h e  year

ß f End o f  th e  fishing period  
o f  fleet ƒ, a t  0.75 o f  th e  
yea r

S ta n d a rd  erro r o f  cp u e  
residuals o f  species i o f 
f le e t ƒ  a t  age a  (source 
ex p la ined  in A ppend ix  B)

Yield W o,c.y B ody m ass in th e  c a tc h  of 
species i a t  age a  in year y

y ly T o ta l c a tch  m ass o f  species 
i o f  all ages in year y

S paw ning-stock Body m ass in th e  s tock  o f
biom ass species i a t  age a in year y

0¡.a.y P ro p o rtio n  m a tu re  o f  
species i a t  age a in year y

Single-species TAC h Fishing effo rt in m illion
scen ario  an d
effo rt-re stric tion
scenario

hp-days in year y

M ,y B o f  species / in year y  
relative to  th e  B o f  th a t 
species in th e  reference 
y e a r (2002)

Qi,y C atch  fo recast ( to n n e s) o f  
species i fo r year y, using 
th e  e q u a tio n  fo r yield Y

Q v C atch  ( to n n e s) o f  species 
i in year y

s (su b sc r ip t) Sole

p  (su b sc rip t) Plaice

«cv Ao- a 0j, C onstan ts; a 0 = 0.0009786,
«0 ,p. Ao- Ao> «s, ßo = 1-177,
As- «P- Ap a 0¿ = 0.00011698, 

a 0fi = 0.00001882,
A o=  1-4057, AS = 1.4578, 
a s = 628.637, As = 0.7105, 
a p = 916.432 and  
Ap =  0.8496 in scenario  1, 
a p = 1747.43 a n d  
Ap = 0.6853 in scenario  2 
(es tim ated  from  
regressions as explained  in 
th e  m ain  tex t)

E conom ic variables h y D utch  p rice  in e u ro s  per 
kg o f  species  i in year y

Q/,y D utch  variab le co sts  in 
1000 e u ro s  in year y

«C. Ac C onstan ts; a c = - 1 .6 2 9  
an d  Ac =  1.4355 in scenario 
1, a c = 0.4715 and  
A c= 1.4021 in scenario  2 
(es tim ated  from  
regressions, see m ain  tex t)

Rf.y D utch to ta l  revenues in 
th o u sa n d  eu ro s  in year y

Continued Continued
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C on tinued

Param eter D efin ition

^N,y D u tch  n e t revenues in 
th o u s a n d  eu ro s  in  year y

Liy D utch  landings o f  species i 
( to n n es) in yea r y

Lí D utch landings o f  species / 
(tonnes) in reference year 
(2 002 );/.°=  10 611 and  L° 
26 977 in scenario 1,
L° =  10 611 a n d  L° 26 668 in 
scenario 2 (from  LEI data)

Pi D utch  average price in 
eu ro s  p e r kg o f  species ; in 
reference yea r (2002);
P ° = 9.26 a n d  P° = 1.86 
(from  LEI d a ta )

e¡ Price elastic ity  o f  species /; 
es = — 0.3 a n d  ep = — 0.2 
(a fte r  N ielsen, 1999)

P o , D utch  revenues from  o th e r 
species in th o u s a n d  euros 
in year y

P°o D utch  revenues from  o th e r 
species in reference  year 
(2002) in th o u s a n d  euros; 
R° = 46 385 (from  LEI data)

E° D utch  fishing effort in 
reference year (2002) in 
million hp-days; £° =  53.569 
in scenario 1, E° =  53.346 in 
scenario 2 (from  LEI data)

A ppendix B: input data
T h e  in p u t  d a ta  re q u ire d  fo r th e  O M  are:

(i) In it ia l (1957) p o p u la tio n  n u m b e rs -a t-a g e  (N i>a,r ); from  
ICES (2004);

(ii) N a tu ra l m o rta lity -a t-ag e  M  (M.-,„,y); a ssu m ed  c o n stan t 
(ICES, 2004);

(iii) M a tu rity -a t-ag e  ( 0 ¿ a>>.); a ssu m e d  c o n s ta n t (IC E S, 2004);

(iv) M ean  w e igh t-a t-age  o f  fish  in  th e  s to ck  (W Sii>(Jj>,) a n d  in  the  
ca tch  (W c i v ); fo r  th e  p e r io d  1 9 5 7 -2 0 0 1  fro m  ICES 
(2004); fo r th e  years 2 0 0 2 -2 0 1 5  th e  ru n n in g  average over 
th e  p rev io u s  3 years;

(v) Selection p a tte rn  (relative F -at-age, S ^ f ) ;  fo r 1957-2001  
abso lu te  P -at-age values f ro m  IC ES (2003); fo r 2 0 0 2 -2 0 1 5  
a ssum ed  co n stan t as th e  average over th e  p e r io d  1 9 97-2001 ;

(vi) R ecru its  (N U r ); fo r  1 9 5 7 -2 0 0 1  from  IC ES (2004); fo r 
2 0 0 2 -2 0 1 5  acco rd in g  to  a  R icker m o d e l w ith  a  lo g n o rm a l 
e r ro r  d is tr ib u tio n  (d e te rm in e d  b y  regressing  rec ru its  on 
SSB b ased  o n  1 9 5 7 -2 0 0 1  d a ta ; s ta n d a rd  d e v ia tio n s  cho sen  
th ro u g h  v isu a l in s p e c tio n  o f  th e  re su ltin g  v a ria tio n ). 
R ec ru itm en t in  th e  p e r io d  2 0 0 2 -2 0 1 5  is a  so u rce  o f  v a ria ­
b ility  b e tw een  s im u la tio n  ru n s .

(v ii) Y ield (Y;,y); fo r 1 9 5 7 -2 0 0 2  f ro m  IC ES (2004); f ro m  2003 o n  
th e  y ie ld  is  d e te rm in e d  b y  th e  m a n a g e m e n t d e c is io n  set in  
th e  p rev io u s  year.

F ro m  th e se  in p u t  da ta , t h e  fo llow ing  q u an titie s  a re  calcu lated  
fo r  b o th  stocks b y  year: ca tch -a t-ag e  ( Q a,y) , p o p u la tio n  
n u m b e rs -a t-a g e  ( N Ua,y), P -a t-a g e  p 2_ 8 (p ii2_ 8,y), an d
sp aw n in g -s to ck  b io m ass  (B¿,y) .

T h e  in p u t  re q u ire d  fo r  t h e  M P (as re q u ire d  b y  XSA) is as 
follow s.

(i) P e rce ived  catch -a t-ag e ; e q u a l to  t ru e  ca tch -a t-ag e  in  th e  O M  
fo r so le, a n d  fo r p la ice  i f  th e  t r u e  ca tch  d id  n o t  exceed 
th e  TAC; o th e rw ise  e q u a l to  th e  TAC w ith  th e  sam e age 
co m p o s itio n ;

(ii) P e rce ived  M ;  eq u a l to  t r u e  AE in  th e  O M ;

(iii) P erce ived  m a tu rity -a t-a g e ; e q u a l to  tru e  m a tu r i ty  in  th e  O M ;

(iv ) P erce ived  w e ig h t-a t-ag e  o f  fish  in  th e  s to ck  a n d  in  th e  
ca tch ; averages o f  t ru e  values o f  th e  p re v io u s  3 years in  
th e  O M .

In  a d d itio n , fo r  each  spec ies, tw o  c a tch  p e r  u n i t  e ffo rt (cpue) 
series { IT  a re  g en erated  fo r  tu n in g , from  tru e  N - a t-age, tru e  
M -a t-ag e , t ru e  P -a t-ag e , a n d  ca tchab ilities  (q ,¿a, see below ), 
w ith o u t a  p o w e r m o d e l. B o th  series a re  se t to  ta k e  p lace  in  late 
su m m e r, ta k in g  in to  a c c o u n t th e  p ro p o r t io n  o f  th e  y e a r  th e  fish 
have b e e n  ex p lo ited  (su rvey  s ta r ts  a t 0 .66 a n d  e n d s  a t 0 .75). 
C p u e  series 1 c o m m en ces  in  1984 a n d  involves ages 1 - 9 ,  an d  
series 2  co m m en ces  in  1982 a n d  involves ages 1 - 3 .  
C atch ab ilities  q¡^a a n d  th e ir  s ta n d a rd  e rro rs  a re  given in  
T ab le  B Í .  T hese  values a re  ta k e n  fro m  ex isting  re sea rch  vessel 
su rvey  tu n in g  series (ICES, 2003), excep t fo r  ages 2 - 9  o f  sole 
series 1, w h ic h  a re  fro m  a  c o m m erc ia l flee t (ICES, 2004). T h e  g en ­
e ra tio n  o f  tu n in g  series w ith  r a n d o m  e rro r  c o n tr ib u te s  a second  
so u rce  o f  v a riab ility  b e tw een  s im u la tio n  ru n s .

In  th e  M P, th e  a n n u a l a ssessm en t is p e rfo rm ed  b y  XSA, u s ing  
th e  p e rce iv ed  d a ta , w ith  th e  se ttin g s  fo r  b o th  stocks as u sed  in  
IC ES (2004) fo r  p la ice. F o r ru n s  w ith  lo w  sh rin k ag e , th e  s.e. has 
b e en  set a t  2  (as  o p p o sed  to  0.5 fo r  d e fau lt ru n s )  o v e r 3 years 
(as o p p o s e d  to  5 years fo r  th e  d e fa u lt ru n s ) .  T he  assessm en t g en ­
erates va lu es  fo r perce iv ed  P -at-age , p e rceived  N -a t-a g e , perceived  
P 2_ 8, a n d  p e rce iv ed  B  u p  to  th e  la s t d a ta  year. S h o r t- te rm  forecasts 
w ere  ru n , u n d e r  th e  a ssu m p tio n  th a t  P 2_ 8 in  th e  in te rm e d ia te  year 
eq u alled  P2_ g in  th e  p rev ious  year, a n d  w ith  th e  respective  ta rg e t

T ab le B í .  C a tc h a b ility  (cj;/,a ) a n d  s ta n d a rd  e r ro r  {cp¡j,a)  o f  c p u e  
series 1 a n d  2 fo r so le  a n d  plaice.

A ge a  S o le  as sp ecies J P laice as sp ecies /

f l i . l ,a V í a * B ..!.» 9 / , i a A w - ¥> U a
1 8 .8 9 0 .2 9 3 .9 4 0 .1 8 7 .2 9 0 .5 4 2 .4 7 0 .3 7

2 6 .2 2 0 .5 0 4 .9 2 0.31 7 .7 0 0.31 3 .6 2 0 .4 3

3 5 .2 7 0 .2 4 5 .5 7 0 .5 0 8 .6 2 0 .2 4 4 .9 3 0 .4 9

4 5 .1 1 0 .2 2 - - 9 .4 8 0.21 - -

5 5 .0 9 0 .2 2 - - 1 0 .1 3 0 .2 2 - -

6 5 .2 7 0 .1 9 - - 1 0 .4 5 0 .2 8 - -

7 5 .3 1 0 .2 6 - - 1 0 .7 3 0 .2 9 - -

8 5 .3 1 0 .2 7 - - 1 0 .7 6 0 .3 4 - -

9 5 .3 1 0 .2 0 - - 1 1 .0 8 0 .3 8 - -
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Fs (0.4 a n d  0.3 fo r so le  a n d  p la ice, respectively) fo r th e  TAC year. 
T h e  selec tion  p a tte rn  in  th e  TA C  year a n d  th e  in te rm e d ia te  year 
w as  assu m ed  to  be eq u al to  th e  average over th e  p re v io u s  3 
years. T hese  fo recasts  gen era te  a p re d ic te d  B  fo r  th e  s ta r t  o f  the  
TA C y e a r  an d  1 y e a r  la te r a n d  th e  fo recast ca tch  fo r  th e  TAC

year. N o te  th a t  in  rea lity  in  2 0 0 4  th e  ag e  range  fo r  F  as w ell as 
th e  p a  re ference  p o in ts  c h a n g e d  (IC E S , 2005); w e u sed  th e  
values b e fo re  th a t  change  (IC E S , 2004).

d o i : l  0.1093/icesjm s/fsn045


