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ABSTRACT: P robabilistic  m a tu ra tio n  reac tio n  norm s (PMRNs) w ith  u p  to 3 e x p lan a to ry  d im ensions 
w e re  e stim ated  for fem ale  N o rth  S ea  p la ice  P leuronec tes  p la tessa . T h e  3 -d im en sio n a l PM RN s 
re p o r te d  h e re  (1) a re  th e  first to  b e  o b ta in ed  for an y  organism , (2) rev ea l th e  d iffe ren tia l cap ac ity  of 
a lte rn a tiv e  life-h istory  s ta te  v a riab le s  to  p red ic t th e  o n se t of rep roduc tion , (3) d o cu m en t consis ten t 
tem p o ra l tre n d s  in m atu ra tio n , a n d  (4) h e lp  d isen tan g le  th e  con tribu tions of g en e tic  a n d  p lastic  
effec ts to th ese  tren d s . W e first show  th a t PM R N s b ased  on a g e  a n d  w e ig h t p ro v id e  sligh tly  m ore 
a ccu ra te  app rox im ations of m a tu ra tio n  p ro b ab ilities  th an  PM RN s b ased  on  a g e  a n d  len g th . A t th e  
sa m e  tim e, w e ig h t-b a se d  PM RN s im ply  a  m u ch  w id e r sp re a d  of m a tu ra tio n  p ro b ab ilitie s  th a n  leng th - 
b a se d  PM RNs. W e th e n  d em o n s tra te  th a t in c lu d in g  cond ition  as a  th ird  ex p lan a to ry  v ariab le  
im proves p red ic tions of m a tu ra tio n  p robab ility . T h e  re su lta n t 3 -d im ensiona l PM R N s for ag e -le n g th -  
cond ition  or ag e -w e ig h t-co n d itio n  n o t only  show  how , a t g iv en  size an d  ag e , m a tu ra tio n  p ro b ab ility  
in c re a se s  w ith  condition , b u t a lso  ex p o se  how  th is  im p ac t of cond ition  d e c re a se s  w ith  a g e  a n d  has 
c h a n g e d  over tim e. O ur analysis rev ea ls  sev e ra l in te re s tin g  tem p o ra l tren d s . F irst, it is d em o n s tra ted  
th a t  ev en  after rem o v in g  p las tic  effec ts on  m a tu ra tio n  cap tu re d  b y  ag e , le n g th , w e ig h t a n d  condition , 
re s id u a l tren d s  to w ard s  m a tu ra tio n  a t  y o u n g e r a g e s  a n d  sm aller len g th s  re m a in . S econd , w e  find  th a t 
th e  w id th  of b o th  len g th - a n d  w e ig h t-b a se d  PM R N s d e c rea sed  significantly  o v e r tim e. T h ird , a g e  an d  
cond ition  a re  n o w ad ay s a ffec ting  m a tu ra tio n  p ro b ab ilitie s  less th a n  th ey  d id  d e c a d e s  ago. W e con 
c lu d e  th a t p la ice  a re  cu rren tly  m a tu rin g  a t a  v e ry  low  age , size an d  body  cond ition , a n d  th a t  th e  n a r 
ro w  a n d  s teep  reac tio n  norm s do  n o t allow  a s tro n g  con tinua tion  of th e  o b se rv e d  tren d s . T h e  find ings 
o b ta in e d  a re  in  good a g re e m e n t w ith  p red ic tio n s from  life-h isto ry  th eo ry  b a se d  on th e  hy p o th es is  of 
evo lu tionary  c h a n g e  cau sed  by h e a v y  exploitation .
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INTRODUCTION

C om bina tions of a g e s  a n d  le n g th s  a t  m atu ra tio n  
s trong ly  in flu en ce  an  in d iv id u a l's  ex p e c te d  re p ro d u c 
tive su ccess  an d  thus a  stock 's rep ro d u c tiv e  po ten tia l. 
S ince th e  allocation  of e n e rg y  to  rep ro d u c tio n  d e 
c rea se s  som atic  g row th  (e.g. R ezn ick  1983), th e  tr a d e 
off b e tw e e n  rep ro d u c tio n  a n d  g ro w th  im p lies  a  tr a d e 

off b e tw e e n  c u rre n t a n d  fu tu re  rep ro d u c tio n  w hich  
d e p e n d s  on th e  leve l of m o rta lity  a t d iffe ren t life s tag es  
(Bell 1976,1980, H eino  & K aita ia  1999). M a tu ra tio n  is a  
com plex  physio log ical p ro c e ss  in flu en ced  b y  b io en er- 
ge tic  factors such  as re s o u rc e  ava ilab ility  a n d  body  
re se rv es, w h ich  in  tu rn  a re  a ffec ted  b y  th e  local en v i
ro n m en t a n d  individuell ex p erien ce . T h e  a g e  or len g th  
a t w h ich  m ost species m a tu re  is th e re fo re  n o t fixed, b u t
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is d e sc rib ed  by  a  reac tio n  n o rm  th a t  can  b e  c h a ra c te r 
ized  e ith e r by  a sw itch cu rve  determ in istica lly  re la tin g  
m a tu ra tio n  a g e  to  m a tu ra tio n  le n g th  (S tearns & K oella 
1986, H e in o  e t al. 2002a), or ra th e r  m ore realistically , 
by  cu rv es of of ag e - a n d  s ize -d ep en d en t m a tu ra tio n  
p ro b ab ilitie s  (H eino e t al. 2002a). Sets of such  m a tu ra 
tion  p ro b ab ilitie s  a re  k now n  as probab ilistic  m a tu ra 
tion  reac tio n  norm s or PM RNs.

It is h e lp fu l to  h ig h lig h t th a t  m a tu ra tio n  reac tio n  
norm s a re  b iv aria te  reac tio n  norm s an d  th u s  fu n d a 
m en ta lly  d iffer from  th e  m ore w id e ly  fam iliar u n iv a ri
a te  re ac tio n  norm s d escrib ing  how  a  s ing le  p h en o ty p ic  
ch a ra c te r v a rie s  w ith  a  sing le  en v iro n m en ta l v ariab le . 
M atu ra tio n  reac tio n  norm s, by  contrast, d esc rib e  how  
2 p h en o ty p ic  ch a rac te rs  — a g e  a n d  le n g th  a t  m a tu 
ra tio n —  a re  jo in tly  a ffec ted  by a s ing le  en v iro n m en ta l 
variab le : th e  av e rag e  g row th  ra te  of ind iv iduals befo re  
m atu ra tio n . E n v iro n m en ta l effects a re  h e re  m an ife s ted  
in  th e  v a ria tio n  of le n g th  a t ag e , i.e. slopes of g ro w th  
tra jec to ries . T he la tte r m ay  in  tu rn  d ep e n d  on  m an y  
o th e r e n v iro n m en ta l v ariab les , inc lud ing  te m p e ra tu re  
a n d  th e  ab u n d a n c e  of food  item s or of com petitors: in  
th is w ay, g ro w th  ra te s  o r le n g th s-a t-a g e  co n ven ien tly  
in te g ra te  a m u ltitude  of factors of th e  ph y sica l an d  
b io tic  en v iro n m en t th a t  a re  em in en tly  re lev an t for th e  
s tu d ie d  o rgan ism . T his physio log ical in teg ra tio n  n a tu 
rally  a cco u n ts  fo r th e  d iffe ren tia l im pac ts of a n d  p o te n 
tia lly  com plex  in te rac tions b e tw e e n  th e se  factors, 
w h ich  typ ica lly  w ould  b e  v e ry  difficult to  d is tin g u ish  
em pirically . H arn ess in g  ind iv id u a l-lev e l e x p lan a to ry  
v ariab les  b ey o n d  ag e  a n d  len g th  for d esc rib in g  m a tu 
ra tio n  p ro b ab ilities  m o re  accu ra te ly  is concep tua lly  
s tra ig h tfo rw ard  (H eino e t al. 2002a, V an D ooren  e t al.
2005) b u t h a s  n o t b een  a ttem p ted  before.

T h e  se lec tio n  p re s su re s  on an d  re su ltin g  evo lu tion  
of m a tu ra tio n  reac tio n  norm s a re  d e te rm in ed  b y  en v i
ro n m en ta l cond itions su ch  as s iz e -d e p e n d e n t m o r ta l
ity  ra te s  (H eino & K aitaia  1999) an d  re so u rce  av a il
ability  (Siem s & S ikes 1998), In g en era l, eco log ica l 
se ttin g s w ith  low  su rv ival a n d  slow  g ro w th  am o n g  
p o ten tia lly  rep ro d u c in g  ind iv iduals evo lu tionarily  
fav o u r h ig h  rep ro d u c tiv e  effort a t ea rly  a g e s  (Rez- 
n ick  e t al. 1990, H u tch in g s 1993, R eznick  e t al, 1997). 
In  particu la r, h ig h  fish ing  m orta lity  im posed  on  re p ro 
du c in g  fish m ay  cau se  evo lu tionary  c h an g es  in  m a tu 
ra tion  reac tio n  norm s by  se lec tin g  for g en o ty p es  th a t 
e ffectively  p ro d u ce  m o re  o ffspring  u n d e r  cond itions 
of h eav y  fish in g  (Borisov 1978, Law  2000, H e in o  & 
G odo 2002). S u p erim p o sed  on th e se  ev o lu tionary  
effec ts of fish ing , o th e r  c h an g es  in  th e  p h ysica l an d  
b io tic  en v iro n m en t occur, such  as te m p e ra tu re  fluc tu 
ations a n d  ch an g es  in  food  conditions, w h ich  a re  also 
b o u n d  to  in flu en ce  th e  p ro cesses  of g row th  a n d  m a tu 
ra tion  (Law  2000). D isen tan g lin g  th e s e  effec ts  of 
p h en o ty p ic  p lastic ity  from  an y  u n d erly in g  g en e tic

ch an g es  in  m a tu ra tio n  p ro b a b ili tie s  th u s  beco m es an 
im p o rtan t ch a llen g e  (R ijn sdo rp  1993),

D uring  th e  20th  c e n tu ry , m a tu ra tio n  in  th e  heav ily  
exp lo ited  N orth  S ea  p la ic e  P leu ro n ec te s  p la te ssa  L. 
h a s  sh ifted  to w ard s  y o u n g e r  a g e s  a n d  sm alle r len g th s 
a t 50%  m atu rity  (R ijn sdo rp  1993, G rift e t al, 2003). S ta 
tistica l ana ly ses show  th a t  im p ro v e d  food conditions 
c a u se d  in c rea sed  g ro w th  ra te s  d u rin g  th e  second  p a rt 
of th e  20 th  cen tu ry  (R ijn sdo rp  & V an  L eeu w en  1992, 
1996) re su ltin g  in  e a r l ie r  m a tu ra tio n . A bove a n d  b e 
y o n d  th is  effec t of p h e n o ty p ic  p lastic ity , ev id en ce  s u g 
g ests  th a t  th e  m a tu ra tio n  sc h e d u le  of N o rth  S ea  p la ice  
has a lso  u n d e rg o n e  e v o lu tio n a ry  ch an g es  (R ijnsdorp 
1993, G rift e t al. 2003). M o re  specifically , th e  analysis 
of PM RN s for ag e  a n d  size  a t m a tu ra tio n  (R ijnsdorp 
1993, G rift e t al. 2003) su p p o r ts  th e  h ypo thes is  of fish- 
e rie s-in d u ced  ev o lu tio n  to w a rd s  lo w er a g e s  and  
len g th s  a t m a tu ra tio n  a n d  su g g es ts  a p ic tu re  in  w h ich  
a p e rs is te n t lo n g -te rm  t r e n d  re su ltin g  from  g e n e tic  an d  
p las tic  re sp o n ses to  fa s te r  g ro w th  a re  su p e rim p o sed  on 
sh o rt-te rm  flu c tu a tio n s o rig in a tin g  from  re s id u a l p la s 
tic responses. G rift e t  al. (2003) sh o w ed  th a t  w h ile  
le n g th  w as a n  im p o rta n t cu e  for m atu ra tio n , o th e r  fac
to rs su ch  as w a te r  te m p e ra tu re  a n d  food  cond itions 
m ay  a lso  p lay  im p o rta n t ro les  in  th e  m a tu ra tio n  p ro 
cess of N orth  S ea  p la ic e .

In th is a rtic le  w e e s t im a te  PM R N s b a se d  on  d iffe ren t 
com binations of ag e , le n g th , w e ig h t a n d  cond ition  in  
o rd e r  to  ta k e  b e s t a d v a n ta g e  of all in fo rm ation  av a il
ab le  for u n d e rs ta n d in g  th e  m a tu ra tio n  sch ed u les  of fe 
m a le  N orth  S ea  p la ic e  a n d  for d isen tan g lin g  g en e tic  
a n d  p las tic  ch an g es o f th e s e  sch ed u les . W e th u s  focus 
o n  2 asp ec ts  of th e  m a tu ra tio n  process: first w e  d e 
scribe  th e  ro les of w e ig h t a n d  cond ition  in  th e  m a tu ra 
tion  process, e ith e r in  p la c e  of o r in  com bination  w ith  
len g th , a n d  seco n d  w e  u se  th e  re su lts  to  in v es tig a te  if 
th e  m a tu ra tio n  p ro cess  h a s  c h a n g e d  d u e  to  fisheries in 
d u c e d  ch an g e . W hen  m o d e llin g  a p o p u la tio n 's  m a tu 
rity  sta tu s, le n g th  is m o s t o ften  u sed  as a  m e a s u re  of 
size an d  only  few  s tu d ie s  (C ook e t al. 1999, B rom ley 
2003) h av e  u se d  w e ig h t. W eigh t m ay  be  ex p ec ted , 
how ever, to p rov ide  a  m ore  accu ra te  cu e  fo r m a tu ra 
tion  th a n  len g th , b e c a u se  it m ore d irec tly  re flec ts  th e  
physio log ica l s ta tu s  a n d  b o d y  re se rv es  of fish. R eflec t
in g  th e  im p o rtan ce  o f b io en erg e tic s  for m atu ra tio n , 
cond ition  — often  m e a s u re d  b y  m orphom etric  c o n d i
tion  ind ices such  as F u lto n 's  cond ition  fac to r K  (w eigh t 
p e r  c u b ed  len g th  — c a n  hav e  a positive in f lu en ce  on 
th e  frac tion  of m a tin e  fish, as sh o w n  for sa lm onids 
(Bohlin e t  al. 1990, R ow e & T horpe  1991, S im pson  
1992, B ohlin e t al. 1994), w a lley e  S a n d er  v itreu s  (H en 
d e rso n  & M o rg an  2002), cod G adus m o rh u a  (M arteins- 
d o ttir  & B egg  2002) an d  A m erican  p la ice  H ip p o 
g lo sso ides p la te sso id e s  (M organ  2004). W e estim ate  
m a tu ra tio n  p ro b ab ilitie s  in  a  3 -d im ensiona l p a ra m e te r
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space , in  w h ich  the  effec ts of bo d y  size, ag e  a n d  co n d i
tion  a re  co n sid e red  sim ultaneously . Severa l stud ies e s 
tim a ted  th e  p robab ility  of b e in g  m a tu re  a t a  g iv en  age , 
len g th  a n d  condition  a lso  (H enderson  & M o rg an  2002, 
M o rg an  2004) b u t w h e re a s  e a rlie r stud ies focused  on 
p ro b ab ilitie s  of b e in g  m a tu re , th e  PM RN ap p ro ach  
h e lp s to  in v es tig a te  p ro b ab ilitie s  of b eco m in g  m a tu re . 
This m e a n s  th a t in  o u r ana ly ses, confound ing  effects 
in fluenc ing  m a tu ra tio n  v ia  g ro w th  an d  su rv ival can  be  
se p a ra te d  from  those  e ffec ts th a t in fluence  m a tu ra tio n  
d irectly. T h e  PM RNs w ith  3 exp lana to ry  d im ensions 
p re se n te d  h e re  a re  th e  firs t o b ta in ed  for any  organ ism .

METHODS

N orth  Sea p la ice. P la ice  P leuronec tes p la tessa  is a  
sex u a l d im orph ic  ite ro p a ro u s  b ro ad cas t sp aw n er fo l
low ing  a  c ap ita l sp aw n in g  s tra teg y  (Rijnsdorp 1989, Ri
jn sd o rp  & W ittham es 2005). It h a s  b een  a ta rg e t spec ies 
of th e  m ix ed  d em ersa l fish e rie s  in  th e  N orth  S ea  since 
th e  s ta r t of th e  in d u s tria l revo lu tion  in  th e  seco n d  half 
of th e  19th cen tu ry  (R ijnsdorp & M illner 1996). O ver 
th e  s tu d y  period , m o rta lity  ra te s  im posed  by  fish ing  
h ave  b e e n  h igh , e x c e e d in g  th e  in s tan tan eo u s n a tu ra l 
m ortality  ra te  (of ca. 0.1 yr-1) by  a  factor of 2 to 4, From  
th e  1950s u n til 1980, f ish in g  m ortality  ra te  (A ges 2 to 
10) in c re a se d  from  0.2 y r-1 to  0.4 yr-1 after w h ich  it s ta 
b ilized  a ro u n d  th is level. T h e  explo ita tion  p a tte rn  has 
b e e n  dom e sh a p e d  w ith  a  p e a k  in  fish ing  m ortality  ra te  
a t A ge 5 (G rift e t al. 2003). S uperim posed  on ch an g es  
in  fish ing  m ortality , food  availab ility  has increased , 
le ad in g  to  ac c e le ra te d  g ro w th  of p la ice  sm aller th a n  
30 cm  (R ijnsdorp & V an  L eeu w en  1992, 1996).

Data co llection . W e u se  d a ta  on  fem ale  p la ice  from  
th e  D utch  sam p ling  p ro g ra m m e  for land ings by  th e  
fish ing  fleet, ca rried  o u t since  1957: a  d e ta iled  d e sc rip 
tion of th is d a ta  is p ro v id e d  in  G rift e t al. (2003). In 
ad d itio n  to  th e  d a te  of la n d in g  an d  th e  g eo g rap h ica l 
position  of th e  catch, le n g th  (mm), to ta l w e ig h t (g), sex, 
m a tu rity  s ta g e  (1: im m atu re ; 2: ripen ing ; 3, 4, 5: sp a w n 
ing; 6; n e a rly  spen t; 7: sp en t; w ith  s tag es  2 to  7 thus 
re fe rrin g  to  m a tu re  in d iv id u a ls ; R ijnsdorp 1989) an d  
a g e  (yr, u sin g  J a n u a ry  1 as th e  nom inal b irthday) w e re  
reco rd ed . T he a g e  of fish  w as  d e te rm in ed  from  th e  p a t
te rn  of g ro w th  zo n es  in  th e  o to liths u n d e r th e  a ssu m p 
tion  th a t  each  zone co rre sp o n d s  to 1 yr, A stra tified  
ran d o m  su b se t of o to lith s w as  u se d  to  ca lcu late  yearly  
le n g th  in c rem en ts  of in d iv id u a l fem ales by u s in g  
o tolith  back -ca lcu la tio n s. T h e  a g e  de te rm in a tio n  an d  
o tolith  b ack -ca lcu la tio n  m e th o d s  h av e  b een  v a lida ted  
(R ijnsdorp e t al. 1990).

Data se lection . O nly  d a ta  of cohorts from  1955 
o n w ard s w e re  u sed , s in ce  th is cohort w as th e  first th a t 
occu rred  in  th e  sam p lin g  p ro g ram m e  from  A ge 2 on 

w ards. O n ly  d a ta  co llec ted  in  th e  first q u a rte r  of each  
y ea r w e re  se lec ted  b e c a u se  du rin g  th is p e rio d  ad u lt 
fish re tu rn  to  th e ir  sp aw n in g  g ro u n d s in  th e  so u th e rn - 
e a s te rn  N o rth  Sea. R ijnsdorp  (1989) show ed  th a t sa m 
p le s  from  com m ercial la n d in g s  du rin g  th e  sp aw n in g  
sea so n  a llow  for a  re liab le  e stim ate  of th e  m atu rity - 
le n g th  a n d  m a tu rity -ag e  re la tionsh ips. S am p le  lo ca 
tions w e re  re s tric ted  to  th e  so u th -ea s te rn  N o rth  Sea 
(51 to  56° N, e a s t of 2° E ; 51 to  53.5° N, 1 to  2°E . D a ta  of 
fem ales of A ges 2 to  6 y r  w e re  u sed  b e c a u se  y o u n g e r 
fem ale  p la ice  a re  no t la n d e d  a n d  b e c a u se  a t A ge 7 all 
fem ales w e re  m atu re . W e only  u se d  d a ta  from  fem ale  
p laice, b e c a u se  m ales m a tu re  a t a  size w ell b e lo w  th e  
m in im um  la n d in g  size of 27 cm  (R ijnsdorp 1989). In 
to ta l, d a ta  o n  th e  len g th , w eig h t, a g e  a n d  m a tu rity  s ta 
tus of 18416  fem ales w e re  av a ilab le  fo r analysis. For 
th e  an a ly s is  of an n u a l le n g th  increm en ts , b a c k -ca lcu 
la te d  le n g th s  of 2429 fem ales  w ere  u se d  from  an  
u p d a te d  d a ta s e t from  R ijnsdorp  & v an  L eeu w en  (1996).

N orm alization  of ob served  w eigh ts . W eights of 
m a tu re  fem a les  strong ly  a n d  system atica lly  vary  
w ith in  th e  sp aw n in g  season , d u e  to th e  seaso n a l ce ssa 
tion  of fe e d in g  and  th e  sp aw n in g  of eg g s  (Fig. 1). T he 
ob se rv ed  w eig h ts  of m a tu re  fem ales of d iffe ren t m a tu 
rity  s ta g e s  w e re  th e re fo re  ad ju s ted  to  acco u n t fo r th ese  
ch an g es . T h e  d e p e n d e n c e  of w e ig h t (W, g) on  len g th  
(L, m m ) a n d  y e a r  (Y) fo r th e  d iffe ren t m atu rity  stages 
(M  = 2 to 7) w ere  an a ly sed  by a  lin ea r m odel, u sing  
lo g -tran sfo rm ed  w e ig h ts  a n d  lengths:

log  W  ~ lo g  L+ F m + Y+ (log Lx.Fm) + (log  L x Y) + (Fmx Y)

( 1)

w h e re  w e ig h t, len g th  a n d  y e a r  a re  con tinuous v a ri
ab les , a n d  th e  m atu rity  s ta g e  (FM) of m a tu re  fem ales is 
a  c lass v a riab le . This m o d e l describes w e ig h ts  w ell
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Fig. 1. Pleuronectes platessa. Seasonal changes in weight of 
mature female plaice for 3 given lengths. For each month and 
length, weights relative to yearly average weights averaged 
across Ages 4 to 10 and Years 1990 to 1999, Dashed line indi
cates the end of the period to which data used in this study 

were restricted (first quarter)
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(R2 = 0.97, 21 df) an d  w as  th u s  u se d  to norm alize th e  
o b serv ed  w eig h ts  of m a tu re  fem ales , as if they  h a d  all 
b e e n  co llec ted  w h e n  in  M atu rity  S tag e  2 (ripen ing). In 
o ther w ords, th e  n o rm alized  w e ig h t is o b ta in ed  by 
a d d in g  to th e  o b se rv ed  w e ig h t th e  d ifference  b e tw een  
o b se rv ed  w e ig h t an d  w e ig h t p red ic ted  for an  in d iv id 
u a l w ith  th e  sam e  le n g th  b u t  w ith  M atu rity  S tag e  2 in  
th e  sam e  year. W eights of im m a tu re  fish w ere  n o t cor
rec ted . In  ou r su b se q u e n t an a ly s is  w e  h av e  th u s  con
tro lled  for o therw ise  -unaccounted e g g  m ass an d  for th e  
m etabo lic  loss of bo d y  w e ig h t th a t occurs b ecau se  
p la ice  do  n o t fe e d  d u rin g  th e  sp aw n ing  season  (Rijns
dorp & Ibelings 1989).

Estim ation of m aturity og ives. T he fraction  of 
m a tu re  fish of a  p a rtic u la r a g e  or size is custom arily  
d esc rib ed  by  m a tu rity  ogives. In  our analysis, th ese  
ogives w ere  e s tim a ted  u s in g  log istic  reg ression , w ith  
cohort, ag e , w eig h t, le n g th  a n d  cond ition  as in d e p e n 
d e n t variab les . A ssum ing  a  b inom ial e rro r struc tu re , 
th e  frac tion  of m a tu re  fem a le s  (O) is log it transform ed, 
logit(O ) = lo g [ 0 / ( 0 - l ) ] .  O g ives w e re  m o d elled  using  
th e  G EN M O D  p ro c e d u re  of th e  SAS softw are system  
in  w h ich  th e  lo g -like lihood  functions w ith  re sp ec t to 
th e  reg re ss io n  p a ra m e te rs  a re  m axim ized  (Allison 
1999). F our og ive  m odels w e re  u se d  an d  th e ir  p e rfo r
m an ce  to ex p la in  th e  frac tion  of m a tu re  fem ales com 
pa red , to co m p reh en siv e ly  in v es tig a te  th e  effects of 
cohort, age , w e ig h t, le n g th  a n d  condition ,

logit(O ) ~ L + A  + Fc + ( L x  A) + [L x  Fc ) + (Fc  x  A ) (2)

logit(O ) ~ W  + A  + Fc + ( W x  A) + ( W x  Fc ) + (Fc x  A)  (3)

log it ( 0 ) ~  L  + K +  A  + Fc + ( L x K )  + ( L x A )  + (L x F c )
+ ( K x  A)  + ( K x  Fc ) + (A  x Fc ) (4)

logit(O ) ~ W +  K +  A  + Fc + ( W x K ) +  (W x A )  + (W x Fc ) 
+ ( K x  A) + [ K x  Fc ) + (A x Fc ) (5)

w h e re  le n g th  (L), w e ig h t (W), condition  factor (K = 
W/L3) a n d  a g e  (A) a re  co n tin u o u s  variab les , a n d  cohort 
(Fc ) is a  class v ariab le . T h e  ad d itio n a l v a lu e  of in c lu d 
in g  condition  in  M odels (4) & (5) w as  statistically  te s te d  
by  co m pu ting  a  like lihood -ra tio  te s t  sta tistic  a n d  th e  
A kaike  In fo rm ation  C rite rio n  (AIC) in  w h ich  M odel (4) 
w as co m p a red  to  M o d e l (2) a n d  M odel (5) w as com 
p a re d  to  M odel (3). By u s in g  F u lton 's condition  factor 
w e th u s  a ssu m ed  a  cub ic  re la tio n sh ip  b e tw e e n  len g th  
an d  w eigh t. T h is assu m p tio n  is re a so n ab le  b ecau se  th e  
ex p o n en t in  th e  le n g th -w e ig h t re la tio n sh ip  is 3.2 for 
fem ale  p la ice  (linear m o d e l fo r all da ta , 18416 o b se rv a 
tions, p  < 0.0001, R2 = 0.96). To ch eck  th e  valid ity  of th e  
assum ption , a ll ana ly ses w e re  also ex ecu ted  w ith  th e  
le n g th  in d e p e n d e n t cond ition  fac to r (K = W /L3-22) b u t 
th is d id  no t le a d  to d iffe ren t resu lts  or conclusions.

W h e th e r th e se  m odels w e re  lin ea r on  th e  log it-scale  
w as e v a lu a te d  b y  te s tin g  th e  effec ts of logarithm ic an d

sq u a re -ro o t tran sfo rm a tio n s  of le n g th  a n d  w e ig h t an d  
by u s in g  th e  te c h n iq u e  of fra c tio n a l polynom ials (Roys- 
to n  & A ltm an  1994, H o sm e r & L em esh o w  2000). L oga
rithm ic  a n d  sq u a re  ro o t tran sfo rm atio n s  did n o t le a d  to 
an  in c re a se  in  th e  frac tio n  of d e v ia n c e  ex p la in ed  (R2). 
F rac tiona l po lynom ia ls re su lte d  in  a sign ifican t (p < 
0,0001) b u t v e ry  sm all ab so lu te  in c re a se  of R2 (<0.01). 
As th e  p a ra m e te r  e s tim a te s  of su c h  a  m o d e l h a d  la rg e  
s ta n d a rd  e rro rs  (> 50% ), w e  ch o se  to  u se  th e  g e n e ra l
iz e d  lin e a r  m odels sp ec ified  above.

E stim ation of p robab ilistic  m aturation reaction  
norm s. In  v iew  of th e  d a ta  av a ilab le  for p laice, th e  
p ro b ab ility  of m a tu ra tio n  a t a  c e r ta in  ag e  a n d  size 
n e e d s  to  b e  e s tim a ted  w ith  a  m e th o d  b a se d  on m atu rity  
og ives a n d  a n n u a l s ize  in c rem en ts . H ere  size c a n  be 
g iv en  b y  e ith e r  le n g th  or w eigh t: S = L , W .  B ased  o n  th e  
p ro b ab ility  O  of b e in g  m a tu re  a t  a g e  A a n d  size S, 
g iv en  by  th e  m a tu rity  ogive 0 (A ,S ), th e  p ro b ab ility  P  
of m a tu ra tio n  a t ag e  A  a n d  size S  is g iven  by (Barot e t 
al. 2004a):

P( A, S )  = [0 (A ,S ) -  0 ( A - 1 ,  S -5 S )] /  [1 -0 (A -1 , S-Ô S)]
( 6 )

w h e re  (A - l )  in d ica te s  th e  a g e  p rev io u s  to th e  one  for 
w h ich  w e  estim ate  th e  p ro b ab ility  to  m a tu re  an d  
(S -8 S ) b e in g  th e  size  in c re m e n t b e tw e e n  a g e  (A - l)  
a n d  a g e  (A). T he m e th o d  assum es iteroparity , w h ich  is 
th e  ca se  for N orth  S e a  p la ice . W e u sed  le n g th  and  
w e ig h t as p rox ies for m e a su re s  of size. W e also co n sid 
e re d  a  m o d e l w h e re  m a tu ra tio n  p robab ility  d e p e n d s  
o n  ag e , s ize  (S, le n g th  or w eigh t) a n d  condition  (K):

P (A ,S ,K )  = \0 ( A ,S ,K )  -  0 ( A - 1, S -8 S , K -SK)} /
[1 -  0 ( A - 1 ,  S -b S ,  K- 5K) ]  (7)

E stim a tio n  of th e  m a tu ra tio n  p robab ilitie s  for each  
co h o rt a n d  ag e  com prised  3 s tep s  (Grift e t al. 2003, 
B aro t e t al. 2004a): (A.) e s tim ation  of m atu rity  ogives; 
(B) estim a tio n  of a n n u a l in c rem en ts  in  leng th , w e ig h t 
a n d  cond ition ; an d  (C) estim a tio n  of m a tu ra tio n  p ro b a 
b ilities a n d  th u s  of PM RNs. Two fu rth e r s tep s th e n  
co n sis ted  of (D) e s tim a tin g  con fidence  lim its a ro u n d  
th e  e s tim a te d  PM RN  m idpo in ts u s in g  a  b o o ts trap  
m e th o d , an d  (E) te s tin g  th e  sign ificance  of tre n d s  in  
m a tu ra tio n  p robab ilities. T he g e n e ra l ra tio n a le  an d  
assu m p tio n s u n d erly in g  th is p ro c e d u re  a re  d esc rib ed  
in  B a ro t e t al. (2004a,b; se e  a lso  G rift e t al. 2003). T h e  5 
s tep s  of o u r p ro ced u re  a re  d esc rib ed  in  m o re  d e ta il 
below .

(A) M a tu r ity  og ives: W h ereas M odels (2) to  (5) w ere  
u se d  to  in v es tig a te  th e  effects of cohort, len g th , age , 
w e ig h t a n d /o r  condition  o n  th e  m a tu ra tio n  process, 
sim p ler sub -m odels w e re  u se d  for e stim ating  m atu rity  
og ives a n d  m a tu ra tio n  p robab ilities. T he m o d e l se lec 
tion  w a s  b a se d  on th e  sign ificance  of v a riab le s  (p < 
0.05) a n d  on th e  s ta n d a rd  e rro rs  of th e ir  p a ra m e te r
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Table 1. Pleuronectes platessa. Results of maturity ogive 
Models (2) to (5). R2: deviance additionally accounted for as 
terms are successively introduced from one row to the next. 
L: length; A: age; C: cohort; W: weight; K: condition factor. 
All terms w ere highly significant (p < 0.001) except those in 
italics (p > 0.10). Terms in bold were selected for maturity 
ogive models used in estimation of PMRNs where Models (4) 
and (5) were adapted such that cohort was treated as a contin
uous variable. Total: R2 of complete model. Total selected: R2 
with selected terms only. AIC: Akaike information criterion

Model
(2)

R2
(%)

Model
(3)

R2
(%)

Model
(4)

R2
(%)

Model
(5)

R2
(%)

L 38.5 W 43,7 L 38.5 W 43,7
A 1.4 A 1.1 K 6.1 K 1.1
C 2.2 C 2.2 A 2.3 A 2.3

L X A 0.2 Wx A 0.0 C 2.7 C 2.6
L X C 0.8 WxC 0.7 L x  K 0.0 W xK 0.0
A xC 0.6 A x C 0.7 L X A 0.1 W x A 0.0

LxC 0.6 W xC 0.6
Kx A 0.0 K x A 0.0
K xC 0.0 K xC 0.4
A xC 0.7 A xC 0.7

Total 44 48 51 52
Total 44 47 48 48
selected

AIC 13129.2 11865.9 11250.0 11234.3

estim ates (T able 1). W h e rea s  m odels for a g e  a n d  size 
w e re  con stru c ted  w ith  coho rt (Fc) as a  class variab le , 
m odels w ith  age , size a n d  cond ition  w e re  co n stru c ted  
w ith  cohort (C ) as a  con tinuous variab le , to  re liab ly  
re v e a l tre n d s  in  the re su lta n t 3 -d im en sio n a l PM RNs.

(B) A n nual increm en ts:  A n n u a l le n g th  in c rem en ts  ÔL 
w e re  es tim a ted  as th e  d iffe ren ces in  m e a n  le n g th  
b e tw e e n  2 consecutive a g e s  of a  cohort. T he m ean  
le n g th  a t e a c h  ag e  w as c a lc u la ted  for e a c h  cohort from  
th e  b ack -ca lcu la ted  le n g th s . A n n u a l w e ig h t in c re 
m en ts  Ô W a n d  an n u a l c h a n g e s  5K  in  cond ition  fac to r 
b e tw e e n  a g e  g roups of cohorts w e re  es tim a ted  b a se d  
on th e  o tolith  d a ta  co m b in ed  w ith  le n g th -w e ig h t re la 
tionsh ips e stim ated  from  th e  m a tu rity  da ta . F rom  the  
o tolith  da ta , len g th s a t a ll ag es  fo r a ll in d iv id u a l fish  for 
w h ich  otoliths had  b e e n  m e a s u re d  w e re  re trieved . 
N ext, len g th -w e ig h t re la tio n sh ip s  w e re  es tim a ted  for 
e a c h  y ea r u s in g  a lin ea r m o d e l w ith  log -transfo rm ed  
w e ig h ts  a n d  leng ths. F ish  y o u n g e r th a n  A ge 4 w e re  
n o t rep re sen ta tiv e  for th e  le n g th -w e ig h t re la tio n sh ip  
in  th e  popu la tion , b e c a u se  th e  fish e ry  selec ts for th e  
la rg e r  ind iv iduals of th e s e  a g e  g roups. R elationsh ips 
w e re  thus b a se d  on A g es  4 to  10. T h e re  w as a sign ifi
c an t (p < 0.0001) b u t sm a ll (abso lu te  in c re a se  of R2 by 
0.06) effec t of age  on th e  le n g th -w e ig h t re la tionsh ip , 
W e th u s  chose  to o m it th is  sm all effect of a g e  an d  
ex trap o la ted  le n g th -w e ig h t re la tio n sh ip s  to  A ges 1 to 
3, W ith  th e se  re la tio n sh ip s , le n g th -a t-a g e  from  otolith

read in g s w as tran sfo rm ed  to w e ig h t-a t-a g e  a n d  cond i
tion  a t a g e  for A ges 1 to 6 fo r each  in d iv id u a l fish, 
T hen , th e  a v e ra g e  w e ig h t a n d  cond ition  of e ach  ag e  of 
each  coho rt w as  ca lc u la ted  a n d  th e  a n n u a l w eig h t 
in c rem en ts  SW  a n d  c h a n g e s  SK  in  condition  factor 
w ere  e s tim a ted  a s  th e  d iffe ren ces  in  m e a n  w e ig h t and  
condition , respectively , b e tw e e n  2 consecu tive  ag es  of 
a  cohort. W e assu m ed  th a t  in c rem en ts  w e re  sim ilar for 
all im m atu re  a n d  m a tu re  in d iv idua ls  w ith in  a n  age 
g roup  of a p a rtic u la r cohort. O bv iously  th is  assum ption  
is n o t accu ra te ly  m e t in  a  n a tu ra l po p u la tio n  b u t B arot 
e t al. (2004a) sh o w ed  th a t th e  m e th o d  is n o t sensitive  to 
v io lation  of th e  assum ption .

(C) M atu ration  p ro b a b ilitie s :  Eqs. (6). & .(7.) w ere  
u sed  to  e s tim a te  th e  p ro b ab ilitie s  of m a tu ra tio n  for 
e a c h  cohort, a g e  a n d  size c lass, w ith  a  reso lu tion  of 
1 cm  for le n g th  a n d  of 1 g  for w eig h t. L in ear in te rp o la 
tion  w as  u sed , w h e n  necessa ry , to  e s tim a te  th e  com bi
na tions of e x p lan a to ry  v a riab le s  th a t  y ie ld  a  specific 
m a tu ra tio n  p ro b ab ility  (e.g. 10, 25, 50, 75 a n d  90%  
d e n o ted  b e lo w  by subscrip ts P10, P25, P50, P75 and 
P90 respective ly ). In particu la r, th e  te rm  'reac tio n  
n o rm  m id p o in t' app lies  to  th e  com binations of leng th , 
w e ig h t a n d /o r  condition  th a t  y ie ld  a  m a tu ra tio n  p ro b a 
bility  of 50 % a t a  ce rta in  age .

(D) C on fiden ce lim its:  In th is  step , a  bo o ts trap  an a ly 
sis w as  c a rr ie d  out. A n e w  d a ta s e t w as c re a te d  by 
choosing  o b serva tions of in d iv id u a l fish  chosen  ra n 
dom ly from  th e  m atu rity  an d  o to lith  d a ta  w ith  re p la c e 
m ent. T his se lec tion  w as s tra tified  b y  a g e  a n d  cohort 
such  th a t th e  n e w  d a ta se t h a d  th e  sam e n u m b er of 
sam p les p e r  a g e  an d  cohort. W ith  th e  n e w  d a ta se t, the 
reac tio n  n o rm  m idpo in ts w e re  ca lc u la ted  for each  age  
a n d  cohort. T h is p ro ced u re  w as  re p e a te d  1000 tim es 
an d  th e  con fidence  lim its of th e  re ac tio n  norm  m id 
po in ts w e re  ap p ro x im a ted  as th e  2.5 a n d  97.5 p e r 
cen tiles of th e  d is tribu tion  of th e  1000 m idpo in ts of 
e a c h  a g e  a n d  coho rt (M anly 1997).

(jE) T rends in  m atura tion  p ro b a b ilitie s :  T h e  effect of 
coho rt o n  reac tio n  norm  m id p o in ts  (Wp50) of th e  2- 
d im ensiona l PM R N s for a g e  a n d  w e ig h t w as an a ly sed  
p e r  a g e  g ro u p  u s in g  a lin ea r m o d e l w ith  cohort as a 
con tinuous v ariab le . In th is m odel, th e  es tim a ted  re a c 
tion  n o rm  m id p o in ts  w ere  w e ig h te d  w ith  th e  in v e rse  of 
th e  v a ria n c e  of e a c h  m idpo in t, w ith  th e  v a rian ce  e sti
m ates  b e in g  o b ta in ed  from  th e  b o o ts trap  analysis. We 
cou ld  on ly  dem o n s tra te  tr e n d s  by  show ing  PMRNs 
resu ltin g  from  th e  b eg in n in g  a n d  e n d  of ou r study  
period , b e c a u se  3 -d im ensional PM RN s w ere  con 
stru c te d  w ith  coho rt as a con tinuous v a riab le  and  
h e n c e  all p a ra m e te rs  in  th e s e  og ive  m odels w ere  con 
tinuous p a ram e te rs . We ch o se  to  show  re su lts  from 
cohorts 1960 a n d  1994 b e c a u se  from  th e se  cohorts suf
fic ien t fish  w e re  sam p led  to  illu s tra te  how  observed  
sizes a n d  cond itions fit in  th e  e s tim a te d  PM RNs.
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RESULTS

O ur analysis show s th a t  in d iv id u a l w e ig h t is a 
shgh tly  b e tte r  variab le  th a n  le n g th  for ex p la in in g  th e  
fraction  of m a tu re  fem ale  p la ice  (T able 1). T h e  m a tu 
rity  og ive  m odel w ith  cohort, a g e  a n d  len g th  (M odel 2, 
123 df) acco u n ted  for 44%  of th e  dev iance , w h e re a s  
th e  an a logous m odel w ith  w e ig h t in s te a d  of len g th  
(M odel 3, 123 df) acco u n ted  for 48%  of th e  d ev iance .

Inc lu d in g  condition  in  ad d itio n  to  
le n g th  or w e ig h t re su lte d  in  sm all 
in c rea se s  of p red ic tive  pow er. T he 
m o d e l w ith  cohort, age , le n g th  a n d  con 
d ition  (M odel 4 , 165 df) acco u n ted  for 
51 % of th e  dev iance, w h e re a s  th e  a n a l
ogous m odel w ith  w e ig h t in s te a d  of 
le n g th  accoun ted  for 52%  of the  
d ev ian c e  (M odel 5, 165 df). T ab le  1 
show s th a t  w h en  le n g th  w as  u se d  as th e  
first co m p o n en t in  th e  b u ild -u p  of 
M odel (4), inclusion  of a  s ing le  te rm  for 
cond ition  acco u n ted  for a fu rther, s ta tis 
tically  sign ifican t 6.1 % of th e  dev iance .
A nalogously , w h en  w e ig h t w as u se d  as 
th e  first com p onen t in  th e  bu ild -u p  of 
M odel (5), inclusion of a  sing le  te rm  for 
cond ition  acco u n ted  for an  ad d itio n a l 
1 .1%  of th e  deviance, M odels in  w h ich  
cond ition  w as in c lu d ed  (M odels 4 & 5) 
p e rfo rm ed  significantly  b e tte r  th a n  
m odels w ith o u t (M odels 2 & 3; low er 
A IC  va lues , significance b a se d  on chi- 
sq u a re  te s t for like lihood-ra tio  te s t s ta 
tistic, 165 df, p < 0.0001).

All e s tim a ted  PM RNs tu rn e d  ou t to 
hav e  n e g a tiv e  slopes, such  th a t th e  
w e ig h t an d  le n g th  a t w h ich  p laice 
a tta in  a  ce rta in  p robab ility  of m a tu ra 
tion  d ec rea se s  w ith  age: in  o th e r  w ords, 
a t th e  sam e w e ig h t or len g th , o lder 
fem ales h av e  a  h ig h e r m a tu ra tio n  p ro b 
ab ility  th a n  y o u n g er ones (Fig. 2).

PM R N s for w e ig h t a n d  a g e  a re  m uch  
w id e r th a n  PM RN s for le n g th  a n d  a g e  
(Table 2). T he d ifference  b e tw e e n  WP90 
an d  Wp10 (averaged  across a ll cohorts 
an d  e x p re ssed  re la tiv e  to  WP50 on  a  lo g 
arithm ic  scale) ran g es  b e tw e e n  1.34 
a n d  2.26 for th e  d iffe ren t a g e  groups, 
w h e re a s  th e  co rre sp o n d in g  d iffe ren ce  
b e tw e e n  LP90 an d  LP10 only  ran g es  
b e tw e e n  0,41 a n d  0.47 (see T ab le  2 for 
details). T he w id e r PM R N s for w e ig h t 
a re  to  b e  ex p ec ted  g iv en  th e  curvilin- 
earity  in  th e  w e ig h t- len g th  re la tionsh ip .

This can  ex p la in  th e  d if fe re n c e  in  a g e  g ro u p  3 an d  p e r 
haps 4, b u t n o t in  th e  o ld e r  a g e  g ro u p s . T he ratio  of th e  
w id th  of th e  PM RNs f o r  w e ig h t a n d  le n g th  w as  close to 
th e  slope  of th e  w e ig h t- le n g th  re la tio n sh ip  (3.2) for 
A ges 3 & 4 (2.9 an d  3 .4  re spec tive ly ), b u t e x c e e d e d  th is 
slope for A ges 5 & 6 (4.3 a n d  5 .2  respective ly ). M o re 
over, th e  w id th  of P M R N s fo r w e ig h t a n d  a g e  in c reases  
sharp ly  w ith  age , w h e re a s  th e  w id th  of PM RN s for 
len g th  a n d  a g e  is a lm o s t c o n s ta n t across a ll ages.
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600 600

400 400

200 200

j
6 1 2 3 4 5 6
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Fig. 2. Pleuronectes platessa. Probabilistic maturation reaction norms (PMRNs) 
and growth trajectories for weight and age. Weights at which probability of 
maturation reaches 10, 50 and 90% (WP10, Wp50, Wpg0) shown as black curves of 
increasing thickness. Growth trajectories (grey curves) based on averaging age- 
specific weights across the cohorts indicated for each panel. Values of Wp90 for 

Age 2 in all periods and for Age 3 in the first period could not be estimated

Table 2. Pleuronectes platessa. Probabilistic widths of length- and weight-based 
PMRNs (log-scale) relative to average value of reaction norm midpoint: LP50 
or Wp5o. Widths averaged across ali cohorts for each age group. Ratio: ratio 

between width of weight and length based PMRNs

Age PMRN for age and length PMRN for age and weight Ratio
Lp5Q logLp9o/LP5o Wpso log Wpa0/Wp5o (width weight /
(cm) -  logLPio/I.P5o (9) -  log WP10/  WP50 width length)

2 38.6 0.47 453 n.a. n.a.
3 34.6 0.45 357 1.34 2.94
4 32.3 0.43 314 1.48 3.43
5 30.7 0.41 269 1.75 4.27
6 29.7 0.43 239 2.26 5.22
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T hree-d im ensiona l PM RN s show  th e  add itiona l effect 
of condition , on  top  of size  an d  age , on th e  p ro b ab ility  to 
m atu re . R esu lts a re  show n for 2 se lec ted  cohorts only 
(Fig. 3). T h e  isop robab ility  surfaces of th is PM RN  are  
tilted a long  th e  condition axis, resu lting  in  a  low er S P50 a t 
h ig h e r condition . This co rrobo ra tes  th e  ex p ec ta tio n  th a t 
fem ale  p la ice  of a  c e rta in  le n g th  or w eig h t a n d  a g e  will 
h av e  a  h ig h e r probability  of .maturation if th ey  a re  in  bet-

a) C o h o rt 1960

60

45

30
05
Co

15

o k . . /  r
1 2  t i

> ' W ° - 9 »■e2
(1 0 0 * 9

c) C o h o rt 1960)

1000

750

3
£  500
05
'(15

250

. v'a a
7  . 7 , /

1.2

Co,
C oo

C/SCX"7 ^  - / y 4 $iT“7--2 / 3 s
1-° 0 9  ^  2 ^

° ; * c t o r °-8 
y  cm-3)

'With

b) C oho rt 1994

d) C o h o rt 1994

(loo*  n factor 
9  crr)'3j

Fig. 3. Pleuronectes platessa. Three-dimensional probabilistic maturation reaction 
norms (PMRNs) for age, size and condition: length (top row); weight (bottom row). 
Midpoint surfaces indicate combinations of age, size and condition for which 

maturation probabilities equal 50% for cohorts of 1960 (left) and 1994 (right)

te r  condition. In teresting ly , th is facilitating  effect of good 
condition  o n  m atu ra tion  p ro b ab ility  d ec reases  w ith  age. 
T his can  b e  se e n  m ore c le a rly  w h en  th e  3 -d im ensional 
PM RN s a re  p ro jec ted  o n  th e  len g th -co n d itio n  p lane  
(Fig. 4): in  b o th  cohorts sh o w n , th e  PM RN  g e ts  s te ep e r 
w ith  in c reas in g  age, in d ica tin g  a  w e a k e r  effect of condi
tion  on th e  p robab ility  of m a tu ra tio n . PM RN s b a se d  on 
w e ig h t g ive analogous re s u lts  (Fig. 4).

O ur an a ly s is  a lso  re v e a le d  3 in te re s t
in g  te m p o ra l tren d s , in  th e  fo rm  of sig 
nifican t c o h o rt effects. First, o v e r the 
w hole p e r io d  a n d  for all ag es, th e  
w e ig h t a n d  le n g th  a t w h ich  fish  h a d  a 
ce rta in  m a tu ra tio n  p robab ility  d e 
c rea sed  s ig n ifican tly  (Fig. 5; R2 =  0.37 to 
0.54; p  < 0.0001 for all ages). S econd , the 
w id th  of b o th  le n g th - a n d  w e ig h t-b ased  
PMRNs d e c re a s e d  sign ifican tly  over 
tim e (Figs. 6 & 7; p  < 0.01 for all ages, 
ex cep t fo r A ge 2 w h e re  p = 0.07 for 
tre n d  in  Wp75 -  Wp2s). T hird , th e  in flu 
ence  of b o th  a g e  a n d  condition  on  m a tu 
ra tion  p ro b ab ility  has d e c rea sed . The 
dec rea sed  con tribu tion  of ag e  can  b e  in 
fe rred  from  th e  fac t th a t in  b o th  leng th - 
b a sed  a n d  w e ig h t-b a se d  3-d im ensional 
PM RNs th e  m idpo in ts of all a g e s  have  
co n v e rg ed  (Fig. 4). T he d e c re a se d  con 
tribu tion  of cond ition  can  b e  in fe rred  
from  th e  fa c t th a t bo th  len g th -b a se d  an d  
w e ig h t-b a se d  PM RNs h av e  becom e 
s teep e r (Figs. 4 & 6). T h e re  w as a  s ta tis
tically s ig n ifican t (p < 0.0001) tem pora l 
tre n d  in  a v e ra g e  condition , b u t it  w as 
very  w e a k  (R2 = 0 .15% ) a n d  sm all 
(0.038 g  cm -3 p e r  cohort). O n ave rag e , 
th e  cond ition  fac to r in c re a se d  w ith  
1.5%  over th e  41 cohorts stud ied .

DISCUSSIO N  

W eight vs. len g th  as a m easure of size

W eight, as a  m e a su re  of size for p r e 
d icting  m a tu ra tio n  p robab ilities , offers 
one  ad v an ta g e  over len g th  in  th a t  ogive 
m odels fo r a g e  a n d  w e ig h t p e rfo rm ed  
slightly  b u t sign ifican tly  b e tte r  th an  
ogive m odels for a g e  a n d  leng th . 
A lthough  u s in g  w e ig h t as a  m e a s u re  of 
size y ie lded  m o d e ls  th a t a c c o u n te d  for 
m ore  v a ria tio n  b a se d  on th e  sam e 
d eg ree s  of freed o m , th is a p p ro a c h  su f
fers from  a t le a s t 2 d raw backs.
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Fig. 4. Pleuronectes platessa. Projections of 3-dimensional probabilistic matura
tion reaction norms (PMRNs) for age, size and condition onto the size-condition 
plane: length (top row); weight (bottom row). Reaction norm midpoint lines shown 
for Ages 2 to 6 for cohorts of 1960 (left) and 1994 (right). Lines indicate, separately 
for each age, the combinations of size and condition for which maturation proba
bility equals 50%. • :  median size and condition factor for each age group in that 
cohort; observations for Age 6 females did not occur in the dataset for either cohort

F irst, w e ig h t c a n  v a ry  m u ch  m o re  s ig 
n if ican tly  th a n  len g th . T he re su ltin g  
f lu c tu a tio n s  m ay  reflec t, for exam ple , 
food con d itio n s , rep ro d u c tiv e  s ta g e  
a n d /o r  d iseases . W hile th e se  c h an g es  
m ay  w e ll  b e  c a u se d  by  factors th a t  a re  
r e le v a n t  for th e  o n se t of m atu ra tion , 
such  a s  th e  lev e l of bo d y  re se rv es, th ey  
m ay  e q u a lly  w ell b e  cau sed  by factors 
th a t a r e  com p lete ly  ir re le v a n t in  th a t 
re g a rd , su ch  as c u rre n t stom ach  co n 
te n t o r  th e  accu m u la tio n  a n d  re le a se  of 
eggs. In  th e  analysis re p o r te d  h e re , 
m e a s u re d  w e ig h ts  h a d  to  b e  n o rm a l
ized. W h ile  th e  n e e d  for th is n o rm a liza 
tion  s e e m s  in co n trovertib le , h a v in g  to 
ta k e  d ec is io n s  a b o u t h o w  to  accom plish  
it  in  p ra c t ic e  is in co n v en ien t a n d  th e  
u n c e r ta in ty  th u s  in tro d u ced  is p ra c ti
cally im p o ss ib le  to  acco u n t for in  th e  
s u b s e q u e n t ana ly ses . L eng th , in  con 
trast, p ro v id e s  a  m o re  ro b u s t m e a su re  
of s ize , as it  is less sens itive  to  en v iro n 
m e n ta l fluctuations.

S eco n d , le n g th  c a n  only  in c re a se  d u r 
in g  th e  life of a  fish, w h ile  w e ig h t can  
re a d ily  d ec rea se , S ince th e  s ta te  of 
m a tu rity  c a n  b e  re a c h e d  v ia  d iverse  
g ro w th  tra jec to ries  (B ernardo  1993) and  
since m a tu ra tio n  p ro b ab ilities  av e ra g e  
across a ll of them , th e  ex tra  fluc tuations
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Fig. 7. Pleuronectes platessa. Trends in width of Age 3 probabilistic maturation 
reaction norms (PMRNs) for age and weight (O, thin tine) and for age and length 

( • ,  thick line). R2 = 0.15 for WP75-Wp25, 0.31 for Lp75-Lp25

in  w e ig h t a re  b o u n d  to  in c re a se  u n ce rta in ty  in  th e  e s ti
m ation  of m a tu ra tio n  p ro b ab ilitie s . A  few  s tu d ies  of 
m atu ra tio n  p rocesses do  ac tu a lly  u se  fish w e ig h t as a 
m easu re  of size (e.g. C o o k  e t  al. 1999, B rom ley 2003) 
b u t th e se  do n o t acco u n t for n e g a tiv e  slopes in  th e  
g row th  tra jec to ry . In  a c c o rd a n c e  w ith  th e se  c o n sid e ra 

tions, o u r re su lts  show  th a t th e  re la tive  
w id th s  of PM RN s for A ge 5 a n d  6 a re  
m u ch  h ig h e r  w h e n  b a se d  o n  w e ig h t 
in s te a d  o f on  len g th . W e also fo u n d  th a t 
th e  w id th s  of w e ig h t-b a se d  PM RNs 
in c re a se  sharp ly  w ith  age , w h ich , for 
ex am p le , m a k e s  th e  ex trapo la tion  and  
in te rp o la tio n  of m a tu ra tio n  p ro b ab ili
tie s  across ag es  m ore  p rob lem atic  th an  
it  is for le n g th -b a se d  PM RNs. In our 
op in ion , co n sid e rin g  th e se  ex tra  diffi
cu lties a n d  b a lan c in g  th em  ag a in s t the 
only  sligh tly  e le v a te d  p red ic tive  pow er 
a ffo rd ed  b y  w e ig h t-b a se d  PM R N s in 
fem ale  p la ice , th is  s tre n g th e n s  th e  case 
fo r le n g th -b a se d  PM RNs.

Im pact of cond ition  on  m aturation

T h e  3 -d im en sio n a l reac tio n  norm s 
confirm  th a t go o d  cond ition  h a s  a s ig 
n ifican t a n d  positive  effect on  m a tu ra 
tion , in line w ith  e a r l ie r  re se a rc h  (Rowe 
& T horpe  1991, B ohlin  e t al. 1994, M or
g a n  2004). W hile th is is ju s t as ex p ec ted  
b a se d  on s ta n d a rd  b io en e rg e tic  consid 
era tions, it  h a s  to  b e  p o in te d  o u t th a t in  
th e  p re s e n t study  a n  en tire ly  d iffe ren t 
ex p lan a tio n  b a se d  on  th e  tim ing  of 
m easu rem en ts  m ig h t a lso  apply, as ex 
p la in ed  below .

In  th e  d a ta  se lec ted , m a tu ra tio n  stage  
w as  m easu red  d u rin g  th e  sp aw n in g  s e a 
son, from  Ja n u a ry  to  M arch , ra th e r  th an  
a t  th e  tim e a t w h ich  p la ice  ac tua lly  m a 
tu r e  or in itia te  th e ir  m a tu ra tio n  process: 
m atu ra tio n  s ta rts  in  sum m er, w h en  
oocytes becom e vite llogen ic  (Rijnsdorp & 
W ittham es 2005). B oth m a tu rin g  an d  
n o n -m atu rin g  p la ice  w ill still g row  con 
siderab ly  th e re a fte r , w ith  m a tu rin g  fish 
p artitio n in g  th e ir  su rp lu s en e rg y  b e 
tw e e n  som atic g ro w th  an d  e n e rg y  r e 
se rv es  for rep ro d u c tio n , w h ile  th e  la tte r  
inves tm en t n a tu ra lly  is ab se n t in  n o n 
m atu rin g  fish. S ince  in v es tm en t in to  r e 
p roduc tion  in c re a se s  th e  w eigh t, b u t no t 
th e  leng th , of fish  a t th e  tim e of sp a w n 

ing, it  re su lts  in  a  h ig h e r cond ition  fac to r K. In d eed , m a 
tu re  fem ale  p la ice  h ad  a  s ign ifican tly  h ig h e r condition  
fac to r th a n  im m atu re  ones (com parison  of m ean s , p  < 
0.0001, K =  0 .0102 an d  0.0094 g  cm -3 resp ec tiv e ly ). This 
effec t m ay  co n trib u te  to th e  o b se rv e d  positive effect of 
cond ition  o n  th e  p robab ility  of m a tu ra tio n . In  th is a lte r
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native  in te rp re ta tion , th e  h ig h e r  cond ition  fac to r is no t 
th e  c a u se  b u t ra th e r  th e  co n seq u en ce  of m atu ra tion . 
D ata on  o ther m easu re s  of condition , such  as liver 
w eight, a re  no t availab le  for N orth  S ea  plaice. In flatfish, 
body condition is, how ever, a  b e tte r  ind icator for th e  con
d ition  th a n  liver w e ig h t b e c a u se  e n e rg y  re se rv e s  a re  
m ain ly  sto red  in  th e  som a (D aw son & G rim m  1980, M or
g an  2004} in  contrast to, for in stance , gado ids (Lam bert & 
D util 1997, M arshall e t al. 1999).

O ur find ing  th a t th e  fac ilita ting  effec t of b e tte r  con 
d ition  o n  m atu ra tio n  d ec rea se s  w ith  a g e  m e a n s  th a t 
p articu la rly  young  fem ale  p la ice  m a tu re  a t e a rlie r ag es  
an d  sm alle r len g th s w h e n  th e y  hav e  ab o v e-av e rag e  
condition , w h ile  o lder fem ales in  good  a n d  b a d  co n d i
tion in s te a d  m a tu re  sim ilarly. T his a g re e s  w ith  o b se r
vations on w alleye , for w h ich  a  go o d  condition  w as 
found  to  in c rease  th e  p ro b ab ility  of m a tu ra tio n  for 
y o u n g e r fem ales, w h ile  o ld e r fem ales  m a tu re d  e v e n  if 
they  w e re  in  poor cond ition  (H enderson  & M organ  
2002). Similarly, tu rb o t S co p h th a lm u s  m a x im u s  h a d  a 
h ig h e r p robab ility  of m a tu rin g  w h e n  they  w e re  fed  
w ell b e fo re  m a tu ra tio n  (B rom ley e t  al, 2000). T hese  
find ings can  b e  in te rp re te d  by  su p p o s in g  th a t a ll th ese  
fish c a n  m a tu re  a t low  a g e  a n d  sm all le n g th  only if th ey  
hav e  am p le  su rp lu s e n e rg y  sto res, w h e re a s  a t h ig h e r 
ag es  th e y  m a tu re  anyw ay, e v e n  if th ey  suffer from  re l
atively  low  en e rg y  re se rv e s  a n d  e v en  th o u g h  th e  ex tra  
costs of rep ro d u c tio n  m ay  fu r th e r  d ec re a se  th e ir  su r
vival ra te . A n u n d e rs ta n d in g  of th e s e  p a tte rn s  is likely 
to  re la te  to  th e  so -ca lled  ‘d e sp e ra d o ’ effect (G rafen 
1987), th ro u g h  w h ich  a n  in d iv id u a l chooses a  risky 
s tra teg y  d u e  to  a  lack  of a lte rn a tiv e  options.

Interpretation o f m aturation trends

T ren d s in  th e  m a tu ra tio n  p ro cess  of N orth  S ea  p laice 
su g g e s t th a t th e  trad e -o ff  b e tw e e n  c u rre n t a n d  fu tu re  
rep ro d u c tio n  of fem a le  p la ice  m ay  hav e  sh ifted  to 
in c re a se d  c u rren t rep ro d u c tio n  th ro u g h  m a tu ra tio n  a t 
a  v e ry  low  age , size a n d  b o d y  condition , th u s  d e c re a s 
in g  th e  p o ten tia l for fu tu re  rep ro d u c tio n . T his conc lu 
sion is b ased  o n  3 c le a r  tem p o ra l tren d s: fo r a ll ages, 
th e  w e ig h t a n d  le n g th  a t w h ich  fish  h a d  a  c e rta in  m a t
u ra tion  p robab ility  h a v e  d e c re a s e d  sign ifican tly  over 
tim e; th e  w id th  of b o th  len g th - a n d  w e ig h t-b a sed  
PM RN s h av e  also d e c re a s e d  significantly ; a n d  th e  in 
fluence  of bo th  a g e  a n d  cond ition  on  m a tu ra tio n  p ro b 
ability  has d ec rea sed . A lth o u g h  th e  tre n d  in  w e ig h t at 
m a tu ra tio n  (Fig. 5) w as n o t co rrec ted  for any  tr e n d  in  
condition  factor, w e  b e liev e  th a t  th e  sm all in c re a se  in  
a v e ra g e  condition  cou ld  only  acco u n t for a m inor p a rt 
of th e  d ec rea sed  WP50. Fig. 4 show s th a t  th e  1 .5%  by 
w hich  cond ition  fac to r in c re a se d  over 41 cohorts w ou ld  
le a d  to a d ec rea se  in  WP50 of 3 to 4 % , w h e rea s  o v e r all

cohorts Wp50 d e c re a s e d  b y  32 to  37% , T h e  o b serv ed  
tre n d s  a re  in  good  a g re e m e n t  w ith  a  g en e ra l p re d ic 
tion  from  life-h isto ry  th e o ry  th a t  if fish  a re  faced  w ith  
h igh  ad u lt m ortality , s u c h  as in  th e  N o rth  S ea  p la ice  
popu la tion , in v e s tm e n t in to  fu tu re  rep ro d u c tio n  m ay 
n o t p ay  and , co n seq u en tly , se lec tio n  w ill n o t only 
favour e a rlie r  re p ro d u c tio n  b u t a lso  h ig h e r  re p ro d u c 
tive effo rt a t ag e , a t th e  e x p en se  of bo d y  g ro w th  an d /o r 
su rv ival (H eino & K a ita ia  1999). W e do  n o t k now  if 
p la ice  is cu rren tly  m a tu r in g  a t th e  lo w est possib le  age, 
size a n d  body  co n d itio n , b u t w e  th in k  th a t  th e  n arrow  
an d  s teep  reac tio n  n o rm s  do n o t allow  a stro n g  con tin 
u a tio n  of th e  o b se rv e d  tren d s .

In  a  study  b ased  on th e  sam e d a ta s e t a s  w as u sed  here , 
an  analysis try ing  to  e lu c id a te  exp lic it fish eries-induced  
ch an g es  in  re p ro d u c tiv e  in v es tm en t in  N orth  S ea  p la ice  
rem a in e d  in co n c lu siv e  (R ijnsdorp e t al. 2005). A  rev iew  
of fecund ity  a n d  ovary  w e ig h t d a ta  of fem ale  p laice from  
th e  li te ra tu re , h o w ev er, ten ta tiv e ly  su g g e s te d  th a t  an  
in c rea se  in  re p ro d u c tiv e  in v es tm en t h a s  o ccu rred  since 
th e  la te  1940s. This f in d in g  is co n sis ten t w ith  e x p e c 
tations b a sed  on th e  hy p o th es is  of fisheries-induced  evo
lu tio n ary  c h a n g e  (R ijnsdorp  e t al, 2005).

T he q u es tio n  re m a in s  as to w h a t e x te n t observed  
c h an g es  in  th e  m a tu ra tio n  p ro cess  a re  d u e  to  p h e n o 
typ ic  p lastic ity  or to g e n e tic  evo lu tion , O u r m e th o d  has 
d e a lt w ith  th e  p h en o ty p ica lly  p las tic  re sp o n se  to varied  
g ro w th  a n d  to  v a ria tio n s  in  bo d y  condition , rev ea lin g  a 
re s id u a l tr e n d  th a t, in  th e  a b se n c e  of a lte rn a tiv e  
eq u a lly  p lau s ib le  ex p lan a tio n s , su g g es ts  evo lu tionary  
ch an g es  in  m a tu ra tio n . P ossib le  factors th a t m ay  in flu 
en ce  th e  p ro cess  of m a tu ra tio n  o th e r th a n  th ro u g h  
th e ir  effec ts on  g ro w th  a n d  condition , a re  te m p e ra tu re  
(Grift e t al, 2003, D h illon  & Fox 2004, D em bsk i e t al.
2006) a n d  social fac to rs  (Sohn 1977, H o b b s e t al. 2004).

N o o b se rv a tio n a l s tu d y  can  ex c lu d e  — as a  m a tte r  of 
p r in c ip le — th e  possib ility  th a t  u n co n tro lled  a n d  p o te n 
tia lly  as y e t u n im ag in ed , factors m ig h t fully account, 
th ro u g h  p h en o ty p ic  plasticity , for th e  o b se rv ed  p h e n o 
typ ic  tre n d s  in  m a tu ra tio n . C onclusive  proof of gen e tic  
evo lu tion  w o u ld  re q u ire  exp lic it d a ta  o n  ch an g es  in  th e  
s e q u e n c e s  of g en es to g e th e r  w ith  fu n c tio n a l in sigh ts 
in to  h ow  su ch  g e n e tic  c h an g es  affec t m atu ra tio n . S im 
ilarly, no  o b se rv a tio n a l study  can  e v e r  u n am biguously  
d em o n s tra te  th a t  f ish e rie s-in d u ced  se lec tion  is th e  
cau se  of m a tu ra tio n  tren d s , since o b se rv a tio n a l stud ies 
can  a ch ie v e  no  m ore  th a n  th e  e s tab lish m en t of su g g e s 
tive co rre la tions. Y et th e  p re se n t analysis, in  con junc
tion  w ith  th e  consistency  of p a tte rn s  fo u n d  in  m an y  
s tu d ies  b a se d  o n  o th e r  ex p lo ited  sp ec ies  a n d  on  d iffer
en t p a rts  of th e  o cean s  (e.g. H eino  e t al. 2002b, B arot e t 
al. 2004b, 2005, O lsen  e t al, 2004, 2005) le a d s  u s  to su g 
g e s t th a t  fish e rie s-in d u ced  evo lu tion  in d e e d  offers the 
m ost p a rs im on ious ex p lan a tio n  of th e  re s id u a l tren d s  
re p o r te d  h e re .
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