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ABSTRACT: Age and size a t m aturation decreased  in  several com mercially exploited ñ sh  stocks, 
w tdch, according to life history theory, m ay b e  due to fisheries-induced evolutionary change. H ow ­
ever, the  observed changes m ay also rep resen t a  plastic response to  environm ental variability. To dis­
en tangle phenotypic plasticity from evolutionary change, the probabilistic reaction norm  approach 
w as applied  to 43 cohorts (1960 to 2002) of fem ale sole Solea solea from m arket sam ples. The reaction 
norm  for age and size at first m aturation  has significantly shifted tow ards younger age and  sm aller 
size. Size at 50 % probability of m aturation  at A ge 3 decreased from 28,6 cm (251 g) to 24.6 cm  (128 g). 
This change w as even stronger w hen  condition was included as a th ird  dim ension in  the  reaction 
norm  estimation. The influence of alternative factors w as tested  on the population  level by  regression 
of reaction  norm  m idpoints on annual estim ates of condition, tem perature and com petitive biomass, 
A lthough effects of tem peratu re  and  com petitive biom ass w ere significant, the  variation in  the 
m idpoints was best explained by th e  decreasing tim e trend. Therefore, th e  results provide strong 
evidence for a fisheries-induced evolutionary change in  the onset of sexual maturity.

KEY WORDS: Life history evolution • Probabilistic m aturation reaction norm  • Phenotypic plasticity • 
G row th • Condition
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INTRODUCTION

C hanges in  life history traits such as ag e  an d  size at 
first m aturation  have been  reported  in  several com ­
m ercially exploited fish stocks (Jorgensen 1990, Rijns­
dorp 1993a). These changes m ay b e  due to  either 
(1) phenotypic plasticity in  response to  environm ental 
change or (2) fisheries-induced evolutionary change 
(Stokes e t al. 1993). If m ortality increases, earlier m at- 
u ra tio n a n d  h igher reproductive investm ent w ill resu lt 
in  a  h igher fitness (Law 2000). These predictions have 
b een  confirm ed experim entally (D. A. Reznick e t al. 
1990, Conover & M unch 2002); th e  challenge is to 
exam ine how  these  processes occur in  exploited wild 
populations.

Evolutionary changes, however, m ay be overshad­
owed by  phenotypic plasticity (Stokes e t al. 1993). For 
instance, changes in  age and size a t first m aturity  can 
be  caused  by changes in  growth ra te  (Reznick 1993,

Rijnsdorp 1993b). Since fishing typically is accom pa­
nied by a  decrease in  stock biomass, it m ay w eaken  
density-dependent effects and  cause a  change in  the 
onset of m aturity simply th rough its effect on growth 
rate (Law 2000). For sole, th e re  is evidence for density- 
m ediated  com pensatory growth, although other factors 
such as tem perature and  changes in  food availability 
m ight also p lay a ro le  (Rijnsdorp & V an Beek 1991).

The effect of phenotypic plasticity can  b e  d isen tan ­
gled^ from  genetic effects by the  reaction  norm  
approach. By definition, a  reaction norm  describes 
w hich phenotypes w ill be expressed by a  genotype 
under a  certain  ran g e  of environm ental conditions 
(Stearns & Koella 1986). The probabilistic m aturation 
reaction norm  (PMRN) has b ee n  developed recently  to 
estim ate the reaction norm  for the onset of m aturity  
conditional on age an d  size (Heino e t al. 2002, Barot et 
al. 2004). Environm ental variability is assum ed to  be 
reflected in  differences in  som atic growth, so th a t any
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environm ental factor that has its effect th rough  grow th 
can  b e  disentangled. This grow th conditional PMRN 
has b ee n  app lied  to several stocks supporting  a  fish­
eries-induced  evolutionary change in  the  onset of 
m aturity  (review ed in  Dieckm ann & Heino 2007). 
A lthough th e  m ethod has been  criticized, as it does not 
d isen tangle genetic effects from environm ental factors 
affecting m aturation other than  th rough  size a t age 
(Kraak 2007, M arshall & M cAdam  2007), it can  easily 
b e  ex tended  to incorporate other variables as a  th ird  
or h igher dim ension (Grift e t al. 2007).

In this p ap e r we investigate the ex ten t to  w hich the 
change in  m aturation  in North Sea sole can  be attrib ­
u ted  to (1) phenotypic plasticity in  response to  the 
observed variations in  growth, or (2) fisheries-induced 
evolutionary change using the PMRN approach, 
As environm ental variation may affect m aturation 
th rough  m ore than  variations in  som atic growth, w e 
explore the possible influence of condition by includ­
ing  it as a  third dim ension in th e  reaction  norm  
approach, and  analyse the  influence of tem peratu re  
and  population density,

MATERIALS AND METHODS

Distribution and exploitation. The com mon sole 
Solea solea is distributed from the  northw est African 
coast and  the  M editerranean  to the Irish S ea th rough  
the  English C hannel and  the  N orth Sea up  to  S kager­
rak  an d  K attegat (Rijnsdorp e t al. 1992). Spaw ning of 
N orth Sea sole occurs in  the  southern  N orth  Sea, w ith 
local concentrations in  the G erm an Bight, along the 
Belgian C oast and  in  the Tham es estuary an d  the  W ash 
(Fig. 1). Young sole are distributed in  coastal w aters 
an d  m igrate to deeper offshore w aters w hen  they grow  
older bu t re tu rn  every year in  spring for spawning, 
N orth Sea sole is mainly caught 
by th e  D utch fleet, which takes 
about 75%  of the total in te r­
national landings (ICES 2006) in 
a  m ixed dem ersal fishery w ith a 
m inim um  m esh  size of 80 mm.
T he exploitation of sole has in ­
creased  substantially  since the 
1960s Joflojydncp the introduction 
of the beam  traw l (De Veen 1976).

Data. Fish sam ples have been  
collected m onthly since 1957 from 
com m ercial landings covering the 
distribution a re a  of sole in  the 
N orth Sea and  from autum n sur­
veys since 1970. M arket sam ples 
of individual fish are stratified into 
5 m arket size categories and

record  date, position , leng th  (mm), w eigh t (g), sex, 
gonad w eight (g), m a tu rity  stage an d  age (yr). Age is 
determ ined from th e  pa tte rn  of grow th rings in  the 
otolith tak ing  1 J a n u a ry  as b irth  date. Only fem ales 
from  samples co llec ted  in  the  sou theastern  N orth Sea 
(Areas 1 to 5; Fig. 1) w ere selected, and  th e  analysis 
w as restricted  to A g es  1 to 6 of the Cohorts 1960 to 
2002. In total, 219 6 9  observations w ere  u sed  for the 
analysis in the firs t seasonal sam pling window, and 
12 808 in  the second  (see below, Table 1).

Maturation. M atu rity  is determ ined  by m acroscopic 
inspection, and  8 m atu rity  stages a re  distinguished 
th a t rep resen t the se aso n a l developm ent of the  im m a­
tu re  an d  m ature g o n a d  (Table 2; De V een 1970): the 
im m ature gonad is classified  as S tages I to fl¡ develop­
ing  ovaries as S tag es III to IV rep resen ting  the vitel- 
logenic phase; the sp aw n in g  stage w hen  hyaline eggs
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Fig. 1. Distribution of N o rth  Sea sole in sam pling A reas 1 to 7. 
Spaw ning areas, in d ic a te d  as th e  m ain cen tres of eg g  pro­
duction, the limits of spaw ning  activity and  th e  nursery  areas 

a re  b a se d  on Rijnsdorp et al. (1992)

T able  1. Sam pling inform ation for th e  da ta  se ts of fem ale sole used  a  m oving time 
w indow  a round  th e  p e a k  of spaw ning (2 m o  before and  1 m o afte r th e  estim ated  

m axim um  relative G SI) and  a fixed tim e  w indow  (Nov, Dec an d  Jan)

Age 1 Age 2 Age 3 Age 4 Age 5 A ge 6 Total

M oving time window
_Total num ber 139 1226 7079 6490 4117 2918 21969
A reas 3 & 4 131 1004 5195 4560 2885 2094 15 869
A reas 1 & 2 8 222 1884 1930 1232 814 6100
A verage num ber per cohort 3 29 165 151 96 68
A verage percen tage m ature 3 10 78 97 98 99
Fixed time window
Total num ber 299 3870 3783 2531 1629 696 12808
A reas 3 -5 280 2908 2711 1788 1072 466 9225
A reas 1 & 2 19 962 1072 743 557 230 3583
Average num ber per cohort 0 7 90 88 59 38
A verage percen tage m ature 0 14 66 92 96 94
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Table 2. Macroscopic maturity stages of female sole. Stages I and II are inter­
preted as juvenile stages (-). Stages III to VIII are considered adult stages (+). 
After spawning is completed, the adult sole cycles from maturity Stage VIII to 

maturity Stage II into the growing phase of the following season

Stage Interpretation Observation

I Juvenile (-) Transparent and homogenous ovary, tight walls 
and small lumen, eggs indistinguishable

II Resting (-) Reddish translucent ovary, tight walls, eggs are 
distinguishable, lumen is filled with liquid

III Vitellogenic (+) Reddish gray to dark orange mostly opaque 
ovary, bigger and less tight than in II, rich in 
blood vessels, vitello-genesis (VTG) has started 
and some eggs contain yolk, lumen is big

IV Vitellogenic (+) Orange to reddish white, completely opaque 
and stiff ovary at half of its definite size, eggs 
are polygonal and all contain yolk

V Ripe (+) Orange to reddish white opaque ovary in its 
definite size, lumen is squeezed, eggs are 
round

VI Spawning (+) Mostly grayish-red translucent hyaline but 
partly still opaque ovary, resilient when pressed 
together, lumen contains spawn

vn Half spent (+} Gray to dark red completely translucent 
hyaline ovary, walls are very slack and bloody, 
lumen is big and filled with spawn and liquid

vrn Spent (+) Dark red translucent ovary, walls are very 
slack, lumen is very big mostly filled with 
liquid, very similar to 13 or in a transition 
towards II

are visible as Stages V to VI; and spent ñ sh  as stages 
VII to  VIII. The sta rt of vitellogenesis (VTG) ranges in  
N orth Sea sole from Ju ly  to D ecem ber (Fig. 2), vary ­
ing be tw een  years, areas an d  also am ong individuals 
(Ramsay & W ittham es 1996). Some fish m ight undergo 
abortive m aturation, m ean ing  tha t VTG has s ta rted  
bu t ovaries are not developed further than  S tages EU 
or IV (De V een 1970, Ramsay & W itthames 1996).

M oving observation window. The
ovary of a spen t fem ale (Stages VII 
to VIII) m ay look quite similar to 
th e  im m ature  ovary (Stages I to II). 
H ence, th e  distinction betw een  im m a­
tu re  a n d  m atu re  fem ales is more 
accurate in  the tim e period w hen  all 
m ature fem ales have started  VTG or 
are in  spaw ning  stage (Stages HI to 
VI), w hile  none of them  is spent. Con­
sequently, th e  proportion of m ature 
fem ales is m ost reliably estim ated in 
th e  period  of p eak  spaw ning (Fig, 2; 
De V een 1976, Ramsay & W ittham es 
1996). F o r an  unbiased estim ate of the 
proportion of m ature fish, a  moving 
tim e w indow  around the p ea k  of 
spaw ning w as used  to select data 
(Table 1). Because the tim ing of the 
spaw ning  season varies annually  in  
response to am bient w ater tem pera­
ture (Van der Land 1991), p ea k  
spaw ning was determ ined as the date 
of the m axim um  ovary w eight and 
was estim ated  for each y ear using 
the m odel

log(o) = ßo + ßilog (7) + ß2d  + ß3d 2 + ß4d 3 + e (1)

w here o is the ovary w eight, 1 is fish length  an d  d is  the 
day in  the  year on w hich  the  individual fish was 
caught, ß represen ts th e  regression param eters and  e a 
norm al error term  (applies to all following equations).

Fixed observation window. The effects of w eight 
and condition (i.e. relative weight: w eight x length-318) 
on m aturation should ideally  be analysed a t th e  start 
of VTG (Wright 2007) because fish im prove their 
condition as a  consequence of readying to spaw n in 
the  subsequen t season (Rijnsdorp 1990). However, 
because of th e  am biguity in  detecting m aturation 
m acroscopically a t the sta rt of VTG, a  fixed w indow  
com prising the m onths November, D ecem ber and 
Jan u ary  w as used  as a  com prom ise be tw een  the 
m om ent w here VTG starts and  th e  m om ent w here 
detection of m aturity becom es reliable (Table 1, 
Fig. 2).
_ Probabilistic maturation reaction norm. The
PMRN is defined as the probability  th a t an  im m ature 
individual becom es m atu re  a t a particular age and  
size (Heino e t al. 2002) and  thereby overcom es the 
confounding effects of g row th  and  mortality. For 
sole, first tim e and  rep ea t spaw ners cannot be d is­
tinguished, therefore the  probability of becom ing 
m ature (p) was estim ated by a refinem ent of the 
PMRN m ethod (Barot e t al. 2004) and  is estim ated on 
a  yearly basis as:

i----------- 1----------- 1----------- 1----------- 1----------- 1----------- 1----------- 1-----------1-----------1----------- 1----------- 1

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun 
Fig. 2. Seasonal development of the average proportion of 
mature females by age-group in market samples between 

July in one year and June in the following year
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p(a,S,x) =
m(a, s, x) -  m {a - l ,s - A s ,x - A x )

(2 )
1 -  m{a - 1, s -  As, x  -  Ax)

w here  m  is th e  probability  of b eing  m ature, a is age, s 
is size, x  is any  o ther additional factor possibly affect­
ing  m aturation (e.g, condition, see Grift e t al. 2007), As 
is the age specific grow th increm ent (in leng th  or 
w eight) and Ax is the  age specific change in  x. Eq. (2) 
relies on the  sim plifying assum ption tha t the growth 
and  mortality rates a re  the  sam e for im m ature and 
m atu re  individuals. A lthough this is not expected to 
apply accurately, Barot e t al. (2004) confirm ed tha t the 
m ethod is robust to  the  relaxation  of this assumption. 
The probability of being  m atu re  m(a,s,x) w as estim ated 
from individual d a ta  by logistic regression. M odel 
selection was done by forw ard selection of variables 
based  on the A kaike inform ation criterion (AIC) allow­
ing  for all possible 1- and  2-w ay interactions, Two-way 
interactions w ere  considered w hen  both com ponents 
of the  interaction h ad  b een  selected:

logit(m) = ß0 + ßcc + ßaa + ßj  ̂+ ß « c  x a + ßdc x 1 + ß^a x 
1 + e  (3)

logit(m) = ß0 + ßcc + ßaa + ßww  + ßcac  x a + ß ^ c  x w  + 
ßawa x w  + e (4)

logit(m) = ß0 + ßcc  + ßaa + ß;I + ßkk  + ßcac x a + ßdc x 1 + 
ß^a x 1 + ßüi x k  + £ (5)

w here m  is the probability  of b eing  m ature, c is cohort 
as a  categorical variable, a is age, 1 is length, w  is 
w eight and Icis condition. Because of differences in the 
in terpretation of th e  tim ing of effects of length , w eight 
and  condition on m aturation (see 'M oving observa­
tion w indow ' and  'Fixed observation w indow ' above) 
M odel 3 (Eq. 3) w as applied  to the m oving window,
and  M odels 4 (Eq. 4) and  5 (Eq. 5) to the fixed w indow
data se t (Table 1).

Growth increments. A nnual leng th  increm ents 
w ere estim ated by fitting Von Bertalanffy growth 
curves per cohort. C urves w ere  fitted to  m ean length 
a t ag e  data, after accounting for length  stratification 
of m arket sam ples (Age > 3), survey and  backcalcu- 
lation  data (Age < 3). For age groups up  to Age 3, 
the  m ean len g th  from  m arket sam ples w ill be biased 
because small individuals m ay escape th rough  the 
m esh or m ay be d iscarded  i l  b e lo w . minimum^ m ar­
ketab le  size. Therefore, p re-recru it survey data and 
back-calculation data  of M illner & W hiting (1996) 
w ere used (see Fig. 3a). The m ean  growth incre­
m ents did no t differ substantially  betw een  the G er­
m an Bight and the  D utch-Belgian Coast spaw ning 
stocks (r = 0.98, R2 = 0.96).

W eight and  condition increm ents p e r  cohort w ere 
estim ated as follows. First, th e  le n g th -w e ig h t relation­
ship was m odeled assum ing a  fixed seasonal pattern:

log(w) = ß0 + ß ilog(l) + ß2yr + ß3d + ß4d 2 + ß5d 3 + e
(6 )

w here  d is th e  day i n  y ear an d  y ear (yr) is a  factor. The 
le n g th -w e ig h t sca lin g  factor w as ß4 = 3.18 an d  has 
b een  u sed  th ro u g h o u t the analysis to define the condi­
tion factor as k  = 100 w  I-318. T h e  m ean  w eigh t a t age 
p er cohort w as th e n  calculated  from the  m ean  leng th  
an d  corrected  for th e  bias in troduced  w hen  estim ating 
m ean  w eigh t from m e a n  length . G iven the observed 
coefficient of v aria tion  in  len g th  a t age, a correction 
factor w as estim ated  from  a n  em pirically derived re la ­
tionship betw een  th e  bias and  th e  coefficient of varia-

E 0.54

o
°  0.50

T3 0.46

d

16.5

q .15.5

14.5
19701960 1980 2000

Cohort or Year
Fig. 3. Tim e trends p e r cohort in (a) grow th ra te  as yearly 
len g th  increm ents; (b) individually experienced com petitive 
biomass; an d  (c) condition, (d) T em perature p e r year. Panels 

(a) to (c): — Age 2; — Age 3; —  Age 4
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tion assum ing a  norm al distribution. Because growth 
increm ents depend  on size rather th a n  age, the  annual 
increm ents in  length, AÍ, and  w eight, Aw, (see As in 
Eq. 2) realized w hen reach ing  age a, w ere estim ated 
separately for each cohort as

Ala = la- l a- i  = ß o + ß 1 4  +  e (?)

Awa = wa- w a_! = ßo + ßjW a +  ß 2w a2/318 + e (8)

The so-m odeled increm ents a re  in  h n e  w ith the theo ­
retical expectation given Von Bertalanffy growth and  
the len g th -w e ig h t scaling used  here.

D iagnostics. To visualize the reaction  norm  and its 
change over tim e we use the reaction  norm  m idpoints 
in  leng th  (Lp50) and w eight (Wp50) a t w hich the p rob ­
ability of becom ing m ature is 0.5. Reaction norm  
midpoints w ere obtained by linear interpolation. In 
the  case of the  3-dim ensional reaction  norm , the m id­
points w ere estim ated for a fixed level of th e  th ird  
dim ension (condition). Because the reaction  norm  m id­
points are obtained after various steps of calculation, it 
is not possible to obtain confidence intervals directly 
and, therefore, they w ere boo tstrapped  by resam pling 
the  individuals in  the original da ta  set w ith  rep lace­
m ent 1000 times, for each cohort. To tes t for a  trend  in 
the  Lp50 and  Wp50 at a  g iven age, th e  reaction norm  
midpoints w ere regressed  to cohort as a variable, 
w eighted  by th e  inverse of th e  bootstrap variance of 
each midpoint. Confidence in tervals w ere estim ated 
from the  95%  percentile in  the  bootstrap replicates. 
Because the  onset of m aturation m ight differ betw een  
subpopulations, the analysis w as ru n  separately  for the 
spaw ning subpopulation of the  G erm an Bight (sam­
pling A reas 1 and 2; Fig. 1) and  th e  D utch and  Belgian 
coast (Areas 3, 4 and 5; Fig. 1) as w ell as for th e  pooled 
data of the 2 stocks. Because the  results of th e  subpop­
ulations w ere similar, only results for th e  pooled data 
set rep resen ting  the  w hole sou thern  N orth Sea are 
p resen ted  here. Because 95%  of the  sole m atured  at 
Ages 2, 3 and  4 (see Table 1) w e only consider these 
ages for diagnostics.

A lternative factors. To evaluate a lternative variables, 
which could not be incorporated on th e  individual level 
PMRN methodology, the Lp50 an d  Wp50 estim ates 
w ere reg ressed  against annual estim ates of condition, 

-tem perature_and com petitive biomass_(Fig. 3) C ondi­
tion w as estim ated as the  average condition in  the third 
and fourth quarters. Tem perature w as m easured a t a 
coastal station a t 53° N, 5° E an d  averaged  from Ju n e  to 
October (Van Aken 2003). Com petitive biomass, i.e. the 
biomass w ith which an  individual fish has to  com pete 
for resources, w as estim ated p er age group from virtual 
population analysis stock num bers an d  w eights (ICES 
2006) and  indices of m ean  crow ding  following Rijns­
dorp & Van Beek (1991).

Com binations of alternative factors w ere  reg ressed  
for age class (a) to explain  the estim ated reaction norm  
m idpoints over cohorts, w eighted  by the  inverse of the 
corresponding bootstrap  variances:

Sp50c,a ~ cohort + I ATC+ a _A + I ¿Kc¡a_ A + EABc,a_A + eca
(9)

w here Sp50  is e ither Lp50 or Wp50, cohort is cohort as 
a  variable, Tc+ a _ A is th e  average tem perature in year 
c  + a -  A, KCi3 _ A is the average condition in  cohort c  at 
age a -  A, and  Bca _ A is the estim ated com petitive bio­
mass in  cohort c  at ag e  a -  A. ZA denotes the  time 
lagged  variab les w ith a  lag  A being  an  elem ent of 
(1 ,2 ,...,a). M odel selection was b ased  on th e  sm allest 
prediction erro r and  th e  num ber of param eters was 
increased forw ards-w ise. For a  g iven num ber of p a ra ­
m eters, th e  com bination of tim e lagged  variables 
giving the low est p red ic ted  m ean  squared  error (MSE) 
in a leave-one-out cross-validation is considered to 
be the  m ost m eaningful model.

RESULTS 

M odel properties

Cohort, ag e  and  size (length or weight), as well as all 
th e  2-w ay interactions, significantly affected the p rob ­
ability of b e in g  m ature (Table 3). The length-based  
M odel 3, using  a  m oving tim e window, gave a  better fit 
and  prediction than  the  w eight- and  condition-based 
m odels (M odels 4 & 5) tha t used  a fixed tim e window. 
M odel 3 explained about 14%  m ore of the  null 
deviance th a n  the fixed w indow  m odels (Table 3). 
Considering leng th  and condition as explanatory vari­
ables (M odel 5) instead  of w eigh t (Model 4) results in  a 
low er AIC (Table 3). All m odels h a d  similarly high 
classification perform ance. The sensitivity, i.e. the 
proportion of correctly classified individuals am ong 
m atures, w as high, bu t specificity, i.e. th e  proportion of 
correctly classified individuals am ong im m atures, was 
relatively low (Table 3).

Length- and w eight-based reaction norms

The estim ated  reaction norm s are close to linear 
and  tend  to have negative slopes, suggesting  th a t the 
size a t w hich sole attains a  certain  probability to 
m ature decreases w ith age. This age effect is w eaker 
in  the w eigh t reaction norm , such th a t the  probability 
of becom ing m atu re  is determ ined  by w eight ra ther 
than  age. The w idth  of the  reaction  norm  is narrow er 
for leng th  th a n  for w eight. The distance betw een  
LplO and Lp90 is on average 23%  of the  Lp50
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Table 3. M odel properties: A kaike inform ation criterion 
(AIC), p roportion  of null deviance exp lained  by th e  model, 
proportion  of correctly classified observations, sensitivity 
(proportion of correctly classified positives, i.e. m atures) and 
specificity (proportion of correctly classified negatives, i.e. 
im m atures) of M odels 3, 4 and 5. M odel 3 w as bu ilt on data 
from  th e  m oving window data  selection, M odels 4 an d  5 w ere  
built on da ta  from  the fixed w indow  d a ta  selection. AIC 
should not b e  com pared be tw een  m odels ob tained  from  

different da ta  sets

M oving w indow Fixed w indow
M odel 3 M odel 4 M odel 5

AIC 8425 7086 7015
Explained deviance 0.54 0.40 0.41
C orrect classification 0.92 0.89 0.89
Sensitivity 0.98 0.97 0.97
Specificity 0.59 0.49 0.51

(Model 3), w hereas the d istance betw een  W plO and  
Wp90 is on average 65% of th e  Wp50 (M odel 4). 
Over time, the  reaction norm s shifted tow ards 
younger ages and  smaller sizes, w ith the  largest 
change occurring in  th e  1980s (Figs. 4 & 5), The in te r­
section of average grow th w ith the  reaction  norm  
shows th a t th e  age and  length  a t w hich 50%  of the 
fem ales becam e m ature shifted from about 3.1 yr and 
27.3 cm  in th e  1960s to about 2.5 yr and  24.1 cm 
in the  1990s (Fig. 4). The Lp50 and  Wp50, reflecting 
the in tercep ts of the  reaction norm , have typically 
decreased  significantly over tim e a t all ages (Fig. 5). 
The decrease in  the Lp50 and  Wp50, w eighted  by  the 
inverse bootstrap variances, is significant for all ages 
(p < IO-4 for all ages in  Fig. 5). In ter-annual variation 
w as too la rg e  to detect a  significant tren d  in  the 
reaction norm  slopes (data not shown). Since most 
individuals becom e m ature a t A ge 3 (Table 1), the 
m ethod is m ost precise for this age group. For 3 yr 
old females, th e  w eighted regressions predict th a t the 
size a t w hich 50%  becom e m atu re  decreased  from 
28.6 cm  (251 g) in  the  1960 cohort to 24,6 cm  (128 g) 
in  the  2002 cohort (p < IO-5). This tren d  corresponds 
to a change of -0 .10 cm yr-1 in  the Lp50 and  - 3  g  yr-1 
in the Wp50. For the  Lp50 values, the m inim al m ar­
ketab le  size of 24 cm seem s to operate  as an  attractor: 
the decline of the midpoints ends w ith an  Lp50 of 
about 24 cm a t  all ages.- - - -

Three-dimensional reaction norm

Condition in  the 3-dim ensional reaction norm  
(Model 5) is positively associated w ith the  probability  
of becom ing m ature. The Lp50 of the  reaction  norms, 
estim ated for all values w ithin the  95 % Cl of observed  
condition (0.408 to 0.604), ind icated  th a t a ch an g e  of

— e—  Cohorts 1 9 6 0 -  1973 
-  -A- - Cohorts 1 9 7 4 -  1988 

Cohorts 1 9 8 9 -2 0 0 2

35-

8  25-
Q.

2 0 -

21 3 4 5 6
Age

Fig. 4. Reaction norm s fo r C ohorts 1960 to 1973 (—), 1974 to 
1988 (— ) and  1989 to 2002 (—) estim ated  as th e  av erag e  Lp50. 
Thin tines w ithout sym bols show  m ean  len g th  a t age  (cm) of 

th e  co rrespond ing  cohorts

10% in condition resu lts  in  a  change of about 1 cm in 
the Lp50. The d ecrease  in  Lp50 over tim e for any given 
value of condition factor, and, thus, th e  changes in  con­
dition observed in  th e  study period, could no t explain 
the observed d ecrease  in  the  2-dim ensional Lp50s. The 
w eighted  regression  on  m idpoints of the 3-dim ensional 
reaction  norm, boo tstrapped  for th e  m ed ian  condition 
of k  = 0.5, predicts a  d ecrease  in  Lp50 from  28.9 cm in 
1960 to 23.2 cm in 2002. The decline of -0 .14  cm yr-1 is 
stronger than  in th e  2-dim ensional reaction norm . The 
reaction norm  w id th  (21 % of the  m idpoints for condi­
tion of le = 0.5, M odel 5) is sim ilar to the  w idth  in  the 
leng th  reaction no rm  (23 % of the m idpoints, M odel 3) 
and m uch sm aller th a n  the w idth in  the w eigh t reac­
tion norm  (65 % of th e  midpoints, M odel 4).

Alternative factors

The alternative factors analysed for the ir effect on 
the  m aturation all show ed significant trends over the 
study period (Fig. 3). G row th rates have decreased  
significantly (Age 2: -0.045 cm yr"2; Age. 3; -0 .032 cm 
yr-2; A ge 4: -0 .022 cm  yr-2; all p < IO-7) as does con­
dition (Age 2: -0 .13  g cm-318 yr-1; A ges 3 & 4: 
-0 .04  g cm-318 yr-1; all p  < IO-2). Tem perature in­
creased  significantly (0.03°C yr-1, p < IO-3), while 
com petitive biom ass show ed a  p ea k  in  the  early 
1960s, an d  also around  1990 and  2000. Table 4 p re­
sents the variables for the  tim e series in  M odel 9 
(Eq. 9) tha t give the lowest p red ic ted  MSE in a 
leave-one-out cross-validation for Age 3. The general
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Fig. 5. Reaction norm  m idpoints Lp50 an d  W p50 over tim e (•), boo tstrapped  95%  p ercen tiles (vertical bars), tren d  regression  
w e igh ted  by the inverse bootstrap variances (— ) and  fit w ith  a  non-param etric  sm oother (—■). All trends a re  significant on a

level of a =  IO"4

pa tte rn  of variable selection is consis­
te n t for Lp50 and  Wp50 for all ages 
and  for all tim e lags A: cohort is 
always se lec ted  as th e  first variable, 
w hile th e  variables to  be selected 
nex t a re  tem peratu re  in the year of 
birth, if th is year is included  in  the 
analysis, com petitive biom ass o ther­
w ise (Table 4). The MSE only w eakly 
im proves by further introduction of 
variables after cohort, and  would 
increase  aga in  by introducing m ore 
variables th a n  those displayed in  
Table 4 (results not shown).

DISCUSSION 

Evidence for evolutionary change

This study show s.that the.PM R N  in 
N orth  Sea sole shifted dow nw ards 
since th e  1960 cohort, w hich is in 
ag reem en t w ith  th e  expectation of a 
fisheries-induced evolutionary change. 
In an  evolutionary fitness optimization 
fram ew ork, the  reaction  norm  in te r­
cep t is p red ic ted  to decrease and the 
slope is p red ic ted  to increase slightly 
if exposed to size-selective harvesting

T able 4. Selected m odels to explain the  variation  in th e  Lp50 an d  W p50 of Age 3, 
a lternative  variab les based  on th e  low est p red ic ted  m ean  squ are  e rro r (MSE) in 
a leave-one-ou t cross-validation by  allowing th e  effectors to act o n  a  particular 
age  (A fixed) or on a ll ages to gether before m atu ration  (A elem ent of (1,2,3}). Best 
m odels w ere  de term ined  by com paring th e  M SEs from all possible com binations 
of variables for a  g iven n um ber of variables. Only m odels for w hich the cross­
va lidated  MSE is low er th an  it w ould be  if a  fu rther variab le  w as in troduced  are 

d isplayed. * : significant a t a  = 0.05. T, B, K: See Eq. 9

Impact period Num ber 
of variables

Selected variables 
in m odel

Signs of MSE 
param eters

Lp50 at Age 3
- 0 5.278

Age 0, A = 3 1 Cohort* 2.320
2 Cohorf+Tageo* 2.172

Age 1, A = 2 1 Cohort* 2.320
Age 2, A = 1 1 Cohort* 2.320
All ages, 1 Cohort* 2.320
A = {1,2,3} 2 Cohort *+Tageo* 2.172

Wp50 at Age 3
- 0 2818

Age 0, A = 3 1 Cohort* 1816
Age 1, A = 2 1 Cohort* 1816

2 Cohort* + Bagel* 1719
3 Cohort* + Bagel * + Kagel - - +  1452

Age 2, A = 1 1 Cohort* 1816
2 Cohort* + Bage2* 1709

All ages, 1 Cohort* 1816
A = {1,2,3} 2 Cohort *+Bage2* 1709

3 Cohort *+ Bage2*+ Kaqel —  + 1448
4 Cohort *+ Bagel *+ Kagei + Kage2 -  1430

Age 3
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(Ernande e t al, 2004), The changes in  the reaction 
norm  intercepts found here are consistent w ith this 
theoretical expectation (see Fig. 5), but noise in  our 
da ta  w as too h igh  to detec t a tren d  in  the slopes. Based 
on the  assum ption th a t environm ental variation affect­
ing  m aturation  is reflected  in  variations in  the growth 
ra te  (Heino e t al. 2002), a  genetic change in  m aturation 
can  thus be d isen tang led  from the phenotypic plastic­
ity in  m aturation. The length-based  reaction norm  is 
m ore reliably estim ated than  the  w eight-based rea c ­
tion norm  because of the  am biguity in  data selection 
and  corresponding in terpretation  for th e  w eights 
(see below) resulting  in  a  sm aller da ta  set and  higher 
uncertain ty  in  the  reaction  norm  estimates. However, 
o ther factors in  addition to size, such as body condition 
(Kjesbu e t al. 1991, Trippel & N eil 2004) or tem perature 
(Dhillon & Fox 2004, K raak 2007), m ay affect the 
probability of becom ing m ature.

Including condition in  the  analysis as a  th ird  dim en­
sion revealed  tha t a  h igher condition is associated w ith 
low er Lp50 values, thus fish in  good condition have a 
h igher probability  of becom ing m ature than  fish of the 
sam e age and  leng th  in  poor condition. The same 
effect has b ee n  suggested  in  num erous other species 
(Kjesbu e t al, 1991, T rippel & Neil 2004) and is likely to 
b e  (partly) re la ted  to th e  storage of energy during 
the  feeding period tha t can be m etabolized la ter for 
reproduction (Rijnsdorp 1990), A lthough condition 
contributed significantly to  variation in  m aturation, it 
could not explain the  trends in  the midpoints of the  2- 
dim ensional m aturation  reaction norm  over time: the 
decrease in  Lp50 a t any  given value of condition (see 
Fig. 6) indicates tha t th e  earlier m aturation is not due 
to a  tim e tren d  in  th e  condition factor. G iven the  posi­
tive association betw een  condition and the  probability 
to becom e m ature, the  p a tte rn  of observed conditions 
(Fig. 3c) suggests tha t by not tak ing  condition into 
account, the m idpoints of the 2-dim ensional reaction 
norm  m ight have b ee n  -underestimated in th e  first 
decades, w hen  condition w as high, and overestim ated 
in  the  last decades w hen  condition was low. Indeed, 
the  estim ated shift of th e  m idpoints in  the  3-dim en­
sional reaction norm  (-0.14 cm yr-1, Fig. 6) is stronger 
than  in  the 2-dim ensional reaction norm  not account­
ing  for condition (-0.10 cm yr-1, Fig 5). The effect of 
condition in  sole seem s to  b e  v ery  w eakly ag e -d ep en ­
dent, b u t it  is changing  as the  m aturation reaction 
norm  shifts dow nw ards. H ence, for an  early m aturing 
fish, it is getting  m ore im portant to be in  good condi­
tion. However, the in terpretation  of the results in  term s 
of the  role of condition in  the m aturation process is not 
straightforw ard (W right 2007). The role of condition 
w as tested  in w inter w hen  all m aturing fem ales have 
s ta rted  VTG, several m onths after the  m aturation 
'decision' w as m ade. A lthough w e used  a fixed win-

Age 3 Condition 0.5
40

35-

2 0 -

19701960 1980 1990 2000
Cohort

Fig. 6. Reaction norm  L p 5 0  m idpoints estim ated  w ith M odel 5 
for A ge 3 and  condition  0.5 (•), bootstrap 95%  percen tiles 
(vertical bars), tren d  re g re ss io n  w eighted  by th e  inverse  boot­
strap  variances (-----), f it  w ith  a non-param etric  sm oother (—).

The tren d  is s ig n ifican t on a level of a  = IO-5

dow  as close as possib le  to the start of VTG, the  posi­
tive effect of w eigh t a n d  condition on the  probability  to 
becom e m ature is n o t necessarily affecting the 'dec i­
sion' to becom e m a tu re , bu t is m ore likely a conse­
quence of it, b ecause  fish seem  to im prove their con­
dition as a consequence of the  'decision' to becom e 
m atu re  in  the su b se q u en t season (Rijnsdorp 1990), In 
addition to the  d iffe ren t proportions of m aturity  a t age 
betw een  the 2 da ta  se ts, this m ay also explain  the b e t­
te r  fit and  perfo rm ance of M odel 3 in  com parison to 
M odels 4 and 5 (Table 3). Also, the h igher uncertainty 
of the W p50 estim ates m ight be a t least partly  due to 
in ter-annual differences in the seasonal ovary devel­
opm ent. U nfortunately, this am biguity has no practical 
solution.

Rate of evolutionary response

Because of the  difficulty of m easuring selection dif­
ferentials (Sinclair e t  al. 2002) and heritabilities, esp e­
cially in  the  wild, th e  rate of evolution is no t w ell 
understood. Experim ents have shown th a t a change in  
the  p a tte rn  and  ra te  of size-selective m ortality caused 
m ajor evolution of life history characteristics in  18 g en ­
erations of guppies Poecilia reticulate (D. A. Reznick et 
al. 1990) and  the grow th rate of A tlantic silverside 
M enidia  m enidia  evolved within just 4 generations 
(Conover & M unch 2002). Genetic analyses of rapid 
life history changes following introduction to novel 
environm ents a re  also well established in  several 
species in  the  w ild (D. N. Reznick e t al. 1997, Q uinn 
e t al. 2001), and  hence, the hypothesis of a  rapid
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fisheries-induced evolution in  sole is feasible. The rate 
of change in the length  m aturation reaction  norm 
(Model 3) does not seem  to be linear, as stepwise 
change in  its reaction norm  m idpoints seem s to occur 
in the 1980s (Fig. 5}. Possible reasons a re  that: (1) the 
pattern  is due to a  change in  condition; (2) th e re  was 
still a  considerable proportion of old individuals in  the 
population th a t contributed to the next generations, 
reducing the  evolutionary response; (3) th e  selection 
differential increased  after th e  1970s; or (4) gene flow 
betw een  subpopulations affected the  changes in reac­
tion norms. Explanation (1) is plausible since the trend  
in  midpoints of reaction  norm s including w eight or 
condition does not show  th e  sam e stepw ise pattern  
(Figs. 5 & 6). Explanation (2) is likely since la rger fish 
hove s. relative! '7 iiirT!isr fecundity  and  may’ contribute 
disproportionately to reproductive success (Trippel & 
Neil 2004). Explanation (3) is likely since fishing mor­
tality has increased  over time. Since the increase in 
fishing mortality is not synchronized betw een  sub- 
populations (ICES 2006), a  delay in  the evolutionary 
response due to gene flow (Explanation [4]) may also 
have played a role (see Conover et al. 2005). The 
dow nw ard tren d  in  the  reaction  norm  is expected  to 
stop, once it falls below  th e  size threshold w here selec­
tion no longer has any effect (Ernande e t al. 2004), e.g. 
below the m inim um  size of cap ture tha t is close to the 
minimum landing size of 24 cm. In recen t years, the 
Lp50 in all age groups cam e close to this threshold and 
therefore the  trend  m ight w eaken  in the following 
years.

Alternative factors

It is know n tha t the  onset of m aturation may be 
affected by condition (Kjesbu e t al. 1991, Trippel & 
Neil 2004) or o ther factors such as tem perature 
(Dhillon & Fox 2004, K raak 2007), in the  juvenile 
period 1 or m ore years prior to first maturity. The influ­
ences of average tem perature , condition an d  com peti­
tive biomass w ere analysed on the population level in 
the years before m aturation, The results show clearly 
tha t none of these possible factors could explain the 
variance in  the m idpoints better than  the trend  vari­
able cohort (Table 4)^ H ence, the  evolutionary in ter­
pretation is the m ost plausib le explanation of the 
observed shifts in  the m aturation  reaction norm. On 
top of this trend, tem pera tu re  in  the  year of b irth  and 
com petitive biom ass contribute to further reduce the 
prediction error. Condition, having a  considerable 
effect if introduced as a  th ird  dim ension in the  reaction 
norm, does not seem  to play an  im portant role in  the 
population level, because condition m ight be m uch 
m ore affected by individual behavior than, for exam ­

ple, e ither tem p era tu re  or experienced com petitive 
biomass.

T em perature is know n to affect early life history 
stages, as it m ay affect age a t m aturity through its effect 
on juvenile grow th ra te s  (Charnov & Gillooly 2004). 
However, g row th -independen t effects of tem perature 
on m aturation  have also recently  b een  suggested  
(Dhillon & Fox 2004). Tem perature can  accelerate d e ­
velopm ental ra tes o th e r than  grow th (Baynes & Howell 
1996, Fuim an et al. 1998) and, therefore, the onset of 
m aturation  m ight be affected  by tem perature in  early 
life. Since the  tem peratu re  in  the  year of b irth  acting on 
the  larval stage, m etam orphosis and  early  juvenile 
stages explains m ost of the variance in  addition to the 
intrinsic trend  for the Lp50 (Table 4), our results support 
sueli an parly life history stacke effect.

Similarly, com petitive biom ass likely has its main 
effect on m aturation  th rough density -dependent 
grow th. However, the significance of com petitive bio­
mass in  explaining variance in the w eight reaction 
norm  m idpoints in  addition to the intrinsic trend  sug­
gest th a t it m ay also have a  grow th-independent effect, 
driving the  fish to accept an  earlier m aturation a t a 
sm aller size if population densities are h igh (sign of 
param eter is negative, Table 4). M aturation m ay be 
influenced by  social factors, e.g. the  probability to 
encounter conspecifics, as show n in the  coral-dwelling 
fish Gobiodon erythrospilus  (Hobbs e t al. 2004). This 
m echanism  m ight explain a  negative correlation of 
com petitive biom ass w ith the  reaction norm  midpoints 
(Table 4). By contrast, the  presence of dom inant adults 
m ight suppress m aturation of subordinate juveniles as 
show n in m ales of the  freshw ater platyfish genus 
X iphophorus  (Borowsky 1978), herm aphrodites of the 
coral ree f anem one fish genus Am phiprion  (Fricke & 
Fricke 1977) and  fem ales of th e  tem perate w rasse 
Pseudolabrus celidotus (Jones & Thom pson 1980). 
This w ould resu lt in  a positive correlation of com peti­
tive biom ass w ith  the reaction  norm  midpoints.

A nother possible cause for changes in  the repro­
ductive cycle is tha t fish m ight accum ulate increased 
levels of vitellogenin in  the ir tissue due to endocrine 
d isrupting  agents p resent in  sew age effluents (Ober- 
dörster & C heek  2001). Estrogenic pollution (oestradiol 
or analogues) was found to b e  associated w ith elevated  
concentrations of vitellogenin in  flatfish species in  the 
D utch W adden Sea (Janssen e t al. 1997) and  also in 
sam ples ta k en  offshore a t the  D ogger Bank in  the 
N orth Sea, lead ing  to intersex (Stentiford & Feist 2005). 
However, since the  reproductive effects of increased 
v itellogenin concentrations in  fish a re  often associated 
w ith reproductive im pairm ent and  reduced  fecundity 
(O berdörster & Cheek 2001), it is not clear if increased 
vitellogenin w ould accelerate or delay m aturation or 
how these  effects would becom e m anifest on the pop ­
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ulation level. N evertheless, inc reased  levels of vitel­
logenin in  fem ale Solea solea  could lead  to  misclassifi- 
cation of im m atures as m atures in the  m acroscopic 
m aturity  staging. Therefore, exposure to h igh  concen­
trations of contam inants during  the  early juvenile 
p hase  in  coastal nursery grounds m ay have influenced 
the  results p resen ted  here.

Sources of error

Our results m ay be in fluenced by the  assum ption 
m ade to estim ate reaction norms: th a t m atu re  and 
im m ature fish have sim ilar g row th  and  m ortality rates. 
However, a  sensitivity analysis has shown th a t the 
PMRN m ethodology is robust w ith  respect to  differ­
ences in  grow th rate  (Barot e t al. 2004} and  further­
m ore, these biases w ould apply to all cohorts equally 
an d  thus w ould not qualitatively change th e  trends 
over time. M acroscopic staging of m aturity  could be 
erroneous by m isclassifying spen t or unripe fem ales as 
juveniles, However, by selecting d a ta  around  the p eak  
spaw ning period an d  applying a  m oving tim e window, 
th is error will be negligible. A bortive m aturation, in 
the  sense th a t fish develop un til m aturity  S tage III but 
no t further (De V een 1970, Ram say & W ittham es 1996), 
could have b iased  the  PMRN. However, considering 
m aturity  S tages I, II and III as juveniles instead  of only 
S tages I and  II changed  neither our results (not shown) 
nor our conclusions.

Implications for management

The evidence for fisheries-induced evolution is 
strong  and persistent. F isheries-induced evolution is 
likely to decrease m axim um  sustainab le yield (Law & 
G rey 1989, Heino 1998) and  find ing  practical strate­
gies to reverse the decreasing  tren d  in  ag e  an d  size at 
m aturation will b e  increasingly  difficult. Recovery 
from a  genetic change will be m uch slower than  could 
be expected from  just lower abundance, since selec­
tion pressure tow ard  the  original genotype in  the 
absence of fishing m ay b e  m uch  w eaker than  selection 
caused  by intensive fishing (Law 2000). If directional 
selection is_ strong, the original genotype m ay have 
b een  lost, and  surviving genotypes m igh t have a  lower 
fitness in  an  environm ent w ith a  lower exploitation rate 
(Conover e t al. 2005). A dvanced m aturation will result 
in  a  reduced size at age of m atu re  fish an d  thus in  a 
low er biomass per age group (Heino 1998). W hether 
th e  reduced  grow th rates observed  in  N orth  Sea sole 
(Fig. 3a) are a  direct consequence of the  observed shift 
in  the onset of m aturation or d u e  to a  general deterio ­
ration  of the  grow ing conditions needs to  b e  analysed

in m ore detail. A d irec t selection on grow th rates, how ­
ever, seem s less like ly  because in  iteroparous species 
w ith inde term ina te  growth, the im proved survival 
through slower g ro w th  is unlikely to offset the loss in  
fecundity (Heino & K aitaia 1999). Even if earlier m atu ­
ration w ill positively affect th e  spaw ning stock b io ­
mass, this m ay not necessarily  transla te  to an  increase 
in  recruitm ent, s in ce  fecundity  and  eg g  viability are 
positively co rre la ted  w ith  m aternal size (Trippel & 
Neil 2004), an d  th e re fo re  earlier m aturing, sm aller 
individuals will con tribu te  less to  reproduction.
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