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R eview

Exploitation of fish populations can induce evolutionary 
responses in life histories. For example, fisheries target
ing large individuals are expected to select for early 
maturation at smaller sizes, leading to reduced fecundity 
and thus also reduced fisheries yield. These predicted 
phenotypic shifts have been observed in several fish 
stocks, but disentangling the environmental and genetic 
causes behind them has proved difficult. Here, we 
review recent studies investigating phenotypic shifts 
in exploited populations and strategies for minimizing 
fisheries-induced evolution. Responses to selective har
vesting will depend on species-specific life-history traits, 
and on community-level and environmental processes. 
Therefore, the detection of fisheries-induced evolution 
and successful fish stock management requires routine 
population monitoring, and a good understanding of 
genetics, relevant ecological processes and changing 
environmental conditions.

Introduction
During the second half of the 20th century, the increasing 
harvest of natura l fish stocks led to rapid and widespread 
population declines of several target [1-4] and nontarget 
fish species [5]. Although such population declines are 
themselves of concern [3], the effects of harvesting on 
individual life histories have received less attention but 
m ight be no less important. Most fisheries target large 
individuals, so th a t fisheries-induced mortality is typically 
highly size selective [6-8] (see Glossary). Therefore, fish
eries are an im portant source of selective pressures favour
ing particular life histories, morphologies and behaviours. 
Harvesting of large individuals should select for m atu
ration a t a younger age and/or sm aller size by reducing 
the proportion of old and/or large individuals in the spawn
ing stock (for example, see Ref [9] ). If individual phenotypic 
differences in the life-history tra its  under selection are 
heritable, then fisheries-induced selection could lead to 
evolutionary shifts towards lower m aturing ages and/or 
sizes in exploited populations [10-12] (Box 1).

Decreasing age and size at m aturation can induce cas
cading effects on population dynamics and even on com
m unity structures. For instance, somatic growth of m ature 
individuals generally declines because energy is reallo
cated from growth to future reproduction. Because of a
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positive correlation between body size and fecundity, 
reduction in the age a t m aturation thus reduces age- 
specific sizes of adult individuals and reproductive poten
tial of the population [9,13]. If reduced average body size is 
not compensated for by increased population abundance, 
biomass and yield of the fish stock will decrease [9]. 
Changes in adult body size can also alter predator-prey 
interactions and affect food webs in fish communities [10]. 
Therefore, understanding fisheries-induced evolution is 
im portant not only for sustainable m anagem ent of a 
particular fish stock, bu t also for conservation of entire 
m arine and lake ecosystems.

During recent years much research has focused on 
detecting fisheries-induced evolution (for examples, see Refs 
[14-16]), but possible genetic effects of fisheries have been 
largely ignored in present-day fish-stock m anagement prac
tices. Here, we review recently published literature on fish
eries-induced evolution, with particular emphasis on 
methods capable of identifying a genetic basis for observed 
phenotypic shifts in the age and size a t m aturation. We also 
discuss the prospects for future fish-stock managem ent and 
strategies for minimizing the impacts of fisheries-induced 
selection. C urrent knowledge in these fields suggests th a t 
the detection of fisheries-induced evolution and successful 
fish stock m anagement require routine population monitor
ing and a good understanding of genetics, relevant ecological 
processes and changing environmental conditions.

Glossary
Evolutionary response: a genetically based response to  selection in a m ean 
trait value of a population, th a t is, a change in genetic com position of the 
population.
Heritability {h2)i proportion of the  variation in a quantitative character due to 
(additive) genetic causes.
Phenotypic change: a change in a trait value th a t can be due to  either 
phenotypic plasticity o r evolutionary response.
Phenotypic plasticity: ability of the  sam e genotype to  produce o r express 
different phenotypes.
Plastic change or response: changes in phenotypes due to  phenotypic 
plasticity.
Probabilistic m aturation reaction norm: a function determ ining a size-specific 
probability of m aturation for individuals of a given age.
Selection: nonrandom  survival of phenotypes and/or genotypes.
Selection differential: a m easure  of intensity of selection on a quantitative 
character -  the  difference in th e  m ean betw een the  selected and the  total 
population.
Size-at-age: th e  size of an individual at a given age; sizes a t all ages together 
form the  growth trajectory of an individual.
Size-selective fishing: fishing that does not rem ove fish random ly, but selects 
them  -  at least to  som e extent -  according to  size.
Size-selective mortality: probability of death  depending on th e  size of an 
individual.
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Box 1. Q uantitative genetic basis for fisheries-induced 
evolution

Quantitative genetics  is a th eo ry  d ev e loped  to  s tu d y  inher i tance of 
con t inuous ly  varying phenotyp ic  traits  and ,  in particular, to  describe 
th e  im pact  of selection on th e s e  trai ts over  gene ra t ions  [63], Over a 
single  genera t ion ,  th e  expec ted  evolutionary  r e sp o n s e  (R) In a trait 
u n d e r  f isher ies- induced  se lection  d e p e n d s  on th e  in tensity  of 
directional  se lection (S) acting on th e  trait and  th e  heritablllty (h2) 
of th e  trait. In a harves ted  fish popula tion ,  S  Is s im ply  th e  difference 
b e tw een  th e  m ean  va lues  of th e  trait  for Individuals tha t  survive to 
r ep roduce  (I.e. t h o s e  not cau g h t  by fisher ies)  and  for th e  entire 
cohor t  (I.e. t h o s e  ca u g h t  by fisheries  plus t h o s e  not cau g h t  by 
f isheries).  Once S  and  h2 are  known, R can be  ob ta ined  using th e  
b reede r 's  equa t ion  [Equation I] [63]:

R =  h2S [Equation I]
Strictly speak ing ,  [Equation I] applies  only to  nonover lapp ing  

genera t ions .  However, predict ions using [Equation 1] can still be 
applied ,  at least qualitat ively,  to  popu la t ions  with overlapping 
gene ra t io n s  as  well [9],

Size-selective fishing ta rgeting  large Individuals rem o v es  p ropor
t ionally m o re  large fish f rom a popula tion  than  small  fish [9], The 
effect of this is reflected in a negative value  of S  with respec t  to  size, 
and,  if th e  size at m atura t ion  Is heritable  (i.e. h2 >  0) results in th e  
evolution to w a rd s  lower size at m atura t ion  [Equation I], Even high 
fishing morta li ty p e r  s e  can render  S  negative  [12], This Is because  
fish th a t  m a tu re  a s  y o u n g  as  poss ib le  a re  m os t  likely to survive for 
reproduc tion ,  w h e re a s  if m atura tion  Is de layed,  then  survival until 
reproduc tion  b e c o m e s  very  unlikely. As a g e  an d  size at m aturation  
are  typically s t rong ly  corre la ted  [17,38], selection on e i ther  trait is 
likely to  lead to  a corre la ted  evolu tionary  r e sp o n s e  in th e  other .

Recently, selection differentials on bo d y  size have been es t im ated  
to a s s e s s  th e  m ag n i tu d e  of  f isher ies- induced se lection, for  exam ple  
for p opu la t ions  of Atlantic sa lm o n  [66] and  Atlantic cod  [50], 
However, heritabili ty e s t im a tes  of  life-history traits  in fish are 
scarce, and  usually  they  are  ob ta ined  u n d e r  artificial condit ions,  
which limit the ir  applicability in th e  wild [64], Never theless ,  m ost  
phen o ty p ic  trai ts  in fish, including trai ts  known to  be u n d e r  
f isher ies- induced se lection, are  typically at least  m odera te ly  heri
tab le  (b2 ~  0.2-0.3) (for exam ple ,  s e e  Refs [6,7]). Hence, evolu tionary  
re sp o n s e s  to f isher ies- induced se lection sh o u ld  be c o m m o n .

Distinguishing evolutionary responses from 
phenotypic plasticity
In fish, about 20-30% of the variation in life-history traits, 
such as age and size a t m aturation, is heritable [6,7]. 
Exploitation of fish stocks is typically so intense th a t in 
exploited stocks adult fish are more likely to die as a result 
of being fished than  of natura l causes [6,7]. For example, 
60-80% exploitation rates have been reported for several 
commercially im portant Atlantic cod Gadus morhua  stocks 
[9]. Thus, evolutionary responses in life-history traits  sub
ject to fisheries-induced selection can be expected to be 
seen on a decadal time scale [6,8].

The expected evolutionary responses to size-selective 
harvesting have recently been dem onstrated experimen
tally. For guppies Poecilia reticulata, increased predation 
has been shown to select for earlier m aturation a t smaller 
sizes [17]. Similarly, harvesting of the largest individuals 
leads to decreased average body size in Atlantic silversides 
Menidia menidia [18]. These findings, albeit observed in 
simplified experimental settings, suggest th a t sim ilar evol
utionary responses are also occurring in natu ral fish popu
lations th a t are subject to size-selective harvesting.

Phenotypic plasticity in growth can also affect the 
tim ing and size at m aturation in an exploited population.

Harvesting reduces population density, which increases 
the am ount of resources available per capita and reduces 
competition among individuals. These changes might 
increase individual growth rates and lead to early m atu
ration, possibly a t sm aller sizes [6,15,19-24]. However, 
growth and the timing of m aturation m ight also be affected 
by environmental trends, such as increasing w ater tem 
peratures [6,8,19-22], so th a t causal processes can be 
difficult to disentangle.

W hether life-history changes induced by fisheries are of 
a plastic or genetic origin is im portant to the managem ent 
offish stocks. Plastic changes in, for example, growth rates 
are only temporary, because they are not transferred to 
subsequent generations. By contrast, evolutionary 
responses in life histories alter genotype frequencies in a 
population and can even lead to the loss of genetic varia
bility (for example, see Ref. [25]). Reversing such changes 
can be slow or even impossible [6,26,27]. Hence, for con
servation and m anagem ent purposes, it is im portant to 
detect evolutionary responses in harvested populations 
and separate them  clearly from possible plastic changes 
in life histories [12,15,21,28,29].

From phenotypic observations to modelling of 
adaptation
The Atlantic cod in the north-west Atlantic Ocean is a 
well-known example in which a decrease in the age and 
size a t m aturation has been linked to heavy exploitation by 
fisheries [16,21] (Box 2). Changes in the age and size at 
m aturation or in age-specific sizes have also been reported 
for several other exploited species and populations (for a 
review, see Ref [19]) (Table 1), for example five species of 
Pacific salmon [30] and Atlantic salmon Salmo salar [31]. 
Detecting the relative roles of plastic changes and evol
utionary responses in any of these observed phenotypic 
patterns has been and still is challenging [6-8,12, 
21,28,32]. A population of orange roughy Hoplostethus 
atlanticus is a rare  case in which a decreasing trend in 
the genetic diversity of the population has been directly 
detected during the exploitation [25]. By contrast, in most 
exploited populations the available data  comprise observa
tional time series of life-history tra its  and estim ates of 
cohort sizes bu t no information about possible changes in 
genotype frequencies is available. Indirect methods are, 
therefore, needed to explore the possible genetic basis of 
these changes in life histories.

One of the earliest studies focusing on the origin of 
phenotypic changes was by Rijnsdorp [14]. He used 
traditional statistical analyses to show th a t the decreasing 
trend in the age and size at m aturation in European plaice 
Pleuronectes platessa could not be explained solely by 
changes in growth and th a t observed life-history changes 
m atched well with the adaptive changes expected under 
fisheries-induced selection. Although this study generally 
supports the hypothesis of evolutionary adaptation of life 
histories, it is not possible to rule out environmentally 
induced effects (e.g. owing to changes in tem perature 
and population density) [14]. Therefore, new modelling 
approaches have been introduced for detecting evolution
ary responses in the age and/or size a t m aturations and in 
correlated tra its  (Table 2).
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Box 2. The collapse of cod

The northern cod stock, com pris ing  th e  popu la t ions  of  Atlantic cod 
Gadus m o rhua  (Figure I) In th e  nor th -w es t  Atlantic Ocean, has been 
s u p por t ing  fisheries  for  h u n d re d s  of y ea r s  [16,67], Since th e  late 
1980s, th e  y ields of th e  popu la t ions  gradually  declined  and  reached  
histor ically low levels by th e  mid-1990s [21]. For exam ple ,  the  
e s t im ated  b io m ass  of th e  G eorge  bank  cod popula tion  dec reased  
f rom  91 000t in 1980 to  31 000t in 1994. C o r respond ing ly ,  th e  
sp a w n in g  stock b io m a ss  of th e  population  declined  f rom  83 000t to  
25 000t during th e  s a m e  period [68],

The co l lap se  of t h e  n o r th e rn  co d  s tock  w a s  a s s u m e d  to  be 
c a u s e d  by in tens ive  exp lo ita t ion  of th e  cod  s tock  dur ing  th e  se c o n d  
half of  th e  20th cen tu ry ,  an d  th e  co d  f ishery  in th e  a rea  w a s  c lo sed  
in Ju ly  1992. Before th e  co l lap se  of  th e  s tock, a g e  an d  size at 
m a tu ra t io n  w e r e  o b s e rv e d  to  d e c r e a s e  d ram a t ica l ly  [16,21,67] 
(Figure II). T h e se  tra i ts  h ave  still not  recove red  to  t h e  s ta te  
p reced ing  th e  co l lap se  (Figure Ila), d e s p i te  very  little f ish ing  of 
t h e  s tock  fo r  m o re  th a n  a d ecad e .  This f inding is s e e n  a s  an 
Indication th a t  t h e  c h a n g e s  in th e  a g e  a n d  size at  m atu ra t io n  w e re  
evo lu t io n a ry  an d  w e r e  inher i ted  by s u b s e q u e n t  g e n e ra t io n s ,  ra ther  
th a n  being  a p lastic p h en o ty p ic  r e s p o n s e  to  th e  prevail ing levels of 
f ish ing  m orta l i ty  [16].

Analysis of th e  probabilis tic reaction n o rm s  for  ag e  an d  size at 
m atura t ion  (Box 3) su g g e s te d  tha t  th e  o b se rv ed  phenotyp ic  ch a n g e s  
m ight  be of genetic  origin [16,67], Flowever, o p p o s in g  v iew s have 
also been e x p ressed  [8,69], An evident increase  in th e  a g e  and  size at 
m atur ity  within only 3 y ea r s  af ter th e  fishing m ora to r ium  (Figure Ila) 
s u g g e s t s  th a t  pre-existing cohor ts  w e re  re spond ing  In s o m e  w a y  to  
th e  a b se n c e  of exploitation [8], In addit ion, d e c reas e  in th e  ag e  and 
size at m atura t ion  In nor thern  cod  occurred  s im u l taneous ly  with a 
decline in se a -w a te r  t e m p e ra tu re  and  an increase  in sea-lce cover  [69], 
Such prevailing env ironm enta l  t r e n d s  might have  induced  plastic 
c h a n g e s  in th e  ag e  and  size at m atura tion .  Thus, it is difficult to  base  
conc lus ions  on th e  evolution of  life histories on purely phenotyp ic  
o bse rva t ions  [70],
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Figure I. The Atlantic cod Gadus morhua. Reproduced with the  perm ission of 
Lauri Urho.
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Figure II. Time series of life-history traits estim ated in northern cod stock. The 
stock collapsed between th e  late 1980s and early 1990s, and a fishing 
moratorium  of the  stock w as introduced in 1992. Life-history traits are from 
Northwest Atlantic Fisheries Organization (NAFO) Division 2J (solid lines), 3K 
(dotted lines) and 3L (dashed lines), (a) Time series of th e  ages  a t which 50% of 
fem ale cod w ere m ature show  how  age a t m aturity rapidly decreased  in th e  late 
1980s and early 1990s. After introduction of th e  fishing m oratorium , age a t 50% 
maturity increased slightly, but it did not recover to  the  level preceding th e  stock 
collapse. Annual length increm ents for fem ale cod and annual, non-sex-specific 
survival probabilities are show n in (b) and (c), respectively. Length increm ents 
and survival probabilities are arithm etic and geom etric averages for 5-year-old 
and 6-year-old fish, respectively. During th e  stock collapse, both growth and 
survival declined considerably, but since 1992 they  have partly recovered. 
Reproduced with perm ission from Ref. [16].
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Table 1. Examples of recent empirical investigations of the  genetic basis of observed phenotypic changes in harvested  fish 
populations
Species Investigated phe

notypic change3 
A M  SM  SA

Tim e fram e M ethod15 Conclusion” Refs

Grayling Thym allus  thym a llu s - - na 1903-1998 Statistical  ana lyses  and  
sim ula t ions

ER [49]

E uropean  plaice Pleuronectes platessa - - na —1900,1960-1990 Statistical  ana lyses  and  
sim ula t ions

ER [14]

- - na 1955-1995 2D- an d  3D-PMRN ER [15,44]
Herring Clupea harengus - + na 1935-2000 PMRN PC [40]
Atlantic cod Gadus m orhua - - na 1977-2002 PMRN ER [16,67]- - na -1 9 7 0 -2 0 0 0 PMRN ER [39]

na na - 1970-2004 Quanti ta t ive genetics ER [50]
S m allm ou th  bass  M icro p te rus  do lo m ie u - - / + na —past  100 years PMRN PC [41]
American plaice H ippog losso ides p la tesso ides - - na -1 9 7 0 -2 0 0 0 PMRN ER or PC [38]
C hum  sa lm o n  O ncorhynchus keta + - na —past  25 years PMRN and  sim ula t ions PC [48]

A bbreviations: AM, age a t m aturation; SM, size a t m aturation; SA, size-at-age. C hange in trait: +, increase; —, decrease; na, change unknown o r not investigated. 
bPMRN, probabilistic m aturation reaction norm.
cType of change in phenotypic trait: ER, evolutionary response; PC, plastic change.

Probabilistic maturation reaction norms
The reaction norm for age and size at m aturation is a 
well-established method for describing the optimal age and 
size for m aturation for a range of growth rates [33,34]. 
More recently, an analogous stochastic interpretation, the 
probabilistic reaction norm (PMRN) has been developed 
[35-37] (Box 3). PMRN has rapidly become a very popular 
and widely applied method for detecting fisheries-induced 
evolution [19].

PMRNs have recently been used for investigating 
changes in the age and size a t m aturation in, for example, 
exploited populations of European plaice and American 
plaice Hippoglossoides platessoides [15,38], Atlantic cod 
[16,39], Atlantic herring Clupea harengus [40] and Small - 
mouth bass Micropterus dolomieu [41] (Table 1). For cod and 
plaice, the PMRNs suggested evolution towards early m atu
ration a t smaller sizes [15,16,39], whereas phenotypic 
trends in the herring and bass populations (Table 1) were 
considered to be predominantly plastic [40,41]. For herring

and bass, the PMRN was estim ated using back-calculations 
of size-at-age based on scale growth rings [40,41], whereas, 
for cod and plaice, growth of individuals was modelled by 
assuming common growth rates for m ature and im mature 
individuals of the same age and cohort. Such an assumption 
cannot be considered realistic [6,15] and, therefore, there is a 
degree of uncertainty related to the estimation of the reac
tion norms for cod and plaice. By contrast, the estimation of 
the PMRN has been considered robust for the description of 
growth trajectories [36,37].

The most pronounced problem related to PMRNs is th a t 
the ‘decision’ to m ature is modelled only through the age 
and size a t m aturation. In reality, this decision is usually 
made before m aturation, and past growth has been shown 
to be a better predictor of the probability of m aturation 
than  present size [42] (Box 3). M aturation can also be based 
on physiological factors, such as energy status or bio
chemical thresholds a t a given period [43]. In addition, 
PMRNs have commonly been estim ated by accounting only

Table 2. Modelling too ls for investigating fisheries-induced evolution
Modelling approach Description Advantages Disadvantages Example

Refs
Probabilist ic 
m atura tion  reaction 
n o rm s  (PMRN)

E stim ates th e  probability  of 
matura t ion  based  on ag e  and 
b ody  size.

Required data  are  easy  to  obtain. The 
m e th o d  is s im ple  to use.

Maturation can d e p e n d  on factors  
o the r  than  ag e  and  body  size. 
PMRN can n o t  detect  evolut ion 
of  grow th  rates.

[16]

M ultidimensional 
probabilistic 
m atura tion  reaction 
n o rm s

E stim ates th e  probability  of 
matura t ion  based  on age,  
b ody  size and  any  o ther  
re levant covariate  affecting it.

The m e th o d  a llows th e  incorporation  of 
information on physiological and  
e nv ironm enta l  fac tors  th a t  affect the  
p rocess  of m aturation .

Obtaining data  on th e  relevant 
covar la tes  can be  Impossible . 
Mult idimensional  PMRN canno t  
d e tec t  evolution of growth  rates.

[44]

Quanti ta t ive genetics E stim ates to  w h a t  extent 
obse rved  phenotyp ic  
c h a n g e s  d u e  to  fisheries-  
induced  selection are 
genetically  based.

Quantitatively links selection differentials 
and  heritabili ty to phenotyp ic  changes .

Disentangling genetic  c h a n g e s  
f rom  plastic c h a n g e s  can be 
difficult If env ironm enta l  
cond i t ions  have c h an g ed  
during se lection.

[50]

Statistical  regression  
and  t im e-ser ies  
analyses

E stim ates to  w h a t  extent 
variation in p h en o ty p e s  can 
be  explained by var iation In 
known biotic and  abiotic 
fac tors  over  th e  Investigated 
period.

S im ple  m e th o d  for Invest igat ing 
corre la tions be tw een  life-history traits  and 
obse rved  physiological and  env ironm enta l  
p rocesses ,  and  for  investigating w h e th e r  a 
popula tion  exhibits significant c h a n g e s  In 
life histories.

The a p p ro a c h e s  do not include 
an y  m echan is t ic  description of 
th e  evolution of life h istories and 
th ere fo re  ca n n o t  a s se s s  
evolu tionary  p ro cesses  directly.

[14]

S im ulat ions  of 
adap t ive  population  
d ynam ics

Predicts evo lutionary  and 
plastic c h a n g e s  in life 
h istories by using process-  
b ased  sim ula tion  models .

Provides c o m p re h e n s iv e  Insights into the  
p ro cesses  underly ing pheno typ ic  ch a n g e s  
and  es t im a tes  th e  f i tness of alternative 
life-history s t ra teg ies  u n d e r  different 
ra tes of exploitat ion.

Models  can be c o m p le x  and 
difficult to parameterize.  Models 
predict ra ther  than  a s se s s  
o b se rv ed  phenotyp ic  changes .

[48]
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Box 3. Probabilistic reaction norm s for th e  age and size a t m aturation

At birth, m os t  spec ies  a re  im m atu re ,  an d  the ir  ch a n c e s  of  m aturation  
increase  with increasing ag e  an d  body  size. The p rocess  of m a tu ra 
t ion can be descr ibed  th ro u g h  probabilit ies of m atura t ion  tha t  d ep e n d  
on th e  current  ag e  and  size of an individual.  T hese  probabilit ies are  
given by th e  probabilis tic reaction norm  (PMRN) for  th e  a g e  and  size 
at  m atura tion  (Figure I), an d  th ey  can be e s t im ated  using a logistic 
regress ion  m odel [35-37], If th e  probability  of m atura t ion  at a g e  a is 
d e n o ted  by p s, then  it can be  linked to  th e  s ize-at-age of an individual  
by [35] (Equat ion I):

log P a ( S )
=  « a  + ßaS [Equation I]

J  -  Pa(S)
w h e re  a a and  a b a re  th e  age-specific  sh a p e  p a ram e te r s  an d  s  is th e  

size of  an individual  at a [31-33],
Once growth his tories  and  th e  tim ing of m atura tion  are  known for  a 

range  of individuals,  th e  sh a p e  p a ram e te r s  of a PMRN can be 
e s t im ated  by maximizing th e  likelihood (Equat ion III)

[Equation

w h e re  s„ Is th e  size of an Individual  at a and  /„ Indicates w h e th e r  th e  
Individual m atu red  (/„ = 7) or  not  (/„ = 0) at a. N  Is th e  total n u m b e r  of 
obse rved  Individuals.

E st im ated  In th e  w a y  d e s c r ib ed  ab o v e ,  th e  PMRN d e te rm in e s  th e  
probabil ity  of m a tu r ing  at  a given a g e  an d  size, on condi t ion  th a t  th e  
Individual h a s  su rv ived  up  to  th is  a g e  an d  size an d  Is still Im m atu re .  
Be cause  of  d e p e n d in g  only  on th e  cu r re n t  size of  an Individual,  th e  
p robab i l i ty  of m a tu ra t io n  Is In sens i t ive  to  var ia t ion  In g ro w th  
t r a jec to r ies  (Figure le). F o r th l s  r ea so n ,  th e  PMRN s h o u ld  d is t ingu ish  
variat ion  In g row th  ra tes  f rom  c h a n g e s  In t h e  age-  a n d  size-specific  
p robab il it ies  of  m a tu ra t io n  [35], Flowever,  If th e  'd ec is io n '  to  m a tu re  
Is m a d e  befo re  m a tu ra t io n ,  th e n  size at  m a tu ra t ion  Is no longe r  
directly c o n n e c te d  to  t h e  probab i l i ty  of m a tu ra t ion .  Morlta and  
Fukuw aka  [42] recen t ly  d e m o n s t r a t e d  th a t  p as t  g ro w th  of  an 
Individual can b e t te r  predic t  th e  p robabil ity  of  m atu ra t io n  th a n  th e  
c u r re n t  size of th e  Individual.  If a PMRN Is r e g re s s e d  a g a in s t  t h e  sizes 
b e fo re  t h e  m o m e n t  at  w h ich  th e i r  m a tu ra t io n  'd e c i s io n s '  a re  
reco rd ed  (Equation  II), th e n  t h e  PMRN Is no lo n g e r  Insensit ive  to 
variat ion  In grow th .

(a)
5 -  

4

® r,N 3
W

2 -I 

1

(b)

75%

50%

25%

2 3
Age

CDN

(c)

3 -

2 -

■*»

2 31 4
Age Age

TRENDS in Ecology & Evolution

Figure I. Analysis of th e  probabilistic m aturation reaction norm, (a) A probabilistic reaction norm  is com m only described by th e  age-specific sizes a t which 25%, 50% 
and 75% of th e  individuals mature, (b) An evolutionary decrease in th e  age and size a t m aturation is show n by a dow nw ard shift o f th e  probabilistic reaction norm. This 
is because if average age  and size a t m aturation decrease  in a population, then th e  probabilities of m aturing a t lower ages  and sizes increase. In (b) th e  evolutionary shift 
of the  reaction norm is indicated with dow nw ard arrow s from old reaction norm (black) to  new  reaction norm  (red). As in (a) the  solid line indicates 50% probability of 
m aturation and the  upper and the  lower broken lines deno te  75% and 25% probabilities of m aturation, respectively, (c) The probabilistic reaction norm  describes the 
probability o f m aturing a t a given age  and size, on condition that the  individual has survived up to  this age and size and is still im m ature. Because of this, only current 
age  and size of an individual affect th e  probability of m aturation. Changes in growth rates therefore only affect th e  growth trajectories of individuals [in (c) a shift from 
black to  red growth trajectory], but the  age and size specific probabilities of m aturation (i.e. th e  probabilistic reaction norm) remain unchanged. Units of the  age and size 
in (a-c) are arbitrary.

for the environmental variation th a t is reflected in growth 
histories, and other factors th a t may directly affect m atu
ration, such as tem perature, feeding conditions or the 
social structure of the population, have not been considered 
[20,32]. For example, sim ilar shifts in PMRNs have been 
found in three populations of American plaice under differ
ent fishing pressures [38], which suggests th a t a common 
environmental trend, ra ther than  fisheries, caused pheno
typic changes in the populations.

M ultidimensional PMRNs with one or more 
explanatory variables in addition to the age and size at 
m aturation have been introduced to overcome some of 
these uncertainties [44]. When this approach was used, 
body condition was found to be significantly correlated with 
the probability of m aturation for a population of European 
plaice, but no considerable improvements in the estimation 
of PMRNs were seen. In  general, the concept of PMRNs

enables information to be incorporated from as many 
covariates as necessary [19]. Thus, for increasing the rea
lism of PMRNs, the tim ing of the m aturation decision 
should be known and the main factors affecting it should 
be identified, m easured and incorporated to the estimation 
of the PMRNs [32,43].

Evolutionary responses in growth ra tes are 
problematic in the PMRN analysis. Selection induced 
by fisheries can act on growth strategies ra th e r than  
age and size a t m aturation  or these tra its  can be geneti
cally correlated [8,20,38,45]. PMRNs are generally 
unable to disentangle genetic from plastic changes in 
growth. Consequently, PMRN analyses can lead to the 
rejection of the hypothesis of fisheries-induced evolution 
even if it is true  [20]. The risk  of this depends on the 
extent to which species-specific growth strategies are 
under genetic control.
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Comprehensive perspectives on life-history adaptation
Evolutionary responses occurring over a few decades 
are influenced by interactions among the environment, 
population demography, genetic variability and selection 
[46]. For example, an increase in fishing effort is expected if 
stock abundance and size of harvested individuals decline. 
This, in turn , alters the selective pressures on the popu
lation [47]. Consequently, comprehensive modelling 
approaches integrating evolutionary and ecological pro
cesses have been called for, to realistically assess the 
evolutionary responses to harvesting [11,21,29].

Recently, life-history changes have been investigated by 
sim ulating the dynamics of the harvested populations with 
models th a t describe the impacts of changing population 
density, energy trade-offs and natural mortality. By com
bining PMRNs with such simulations Mori ta  et ai. [48] 
showed th a t declining growth ra te was sufficient to explain 
increasing age and decreasing size a t m aturation in chum 
salmon Oncorhynchus keta. As the variation in the growth 
of chum salmon is considered predominantly environmen
tal [48], phenotypic changes were considered to be plastic 
responses to changing environmental conditions. By con
trast, high rates of evolutionary divergence in the age and 
size a t m aturation have been observed in grayling Thy
mallus thymallus [49]. In this case, the study [49] further 
dem onstrated th a t such evolutionary responses were 
expected under the prevailing harvesting strategies. These 
modelling approaches can be used to address some of 
the questions th a t could not be considered in the analyses 
of PMRNs. However, the link between the observations 
and life-history responses still remains circumstantial. As 
Law [8] pointed out, ‘Q uantitative analysis of whether 
rates of change are consistent with likely heritabilities 
and selection differentials caused by fishing, allowing for 
change in the environment, is a critical issue needing more 
research.’

Using a quantitative genetics-based model (Box 1), 
Swain et al. [50] made connections among selection differ
entials, heritability and a declining trend in the body size of 
Atlantic cod. In addition to evolutionary adaptation, they 
investigated the roles of density- and tem perature-depend
ent growth in the observed phenotypic changes. Within- 
population variation in growth was accounted for by esti
m ating individual growth trajectories from otolith (small 
ear bone) formations. The size-at-age of cod was correlated 
with the nongenetic factors investigated but, after control
ling for these effects, the observed phenotypic changes 
were still positively correlated with the selection differen
tials, and the estim ated heritability of the size-at-age was 
high [50]. Although these findings strengthen the evidence 
of fisheries-induced evolution of Atlantic cod, the plausi
bility of the results depends on how reliably heritability 
was estimated. If  the size-at-age of cod was affected by 
changes in environmental factors other than  population 
density and tem perature, the heritability estim ate might 
have been upwardly biased [51].

Management strategies for preventing 
fisheries-induced evolution
Concerns arising from trends towards lower m aturing ages 
and/or sizes in exploited fish stocks were rapidly addressed

by theoretical investigations of the adaptive dynamics of 
harvested populations [9,26,52]. Fisheries-induced evol
ution was found to be not only possible bu t also likely 
under realistic rates of exploitation and size selectivity of 
fisheries [9,26,52]. This finding created a demand for m an
agement practices th a t would minimize the evolutionary 
impacts of fisheries.

Two main forces th a t affect the ra te  of evolution in an 
exploited stock are the size selectivity of fisheries and the 
intensity of harvesting [6,12,53]. Heavy exploitation of a 
stock can induce an evolutionary shift towards early m atu
ration, even in the absence of size selection [12] (Box 1). By 
contrast, fisheries targeting only m ature individuals 
should favour late m aturation at large sizes [29,53]. In 
practice, declines in the age and/or size a t m aturation can, 
therefore, be prevented by considerably reducing harvest
ing rates, and by setting a minimum size of harvested fish 
so th a t most im m ature individuals rem ain below the limit 
[29] or by harvesting only on spatially isolated spawning 
grounds [53]. If  evolutionary shifts have already taken 
place, they can be reversed if complete fishing m oratoria 
are introduced quickly enough, whereas belated or partial 
fishing moratoria might not reverse the changes, because 
of the lack of selection towards late m aturation [23].

Setting a maximum size of harvested fish is a tem pting 
possibility to control the evolutionary impacts of fisheries 
[18], particularly because large, old individuals constitute 
an im portant reservoir of genetic variability [25] and 
reproductive potential [54] of the population. However, 
in a population th a t has already evolved towards lower 
m aturing ages and/or size it is very difficult to find the 
optimal maximum size lim it th a t would reverse the direc
tion of selection, because the fitness benefit of large indi
viduals is very sensitive to the level of natu ra l mortality 
[53],

Marine protection areas (MPAs) with little or no fishing 
have been suggested as a method for controlling the evol
utionary impacts of harvesting [55]. The effectiveness and 
optimal structure of MPAs depend on the dispersal dis
tances of individuals. However, in general, MPAs reduce 
the declining trend in the size a t m aturation and prevent 
the populations from collapsing, even in the presence of 
very intensive harvesting outside the MPA.

Evolutionary and plastic responses to harvesting 
appear to be affected by more complex processes than  those 
considered in any single-species model. Namely, fisheries 
can also have impacts a t the community level: they not only 
remove large individuals of all target species, but 
also decrease the relative abundances of species with the 
capability to grow to large sizes [10]. Changes in species 
abundance can affect interspecific processes, such as pred- 
ator-prey interactions, and alter natu ral m ortality rates 
[7,12]. This is particularly relevant given th a t the strength 
and selectivity of natu ra l mortality can determine the 
direction in which size a t m aturation evolves in a popu
lation, especially in the presence of low harvest rates 
[56,57]. Targeting only small individuals to reverse evol
utionary responses induced by fishing m ight even lead to 
further decreases in the size a t m aturation instead of the 
desired increase. This is because survival up to the sizes 
th a t are no longer targeted can be so low th a t early
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reproduction still m ight be a more beneficial strategy [57]. 
To this end, an ecosystem-level approach is required for 
successful fisheries m anagem ent [13,58].

Challenges for future management and research
Even in the absence of concrete evidence for 
fisheries-induced evolution, rapid evolutionary responses 
have been considered so likely th a t they should be 
accounted for in m anagem ent and conservation strategies 
[6,11,17,27,46,50]. Thus, interactions between ecological 
and evolutionary processes should be considered in the 
assessm ent of the population dynamics and when predict
ing future yields [11,17,23]. Present harvesting regula
tions, such as minimum sizes and fishing seasons, 
should also be re-evaluated [18,59]. Particular attention 
should focus on establishing practices minimizing the se
lective pressures on harvested populations [23,29] and 
preventing loss of genetic diversity (e.g. introduction of 
MPAs [55] and preservation of large, old individuals 
[18,25,54]).

Slow-growing, late-m aturing species (e.g. Atlantic cod) 
[10,60] and populations with low natu ral m ortality [29] are 
particularly vulnerable to fisheries-induced evolution, 
because they are least adapted to incurring high adult 
mortality. Even species th a t are not a t a particular risk or 
even not targeted by fisheries can suffer indirect effects of 
harvesting [17,56]. A better understanding of species in ter
actions and food webs in the exploited populations is 
urgently needed to account for such ecosystem-level 
impacts of fisheries [57].

Continuous monitoring of key life-history traits  will be 
essential for the proper m anagem ent of fish stocks. Con
servation actions taken promptly after suspicion of evol
utionary responses are expected to be successful in 
restoring the population [23], whereas delays can lead to 
a perm anent loss of adaptive genetic variability. This is 
because observed phenotypic changes in harvested popu
lations have often been associated with steep declines in 
population size [16,21]. Population bottlenecks, genetic 
drift and inbreeding in small populations will then reduce 
genetic diversity and make recovery difficult or even 
impossible [9,27,61].

Until now, the potential evolutionary effects of fisheries 
have not been taken into account in m anagem ent because 
researchers have found it difficult to convince the 
authorities th a t the changes observed are indeed genetic 
[6,46]. For this reason, solid evidence for fisheries-induced 
genetic shifts in exploited stocks is needed. To this end, in 
parallel with the monitoring of phenotypes in harvested 
fish populations, more rigorous genetic approaches are also 
needed. There are, in principle, two m ain possibilities for 
this. The first relies on traditional quantitative genetic 
analyses (Box 1) th a t require either breeding experiments 
in captivity or monitoring of individually m arked (or 
genetically tagged [62]) relatives in the wild [63]. These 
approaches are unlikely to be useful for practical monitor
ing, because heritabilities estim ated in captivity can be 
misleading [64], and the sampling effort required for 
m ark-recapture studies would be enormous. A second 
way to monitor genetic changes in exploited populations 
is based on genetic m arkers linked to genomic regions

under fisheries-induced selection. This type of approach, 
although demanding to establish, provides perhaps the 
most promising and realistic expectation for future 
monitoring [65].

Concluding comments
Theory, phenotypic observations and modelling studies all 
suggest th a t fisheries are capable of inducing evolutionary 
changes in life histories in harvested populations. These 
changes can cause a perm anent loss of adaptive genetic 
variation and decrease future yield. Consequently, fish- 
stock m anagem ent strategies should be adjusted to pre
vent or decrease the evolutionary impacts of harvesting. In 
practice, this requires stock-specific information on life 
histories, demography, environmental conditions and 
species interactions. Identifying the genetic basis of the 
phenotypic changes requires tools for investigating genetic 
responses to fisheries-induced selection. Therefore, estab
lishment of practices for the routine monitoring and 
sampling of harvested fish populations is vital for the 
detection of fisheries-induced evolution and successful fish 
stock management.
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