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A comparative approach to life-history strategies and tactics 
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W hereas a  life-history strategy is defined as a  com plex p a tte rn  o f  co-evolved life- 
h istory  tra its designed fo r a  particu lar environm ent, a  tac tic  is the  plasticity o f  these 
traits that allows populations to  cope w ith environm ental variability. Strategies 
a n d  tactics are  so u g h t by  com p arin g  tra its  from  a  large  n u m b er o f  p o p u la tio n s  o f  
different species. A n  au to regressive m ethod  aliow s p artitio n in g  the  variab ility  o f  
dem ographic  tra its  in to  tw o  p a rts : a  phylogenetic p a r t  (b ro a d  strategies inherited  
from  the  p as t)  an d  a  p o p u la tio n  p a r t  (the  rem ain ing  v ariab ility , including tactics). 
T h e  follow ing tra its  a re  analysed: ad u lt size as a  scaling  p aram e te r  because 
life-history tra its  a re  know n to  change w ith  b o d y  size; su rv ival, w hich acco u n ts  fo r 
fishing a n d  n a tu ra l m orta lity ; age  an d  size a t  m atu rity , an d  to ta l reproduc tive  
o u tp u t fo r an  ind iv idual life-tim e. D a ta  have  been assem bled  fo r  67 s to c k s o f  four 
orders: C lupeiform es, G ad ifo rm es, Perciform es, and  P leuronectifo rm es. I t  is co n ­
cluded  th a t these four o rd e rs  h av e  different life-h istory  s tra teg ies, an d  th a t tactics 
are  different am o n g  strategies. A t low  abundance , th e  com pensations allow ed by 
these tac tics a re  m uch  less efficient in C lupeifo rm es th a n  in  the  o th e r  o rders 
considered.
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Introduction

Fish encounter a variable and unpredictable environ­
ment during their larval life. Each year adults produce a 
large num ber o f  offspring w h ose survival is  variable. The 
strategy o f  spreading a m axim um  number o f  offspring 
to  cope with environm ental variability w ould yield 
highly variable recruitment, unless density-dependence 
occurs during the early life stages (Beyer, 1989). 
Stock-recruitm enl theory has been based on this strong  
assum ption (Ricker, 1954; Beverton and H olt, 1957), 
and subsequent developm ents have focused on  density- 
dependent regulation during the period between hatch­
ing and recruitment (e.g. Cushing and H arris, 1973; 
Jones, 1973; Cushing, 1977; Lorda and CJecco, 1987; 
Beyer, 1989; Fogarty e t a l., 1991).

H owever, i f  regulation processes take place only  
during early life stages, over-reproduction will occur: 
there will be a large reproductive effort spent in excess o f  
the required am ount (W are, 1982). T he energy spent in 
over-reproduction m ay be better used for further 
growth, that would result in higher future reproduction

and survival. H ence it  seem s reasonable to  assum e that 
regulation processes m ay act a lso  during the adult stage 
to  stabilize recruitment. This was first evidenced by 
Bagenal (1973), w h o reported that fluctuations in 
recruitment are partially dam ped by annual variations in 
size-specific fecundity, related to  changes in stock size. 
R ochet (1998) show ed that, as a general rule, teleost fish 
com pensate for the high adult m ortality d u e to  fishing 
by decreasing their age at maturity.

But fish exhibit a w ide diversity o f  life-history  
strategies (R off, 1992). Life-history strategies are com ­
plex patterns o f  life-history traits, and refer to  the 
coordinated evolution  o f  these traits together (Steam s, 
1992). In a  fluctuating environm ent, fish have to  adjust 
details o f  their strategy for that strategy to  be successful. 
H ence W ootton  (1984) defined reproductive tactics as 
“ those variations in the typical pattem  which fish make 
in response to  fluctuations in  the environm ent” . Tactics 
are perm itted by phenotypic plasticity, the ability o f  a 
genotype to  vary in response to  the environm ent, which  
is  the focus o f  increasing concern (Steam s, 1989). A 
strategy m ay be view ed as an assem bly o f  rules which
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specifies how  an organism  should respond to its own  
state and its environm ent (M cN am ara and H ouston, 
1996). These rules, which include regulation and com ­
pensation processes, w e nam e tactics.

There is no reason to  believe that the tactics are the  
same in species that differ in their iife-history strategies 
(Rijnsdorp et ed., 1991; Frank and Leggett, 1994). This 
study focuses on  dem ographic strategies o f  fish, and on  
the different tactics that they m ight involve. Because 
fishing m ortality is  a m ajor factor for m any species, an 
important aspect o f  these tactics that can be evidenced is 
the com pensation for high adult m ortality. Because we 
are able to  m easure variations in reproduction m ore 
easily than in natural m ortality, com pensation in repro­
duction is the m ost accessible. The com pensation in egg 
production for high adult m ortality is the m ain com po­
nent o f  tactics exam ined here.

l.ite-history strategies as well as tactics can be described 
as sets o f  trade-offs, the linkages between traits that 
constrain their sim ultaneous evolution (Stearns, 1992), 
Classically, trade-offs are measured by the correlation 
between tw o traits (Steam s, 1992), but they m ay involve 
more than tw o characters, and these m ust all be consid­
ered when exam ining the trade-off (Pease and Bull, 1988; 
Southwood, 1988; Endler, 1995). Here strategies and 
tactics are sought as multivariate trade-offs.

The com parative approach is used to  reveal patterns 
in spite o f  m easurem ent errors and environm ental fluc­
tuations, which inevitably obscure single stock studies, 
either for explanatory studies o f  the variability o f  dem o­
graphic traits (M urphy, 1977; Hem pel, 1978; Rijnsdorp, 
1993; Powell, 1994) or for the study o f  stock- 
recruitment relationships (W alters and Ludwig, 1981; 
G oodyear and Christensen, 1984; W alters and Collie,
1988). T he purpose o f  this study is  to  exam ine life- 
history strategies and tactics in four com mercially  
important orders o f  teleosts by a com parative analysis o f  
dem ographic traits. The com parison o f  populations 
belonging to  different species allow s the analysis o f  trait 
variability both  within and between species. A n  auto­
regressive m ethod is used to  decom pose the vari­
ations o f  traits in to  a  phylogenetic effect (strategy) and a 
population com ponent (variability o f  traits w ithin strat­
egies: tactics). T hese com ponents o f  various traits (age  
and size at maturity, adult size, life span, fecundity) are 
combined together in multivariate analyses. A  first m ulti­
variate analysis o f  the phylogenetic com ponents o f  the 
traits allows definition o f  broad strategies. Then a series 
o f  multivariate analyses o f  the populaiton com ponents o f  
the traits describes tactics within each strategy.

Materials 
Demographic traits
The m ain constraint upon trait selection is the need 
for reliable estim ates o f  the variables, otherwise the

conclusions o f  the com parative analysis m ay be spurious 
(G aillard e t a!,, 1994). I concentrated on  female 
traits and included the follow ing (for further details 
on  trait selection and estim ation, refer to  Rochet, 
1998).

•  Tim e-to-5% -survival (T0 05) is the tim e elapsed from  
sexual m aturity until 95% o f  a  cohort is dead. This 
index o f  survival integrates m ortality rates over m ost 
adult life (G underson and Dygert, 1988). Tim e-to- 
5%-survivai is estim ated from  an exponential m or­
tality m odel, on  the basis o f  total m ortality  
coefficients Z = F + M  estim ated by Virtual Population  
A nalysis or catch curves. T otal m ortality estim ates 
are usually m ore reliable than F  and M  estim ates, 
because errors on  M  are com pensated for by errors 
on  the estim ated fishing m ortality F.

•  Length-at-5% -survival (L o 0S) is an adult-size  
param eter, arbitrarily measured at time-to-5% - 
survival because o f  the indeterm inate growth o f  fish.

•  A ge  and length at which 50% o f  the individuals reach 
sexuai m aturity (A„, and Lin)  are com m only available  
in the literature.

•  S lope o f  the fecundity-length relationship (F b): 
fecundity, defined as the num ber o f  eggs present in 
the ovaries im m ediately before spawning, is known to  
increase with the size o f  fish within species (Fulton, 
1891). This increase is  properly described by a power- 
law  F = a L b (R aitt, 1932). T he exponent o f  this re­
lationsh ip b (or slope o f  the log-log fecundity-length  
regression) accounts for the increase in fecundity 
with size, and hence for the increase in reproductive 
investm ent during adult life.

•  T otal reproductive output (TR O ), or life-time 
fecundity, is estim ated as the sum  over time-to-5% - 
survival o f  annual fecundity, as used by Jennings and  
Beverton (1991). Annual fecundity is  estim ated from  
length-at-age and fecundity-length relationship, and  
from  the m ean num ber o f  spawning bouts per year 
in the case o f  batch-spawners. This com pound vari­
able describes the individual contribution to  egg 
production.

T he data were collated  from  published papers and  
working group reports (listed in R ochet, 1998). A s one  
purpose o f  the study is to  describe environm ental influ­
ences on  life-history trait variations, contem poraneous 
estim ates o f  all traits for a given stock were sought. 
Life-history data o n  67 populations from  4 0  teleost 
species w ere com piled. T he data are available from  the 
author.

Phylogenetic inform ation

P hylogenetic relationships (F ig. 1) were constructed  
based on  the m ost recent inform ation available for
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Figure i .  Phylogenetic tree o f  the  sam ple o f  teleost species an a ly sed  T he position o f  taxa  a long  the  vertical axis has n o  phylogenetic 
meaning. C: C lupeiform es; G : G adiform es; P; Perciform es; PI: Pleuronectiform es.

teleost species (Eschm eyer, 1990; Lecointre, 1994; 
N elson , 1994; Johnson and Patterson, 1996). T he phylo­
genetic tree used is based m ainly on  m orpho-anatom ical 
characters and o n  m olecular traits. C onsistent estim ates 
o f  branch lengths are not available because data cam e  
from  different studies using different m ethods, and data 
are lacking for m any branches. M oreover, evolution  
rates are known to  vary am ong traits (Brower et a l ., 
1996), and for a  given trait, between branches o f  a 
phylogenetic tree (M indell and Thacker, 1996) and

along them  (Svensson, 1997). The use o f  either fossil 
data for dating higher nodes or o f  m olecular data to 
construct distances between laxa relies o n  the hypothesis 
that all traits evo lve at the sam e rate a long all branches. 
For these reasons w e considered only the topology  o f  the 
phylogenetic tree. Branch lengths were arbitrarily set as 
follow s: branch len g th = 5  from  populations to  species, 1 
from  species to  genera, and 4  for all other branches (i.e., 
the distance between tw o  conspecific populations is  IO, 
between tw o  congeneric populations o f  different species
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is 12, between tw o populations o f  different genera o f  the 
same fam ily is 20 . . . ) .  i t  has been show n elsewhere by 
testing different branch length assignm ents that the 
results are not sensitive to  branch lengths (R ochei,
1998).

Methods
D e c o m p o s it io n  o f  tr a it  v a r ia b ility

Life-history trails are analysed here under the 
hypothesis that they are m ainly determ ined by (i) body  
size, (ii) long-term  evolutionary constraints, and (iii) 
short-term environm ental influences. T he m ethods used 
are an attem pt to  decom pose trait variability between  
these three sources. B ody size is a m ajor constraint upon  
energy assim ilation and m etabolic rates, and hence upon  
me entire life o f  anim als, including grow th, reproduc­
tion, and survival (Calder, 1985; R eiss, 1989). Size 
effects are usually described by the allom etric relation­
ship Y = a L fl. O n the other hand, evolutionary con ­
straints must som ehow  be reflected in the kinship bonds 
between populations or  species that are described by the 
phylogenetic tree. It is assum ed here that evolutionary  
constraints can be detected by tracking the resemblance 
between species that are phylogenetically related. 
Environmental influence is assum ed to  act on  residual 
variability, the part o f  the variability w hich is not 
explained by size or by phytogeny.

Many com parative m ethods have been developed in 
the framework o f  evolutionary ecology, because species 
arc not statistically independent, but share a com m on  
history through their phytogeny (e.g. H arvey and Pagei, 
199!; Steam s, 1992). Som e o f  these m ethods allow  
separation o f  phylogenetic effects from  populaiion  
effects; for exam ple, quantitative genetics m ethods 
(Lynch, 1991) and the autoregressive m ethod  (Cheverud  
et a l ,  1985; G ittlem an and K ot, 1990). T he latter allow s 
partition o f  the phenotypic value o f  a trait into an 
autoregressive phylogenetic com ponent (reflecting com ­
mon evolution) and a residual population com ponent 
(environment-dependent). T he m ethod is based on  
phylogenetic distance (in a  phylogenetic tree) and 
autoregressive m odels, which describe effects that vary 
with distance.

The slope ß o f  the log-transform ed allom etric 
equation w as first estim ated by ieast-squares regression 
for each trait (except the parameter b  o f  the fecundity- 
length relationship, w hich is already scaled for length), 
with length-at-5% -survival as the scaling variable 
(Table 1). T he estim ated values were then used for 
removing the part o f  variation o f  each trait related to  
body size; subsequent analyses were perform ed on  log- 
transformed, size-corrected traits (i.e. on  log(A ,„) — 0.69 
lo8(W.o5); l°g (L m) — 0.94 log(L0.oj); i o g f l W ;  ?»  
lo8flVoä) -  0,58 log(L 005); log(T R O ) -  1.93 log(Lo.05)).

Table 1. Relationships between the logarithm of demographic 
trait and the logarithm of length-at-S%-survival (i.U U5) in 67 
populations o f fishes: correlation coefficients (r) and allometric 
slopes (ß )±  standard error.

D em ographic trait r ß

Age a t  m aturity  (Am) 0.77 0.69 ± 0 .0 7
Length  a t  m aturity  fL„J 0.97 0.94 ±  0.03
Tim e-to-5% -surviva! (T0 05) 0.61 0.58 ±  0.09
T o ta l rerod uctive o u tp u t (TRO ) 0.70 1.93 ± 0 .2 4

Then trait variability w as further decom posed by 
m eans o f  an autoregressive m odel; the phylogenetic  
com ponent o f  a  population i w as estim ated as a 
weighted m ean o f  the observations yj, for j # i

y ^ S p w ^ + E i
j

where y¡ are the observed trait values, p is  an auto­
correlation coefficient, W  a w eighting (neighbouring) 
m atrix, and e¡ are the residuals. The w eighting matrix W  
is derived from a distance m atrix D  describing the 
relative positions o f  the populations o n  a phylogenetic  
tree by w^= 1/d" (neighbouring betw een populations i 
and j). a  is a flexibility param eter w hich accounts for the 
levels at which phylogenetic constraint has occurred. 
Large a  values describe reduced influence o f  distant 
populations on  the estim ated trait -  consequently higher 
influence o f  close neighbours, A  m axim um -likelihood  
procedure was used to  estim ate the parameters p and  
a  o f  the autoregressive m odel. T he proportion o f  
total variance accounted for by phytogeny is  estimated  
by R l

Strategies and  tactics
The above fits were perform ed for each trait separately. 
Strategies and tactics, as com plex com binations o f  
traits, were sought by a  m ultivariate approach. The 
phylogenetic com ponents o f  the traits obtained from  
the autoregressive m odel were analysed by Principal 
C om ponent A nalysis (PCA; Lebart e t a¡., 1984) to  
quantify their covariations and show  broad strategies. 
A s T R O  is estim ated from  the other traits, this 
param eter w as not included in  the PCA.

T he patterns o f  variability within these strategies were 
then exam ined by the analysis o f  the population  com ­
ponents o f  the traits (residuals o f  the autoregressive 
m odel). T he difference in trade-offs between the popu­
lation  com ponents within each strategy w as tested by 
analyses o f  covariance: i f  the tactics differ am ong  
strategies, the covariance between traits should differ 
betw een groups o f  similar strategies. A nalyses o f  co- 
variance were performed on  each pair o f  traits. The
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T able 2. A utoregressive m odel: m axim um  likelihood estim ates 
o f  the m odel’s param eters a  (distance exponent) and p (au to ­
corre la tion  coefficient), and  R 2 statistic (p roportion  o f  to ta l 
variance accounted fo r by phylogeny) fo r each trait.

A m L„, 1-0.05 F b Toos T R O

a 2 1.2 4.3 0.6 2.1 1.7
P 0.97 0.87 0.98 0.97 0.91 0.97
R 2 0.09 0.04 0,78 0,01 0.14 0.03

tactics were then exam ined in each group by analysing  
the correlation m atrices o f  the population com ponents 
o f  the traits.

Results
Autoregressive m odels were fit to  partition each dem o­
graphic trait in to  a phylogenetic and a population  
com ponent (Table 2). The variance accounted for by 
phylogeny is variable, ranging from  less than 5% in 
length a t m aturity and fecundity traits to  m ore than 70% 
for length-at-5% -survival. T he fit was performed for all 
traits, regardless o f  the proportion o f  variance explained  
by phylogeny, in order for all traits to  receive the 
sam e treatment, a  estim ates vary from 0 .6  to  4.3, 
reflecting the levels at which m ost phylogenetic influence 
occurs.

Size-corrected dem ographic traits and their phylo­
genetic and population parts show  different patterns 
o f  correlation. Spearman’s rank correlations were esti­
m ated because the distribution o f  the com ponents is un­
known (Table 3). M any m ore correlation coefficients are 
significant in the phylogenetic com ponents matrix than in 
the size-corrected traits matrix (seven significant corre­
lation coefficients in phylogenetic com ponents, three in 
unpartitioned traits). M oreover, tw o o f  these correlation 
coefficients have opposite signs in the phylogenetic and 
population com ponents (rfLn,, T005) and r(Fb, L005)).

Principal com ponent analysis o f  the phylogenetic part 
o f  the traits exhibits the positive correlations o f  age at 
m aturity with size at m aturity, tim e-to-5% -survival, and 
the slope o f  the fecundity length relationship, all o f 
which are negatively correlated w ith adult size (1st axis); 
and the negative correlation between length at maturity 
and F b (2nd axis; F ig . 2A). On the plot o f  the popu­
lations’ first tw o  com ponents (F ig. 2B ), populations are 
perfectly sorted by order. Clupeiform es have a sm all size 
and a long  lifetim e relative lo  that size, an d  a late 
m aturity at a large size relative to  adult size. T o  sum  up, 
relative to  other fish they first grow  then reproduce. On 
the other extrem e o f  the gradient. G adiform es have a 
large size and a short lifespan relative to  their size, and 
they m ature early at a  sm all size. Their fecundity 
increases less steeply w ith size. In this order, reproduc­
tion starts well before the end o f  growth. Perciformes 
have the sam e kind o f  strategy, with a  sm aller size at 
m aturity relative to  adult size. P leuronectiform es have 
interm ediate strategies between these extremes.

fa b le  3. Spearm an’s rank  correlation m atrices o f  (a) size-corrected dem ographic traits; (b) their 
phylogenetic com ponents; and  (c) their popu la tio n  com ponents. Only significant corre la tion  coef­
ficients a t the  0,05 level arc  shown.

Am I'm I-Ô.05 F»i loos

(a) D em ographic traits
I'm 1
1-0.05 1
F b 1
To.os 0.49 - 0 .2 6 1
T R O -0 .2 5

( b )  Phylogenetic com ponents
I 'm 0.35 1
1-0.05 1
F b -0 .4 8 1
T o.05 0.56 0.26 - 0 .3 6 0.33 1
T R O - 0 .3 5

(c) P opulation  com ponents
Lm 1
1-0.03 1
F s 0.29 1
T o .05 0.41 - 0 .3 2 1
T R O
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Figure 2. Scaled p rincipal com ponent analysis o f  the phylogenetic parts o f  five life-history traits, (a) P lo t o f  the  original variables 
on the first tw o principal axes. T he first tw o axes account fo r 49%  and  21%, respectively, o f  to tal variance. Loadings o f  the 
variables on the first axis: T 00,  (tim e-to-5% -survival): 0.536; A,„ (age o f  m aturity): 0.497; F b (exponent o f  the  fecundity-length 
relationship): 0.428; L , ,^  (length-at-S%-survivaI): -  0.420; L m (length  a t  m aturity): 0.324. O n  the  second axis: L m: -  0.657; F b: 
0.523; I.0 .0 5 : ~  0.413; Am. -  0.354. (b) T he first tw o principal com ponents o f  populations. Each population  is connected to  the 
mean value o f  its o rder. I; C lupeiform es; 2: G adiform es; 3: Perciform es; 4: Pleuronectiform es.

There rem ain correlations between the population  
parts o f  the trails (T able 3), which m ight be interpreted 
as phenotypic trade-offs between the traits. A s  the 
four orders considered are characterized by different 
strategies, analyses o f  covariances o f  pairs o f  traits 
were perform ed to  test whether these trade-offs differ 
between orders. A m on g  the 10 possible pairs, three 
are significantly different am ong the orders a t the 
0.1 level, and they involve all o f  the five traits o f  
the analysis (Table 4); it  is  concluded that the co- 
variances between the population com ponents o f  traits 
differ between orders. H ence these com ponents were 
examined by order. T he correlation patterns o f  the 
population com ponents differ am ong orders, as shown  
by correlation m atrices (Table 5); life-history tactics 
differ am ong strategies. Their largest com ponents all 
involve T005, probably because fishing is the m ost 
contrasting variable am ong environm ents. T005 is 
negatively correlated w ith F b in Clupeiform es, posi­
tively w ith A„, in Perciform es, and negatively w ith Lm 
in Pleuronectiformes.

Discussion 
Life-history strategies

There is a  negative link between adult size, o n  the one  
hand, and lifespan and age at m aturity, on  the other

T able 4. A nalyses o f  covariance o f  pairs o f  the  population 
com ponents o f  traits. F  sta tistic (7, S9 degrees o f  freedom ; top) 
an d  p-value (bo ttom ) fo r the  m odel: Y = u 0 + p ¡+ p jX , i indexing 
fo r  orders.

Y /X Tfl.vs Am L,„ L> .05

A m 2.39
0.03

Lm 2.79 1.40
0.01 0.23

L 3 .0 5 0.42 0.42 0.25
0.89 0.89 0.97

F b 0.71 0.47 0.64 2.03
0.66 0.86 0.72 0.07
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Table 5. C orrelation  m atrices o f  the population  com ponents o f  life-history tra its  in three orders of' 
teleosts. O nly significant corre la tion  coefficients a t  the  0.05 level {one-tailed test) a re  show n. N o 
corre la tion  coefficient w as significant in G adiform es (n = 17).

A m  l- m  L a o s  F b

Clupeiform es (n =  !3)
Lra
Lo 05 1
Fb 1
To.05 - 0.47  Î
T R O  0.47

Perciform es (n = 25)
L„, I
Lo 05 I
F b 0.49 1
T 005 0.60 - 0 .4 3  I
T R Ó  - 0 .3 9  0.42

Pleuronectiform es (n =  12)
L,„ I
Lu,05 0.57 1
Fb Î
To.os - 0 .7 5  1
TR O

(F ig. 2). This pattern m ay be interpreted as follows: 
reaching a  large size m ay be costly  in terms oí' survival; 
a longer growth phase and increased m ortality would  
require earlier m aturity, well before the end o f  growth, 
in order for sufficient offspring to  be produced. The 
contrast between Clupeiform es, o n  the one hand, and 
G adiform es and Perciformes, on  the other, illustrates 
this trade-off and is in agreem ent with previous descrip­
tions o f  life-history strategies in Clupeiform es (Blaxter 
and Hunter, 1982) and G adiform es (M islop, 1984). It is 
also in accordance w ith the large com parative study o f  
life-history traits am ong N orth  Am erican fishes by 
W innem iller and R ose (1992), w h o concluded that a 
positive link exists between longevity and age at 
maturity; in m arine fishes they found a gradient from  
rapid m aturation at sm all sizes in som e Clupeiform es to  
a large clutch, episodic spaw ning strategy in a phylo- 
genetically diverse m ixture o f  fishes. However, this 
finding is  not in  accordance with the results o f  A dam s 
(1980), w h o predicted from  the r-K selection theory that 
adult size, m axim um  age, and age at m aturity should all 
be positively correlated. The observed patterns fit the 
prediction in the five groups o f  teleosts exam ined by 
Adam s. This m ay be due to the confounding effect o f  
body size. The r and K -selection hypothesis ignored size 
effects, as w ell as the fluctuations in m ortality and 
fecundity schedules (Steam s, 1976), and im port­
ant assum ptions such as the age structure o f  m ost 
population processes (Steam s, 1992).

Size a t m aturity is negatively correlated with the slope  
o f  the fecundity-length relationship. T his pattern is less 
strong and involves traits with a  lesser part explained by

phylogeny. However, the pattem  is in accordance with 
previous studies. A  com parative study o f  spawning 
between various herring and c o d  populations concluded  
that steep slopes o f  fecundity are linked w ith reduced 
grow th rate after m aturation (Schopka and Hempel, 
1973). W ootton  (1979), to o , concluded that short-lived  
species tend to  have lower values o f  b than longer-lived  
species from  a sei o f  124 observations on 62 species. We 
hypothesize that the m ore growth takes place after 
m aturity, the less energy is available for reproduction, 
resulting in a slower increase o f  fecundity w ith size.

A  com m on criticism o f  correlation studies is that 
phenotypic covariance between tw o  traits is n o t free o f  
environm ental effects; the differences in the am plitude 
and shape o f  reaction norm s o f  each trait m ay cause 
spurious phenotypic correlations (Pease and Bull, 1988; 
Steam s, 1992; Frank and Leggett, 1994). T he  decom ­
p osition  o f  traits into phylogenetic and population com ­
ponents used here is  an attem pt to  address this problem. 
Phylogenetic autoregression is purely em pirical and 
extracts the sim ilarities between neighbours from  the 
traits, w ithout any assum ption on  the w ay these sim i­
larities arose (G ittlem an and Luh, 1992). O n the one 
hand, w e lack evolutionary m odels and know ledge to 
m ake these assum ptions properly, hence a purely stat­
istical approach seem s reasonable. On the other hand, 
w e cannot exclude that part o f  the plasticity o f  the traits 
is sim ilar between neighbours and w ill b e assigned to  the 
phylogenetic com ponent o f  the trait. This is  especially 
true when the environm ents o f  the populations con­
sidered d o  n ot contrast m uch. For this reason, the 
study ideally should involve exploited and unexploited
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populations o f  each  species, because the autocorrelation  
method will ascribe to phylogeny the com m on features 
o f  conspecifics. B ut appropriate data are scarce because 
o f  the need fo r  reliable estim ates o f  m any traits from  the 
same period. T he present sam ple size is barely sufficient 
and the results w ould  probably be reinforced by 
increased sam pling. M oreover, the study is represen­
tative on ly  o f  the stocks used in the sam ple and not o f  all 
species o f  the four orders exam ined. This is because it 
was n ot possible to  obtain  a good  sam pling across 
phylogeny: m any taxa are lacking and the represented  
taxa are not given equal weight,

Life-history tactics

In Clupeiform es, the observed pattern m ight be inter­
preted as follow s: increased adult m ortality m ay induce 
a steeper increase o f  fecundity w ith size, but this increase 
in fecundity is n o t sufficient to  com pensate fo r  reduced 
lifespan. Therefore, increased adult m ortality results in 
decreased lifetim e fecundity. This scenario is in  agree­
ment w ith m uch published evidence from  single popu­
lations, where egg production is density-dependent, as in 
G ulf o f  M aine herring (K elly and Stevenson , 1985), 
South African Sardinops ocella tus  (A rm strong e t al.,
1989), and Japanese Sardinops sa g a x  (K aw asaki and  
Omori, 1995). But in m any cases increased fecundity  
com pensates on ly  partially for the reduction in stock  
caused by fishing: e.g. N orth  Sea D ow n s herring 
(Bridge, 1961), various populations o f  herring (Schopka  
and H em pel, 1973; W are, 1985), northern anchovy o ff  
California (F iedler e t a!., 1986), and A tlantic m enhaden  
(Brevoortia tyrannus) (Pow ell, 1994).

C om pensation seem s to  act m ainly on  fecundity in 
Clupeiformes. Density-dependent growth is frequent in 
herring populations (e.g. A nthony, 1971; Iles, 1971; 
Hubold, 1978; Toresen, 1990); changes in grow th are 
often associated w ith changes in age a t m aturity (e.g. 
Bridge, 1961; M urphy, 1977; H ubold, 1978). In other  
Clupeoids, these density-dependent responses in growth  
and m aturity are less clear (M urphy, 1977), although  
Arm strong e t al. (1989) report a decrease in length at 
maturity in  exploited  South African pilchard. This kind 
o f  response m ay occur in som e species but n o t in  all 
Clupeiformes.

In G adiform es, this study does not reveal any trend 
in the population com ponent o f  life-history traits. 
This m ay be d u e to  the w eak contrasts o f  the m ain  
environm ental variables acting on  the populations o f  
the sam ple. O f  17 G adiform es populations, 14 are 
from tem perate clim ates and 10 are heavily exploited  
(with fishing m ortality greater than tw ice the natural 
mortality) and none is unexploited. A s n o  positive link 
appears between total reproductive output and adult 
lifespan, w e m ay argue that G adiform es com pensate for  
increased m ortality, but this study does n ot tell us by

which m echanism s. From  num erous field observations 
w e k now  that age  at m aturity decreases as stock biom ass 
decreases in cod and haddock (H em pel, 1978; X u  e t a l., 
1993; Trippel, 1995). This pattern w ould  probably 
appear in this study i f  m ore unexploited or weakly 
exploited stocks were included. O n the other hand, 
Rijnsdorp e t al. (1991) report that in N orth  Sea cod  
1963-1989, reproductive output w as significantly 
enhanced in com pensation for losses due to  exploitation, 
entirely due to  increased fecundity. Increased fecundity 
at all ages should theoretically result from  increased 
m ortality (G adgil and Bossert, 1970). T his w ould  trans­
late to  an increase o f  the constant a  o f  the fecundity- 
length relationship. This parameter w as n ot included in 
the study because it is  statistically correlated with the 
slope b. H ow ever, it increases w ith increasing fishing 
pressure (m ean ln (a )fo r  F /M <1: -  1.89; for 1 s F /M < 2 :  
- 0 .9 0 ;  for 2 S F /M :  - 0 .5 5 ) .

In Perciform es, the analysis show s evidence o f  effec­
tive com pensations: a shorter lifespan is associated with 
earlier m aturity a t a larger size, probably as a result 
o f  increased growth. Early m aturity or  large size at 
m aturity results in a high lifetime fecundity. A s a  result, 
there is no link between lifespan and lifetim e fecundity. 
This is in agreem ent with field evidence: density- 
dependent growth and age at m aturity are known in 
m any Fercids (Spangler et al., 1977; Jensen, 1989) and 
in m ackerel from  different stocks (H em pel, 1978; 
O verholtz et a l.,  1991). Belk (1995) reports a decreased 
age and size at m aturity in biuegill sunfish (Lepom is  
m acrochirus) (Centrarchidae) experiencing high fishing 
pressure, relative to  populations with no fishing but 
heavier juvenile predation. In a  population  o f  perch 
(P erca  fluvia tilis), a higher temperature d u e to  a  nuclear 
pow er plant resulted in  earlier m aturity a t a  smaller 
size, increased adult m ortality, and reduced fecundity 
(Sandström  e t al., 1995). These last tw o  studies conclude  
that size at m aturity w ould  decrease w ith increased adult 
m ortality, as opposed to  the present results. T his m ay be 
due to  concom itant changes in juvenile m ortality in both 
studies. In addition , the increase o f  size a t maturity 
observed here is  relative to  adult size, which m ay 
decrease under high adult mortality.

A  large adult size  in Perciformes is associated with a 
high slope o f  the fecundity-length relationship. This 
trend is  difficult to  interpret in  the present study, because 
o f  the lack o f  data o n  proxim al factors that m ay cause 
these traits to  vary together. For exam ple, high resource 
availability m ay favour both growth to  a  large size and 
a steep increase o f  fecundity with size.

In P leuronectiform es, a large size is  associated with 
late maturity, whereas a long  lifespan is  associated with 
a  sm all size at m aturity. For flatfish, m uch has been 
published on  changes o f  traits under fishing pressure 
(T able 6). T he increase in size at m aturity under fishing 
pressure in N orth  Sea so le  is consistent w ith  the present
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T able 6. Published changes in various female traits (La: length-at-age, L m: length-at-m aturity; Am: age-at-m aturity; Lœ : asymptotic 
length; F ,: fccundity-at-age) o f  exploited flatfish populations (I: increased; D ; decreased; N : no  change).

Reference Species Location Period L . A„i L .  F.

de Veen (1976) Sole N orth  Sea 1957-1973 I I I 1
Pitt (1975) A m erican plaice G rand  Bank (3L, 3N) 1961-1972 1 N D I
T rippel (1995)

G ran d  Bank (3Ps) 1973.1988 D
Bowering (1989) W itch flounder N ew foundland 1950-1986 1 N D i
T rippel (1995)

G ran d  Bank (23, 3KL) 1970-1983 D
H aug and  Tjemsland (1986) A tlantic halibut N o rth  Norway 1956-1985 1 N D
R ijnsdorp  (1989, 1991); Plaice N orth  Sea 1904-1986 1 D D I

R ijsndorp  and  van Leeuwen (1992)
H orw ood eta !. (1986) Plaice N o rth  Sea 1947 1980 1

Table 7. Sum m ary o f  strategies an d  tactics am ong four orders o f  teleost species.

Tactics: com pensation  in 
reproduction  fo r high adu lt m orta lity

Strategies M echanism s Effective*

Clupeiformes F irst grow , then reproduce
Steep increase o f  fecundity with size 
Sm all size

G adiform es Large size
E arly m aturity  a t small size relative to
adult size

Perciform es E arly m atu rity  a t sm all size relative to
adu lt size

Pleuronectiform es In term ediate  strategy

Steeper increase o f  fecundity with size N o

Increase o f  fecundity  a t all ages, Yes
m ature a t  larger size

Earlier m aturity  a t  larger size relative to  Yes
adu lt size
M ature  a t  a  larger size o r earlier m aturity  Yes

•F o r  an  individual life time in the  range o f  m ortalities analysed.

study. In apparent disagreem ent is  tile increase o f  L ,, in 
expoited flatfish stocks. This is easily explained by the 
use o f  L0„5 instead o f  l . :M in the present study: length- 
at-5%-survival will tend to  decrease in exploited popu­
lations due to a  decrease in the m ean age o f  fish, even i f  
individual size is larger in  old  fish. T he present study 
does n ot evidence any decrease o f  age at m aturity in  
exploited stocks: in  flatfish there m ay be tw o groups o f  
populations, on e  with m aturity governed by size, the 
other on e  where age is m ore im portant than size (R off, 
1982, 1991). Plasticity versus age or size thresholds 
for m aturity is a tim ely question in anim al ecology  
(Bernardo, 1993), n o t on ly  in flatfish. A ccording to  
Kisdi and M eszéna (1993), for populations regulated by 
density dependence in variable environm ents, even the 
concept o f  optim al strategy is m eaningless, and m ultiple  
evolutionary stable strategies m ay exist: there m ay be  
m ore than one solution to a given problem.

The analysis o f  tactics within orders rather than any 
other taxonom ic level w as guided both by the good  
segregation o f  strategies at this level, and by the necessity  
o f  having enough populations in  each sam ple. But, as

discussed above for Clupeiform es and flatfish, different 
tactics m ay exist in each other. A lthough  the tactics have 
com m on features w ithin orders (sum m arized in  Table 
7, together w ith strategies), there is a  need for more 
detailed investigations at lower taxonom ic levels.

Tactics, strategies, and stock-recruitm ent 
relationships
Population regulation m ay involve tw o com ponents: 
processes w hich increase death rates and decrease 
recruitment w hen abundance is high, and processes 
w hich decrease death rates and increase recruitment 
when abundance is low. This analysis deals m ainly with 
the latter processes, as m ost o f  the populations exam ined  
are exploited stocks at low  abundance. T he tactics 
evidenced in each strategy relate to  those processes 
which a «  during d ie  adult phase, i.e., those which shape 
the left lim b o f  the sto ck -eg g  production relationships.

A m ong the four orders exam ined, three exhibit 
com pensation processes that keep  the individual life­
tim e fecundity at least at a constant level when adult
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mortality increases. In Clupeiform es, how ever, a high 
adult m ortality decreases the individual life-tim e fecun­
dity. In the absence o f  stronger com pensation  in the 
early life-history stages, this would result in a lesser 
resilience to  exploitation, relative to  other orders. A t the 
population level, I predict that the left lim b o f  the 
stock-egg production relationship in this order w ill be 
i>e»eath that o f  the other orders, and probably less 
convex. This is in accordance w ith M yers et al. (1995), 
who sought depensation at low  population  levels by 
testing for the shape o f  this left lim b in 128 sto ck -  
recruitment relationships: they found significant depen­
sation effects (inflection) in three cases, on e  herring and 
two Pacific salm on stocks. Three other stocks show  
evidence o f  depensatory dynam ics, a lthough not sig­
nificant: Pacific sardine, G eorges Bank herring, and  
Peruvian anchoveta. A m on g  the orders exam ined in the  
present study, on ly  Clupeiform es show  evidence o f  
depensation. I suggest that com pensation-depensation  
phenomena at low density m ay act partially in the egg  
production phase and not just in young stages survival.

Prom a m odel o f  energy allocation to  growth and  
reproduction, W are (1980) predicts that herring-like 
species, which have a steeper increase o f  energy allo­
cation to reproduction as surplus production increases, 
should have a smaller adult size, a higher size at 
maturity relative to  adult size, and a less convex sto ck -  
egg production curve than gadoids. The results o f  the 
present study fit this prediction and appeal for a m ore 
detailed prediction o f  the shapes o f  the egg production  
curves at low  abundances.

We may hypothesize that Clupeiform es populations 
are less resilient than other teleosts to  overexploitation, 
not only because o f  their short lifespan and aggregating 
behaviour, but a lso  because their strategy involves fewer 
flexible tactics. Other short-lived species with m ore 
efficient com pensatory effects m ay be m ore resilient, e.g. 
guppies (Atheriniform es), which are know n for high 
plasticity o f  growth and m aturity (Reznick, 1993). The 
strategy o f  Clupeiform es (“ first grow, then reproduce”) 
may be associated with a  less flexible allocation  o f  
energy to  growth and reproduction than strategies with  
m aturation m uch before the end o f  growth.
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