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A num ber o f strong regularities characterize certain very basic biological param eters in m arine fishes. 
For example, the  ovulated eggs of fish usually measure approximately 1 m m  in diam eter. T he small, 
relatively uniform  size of the eggs means th a t alm ost all fish larvae experience environm ental vari­
ability at very sim ilar scales, which itse lf establishes strong constraints for, and links between repro­
duction and recruitm ent. A dditional constraints emerge from seawater being a poor m edium  for 
respiration, which establishes further linkages between grow th and m ortality. These constraints have 
produced strongly convergent features, and thence the patterns in reproduction and grow th of 
marine fishes that are presented.
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IN T R O D U C T IO N

Science in  general, and ecology in particu lar, often 
proceed from  the  identification o f pa tte rn s  or 
p ropensities to th e  construction o f theories, th en  
back to the  detailed  analysis o f the  patterns, 
tow ard the developm ent o f m ore pow erful theories 
(Peters 1992; Levin 1993), or the  quan tification  
o f the  p ropensities (Popper 1996). T hus, p a tte rn  
recogn ition  and  explanation  o f the related  p ro p en ­
sities are keys to  increasing ecological know ledge 
(B akun 1996; P opper 1996). As advocated by 
B ascom pte and Solé (1998), referring to  spatio- 
tem poral p a tte rn s  in nature, new stages in  our 
u n d erstand ing  o f  ecological processes can only 
arise from  a fertile  in teraction  betw een theory and 
d a ta ’. However, questions m ay arise concerning the  
u b iq u ity  of pa tte rn s , especially w h eth er the  sam e
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basic pa tte rn s  occur in b o th  terrestria l and m arine 
environm ents.

Even though  the  ocean and  atm osphere share the 
sam e basic fluid dynam ics, s trong  differences in  
m ean  density  and viscosity  are observed (Steele 
1995). The sea consists o f  a fluid m ed iu m , and 
tu rb u le n t diffusion acts as the  m ain  dispersive 
m echanism  for sm all organism s, w hich live in a 
th ree-d im ensional env ironm ent; v iscosity  is a 
m ajor constra in t b u t g rav ity  is no t im portan t. 
F urtherm ore , there  is very li ttle  oxygen dissolved 
in  even the best-aerated w ater, as com pared  w ith 
the  0 2 conten t o f air. Because o f in ertia  in the 
m arine  environm ent, sea tem pera tu re  is m uch 
m ore p red ictab le , even at sm all scales, th an  air 
tem pera tu re; overall, the  ocean is less variable or 
‘no isy’ than  the a tm osphere (Steele 1985 , 1995).

T hese features have im p o rtan t im plica tions for 
the  life-h istory  o f m arine organism s, and  we shall 
illu stra te  these using  th ree  exam ples o f  linked 
adap tations generated  by these features, and 
involving the basis o f life-history. T h e  links 
betw een reproduction  and rec ru itm en t in  relation 
to  th e  physical env ironm ent, betw een g ro w th  and 
resp iration , and  betw een m o rta lity  and grow th
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w ill be p resen ted . Even tho u g h  these exam ples are 
no t exp lic itly  linked, they depict the  existence 
o f s trong  p a tte rn s  and regularities th a t can be 
observed in  m arine ecology.

Existence o f  an optimal environm ental 
w in d ow  for fish recruitm ent

W ith  few exceptions, the  ovulated eggs of fish 
usually  m easure approxim ately 1 m m  in  d iam eter 
irrespective o f the  size of the  adults (Fig. 1). T he 
relatively  un ifo rm  sm all egg-sizes im p ly  th a t 
nearly all fish larvae may experience environm en­
ta l variab ility  a t very sim ilar scales. F urtherm ore, 
as ad u lt fishes ten d  to be very large relative to  the ir 
eggs, m ost fish species produce orders o f m ag n i­
tu d e  m ore eggs and larvae than  are needed for 
replacem ent. T h e  vast m ajority  o f  these eggs and 
larvae die w ith in  a few days, and  ind iv iduals th a t 
do survive to  a m ore advanced stage (usually  well 
past m etam orphosis and se ttlem en t in  the case of 
dem ersal species) are referred to  as ‘recru its’.

Food availab ility  and physical constrain ts, such 
as tu rbu lence , are now considered to  be the  key 
factors affecting larval survival and subsequent 
rec ru itm en t (Bakun 1996; C ushing  1996), 
a lthough  o th e r factors, such as p redation , also 
appear to  p lay  an  im portan t role in  larval survival 
(Cham bers 1997). Food availability  for larvae 
is enhanced by w ind-induced  m ix ing , w hich 
increases p rim ary  production , up to  a p o in t where 
th e  biological processes are d istu rbed  by tu rb u ­
lence. C onsequently, the  relationsh ip  betw een
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Fig. 1. Size-frequency distribution of egg diameters 
in (EU) 139 marine fish species, also grouped into (©) 
103 families (based on data in FishBase98, see Froese 
& Pauly 1998). A log-normal distribution centered 
around 1.0 m m  is observed.

pelagic fish re c ru itm e n t and  w ind  in tensity , at 
least in  upw elling  areas, tends to  be dom e-shaped 
(Cury & Roy 1989; C ury  et al. 1995; Serra et al. 
1998); rec ru itm en t increases w ith  upw elling  
in tensity  u n til w in d  speed reaches a value of 
approxim ately  5 - 6  m s -1, c reating  an  optim al 
environm ental w in d o w  for rec ru itm en t (Fig. 2). 
Some turbu lence , because it  increases the  en ­
counter rate betw een  food partic les and  larvae, may 
be beneficial to  larval survival. H ow ever, intense 
w ind-driven  tu rb u le n t  m ix ing  th a t d isaggregates 
patches o f larval food is de trim en ta l. A lso, w ind- 
driven tu rb u le n t m ix in g  is associated w ith  strong 
offshore tran sp o rt, w h ich  displaces larvae from 
favorable coastal areas.

Given, th a t m ost fish species have larvae sim ilar 
in  size to those o f  pe lag ic  species th a t are abundan t 
in  upw elling  system s, o p tim al cond itions for the 
survival o f fish larvae in  general should  correspond 
to  w ind  in tensities o f  5—6 m s -1. As i t  tu rn s  out, 
th is  is approxim ately  th e  average w ind  speed above 
w hich w ind  stress begins to  exert a m easurable 
m ix ing  effect on the  surface layer o f th e  near-shore 
w ater (K ullenberg  1978), and  also the  threshold 
value above w hich  w ind  m ix ing  tends to  d isag­
g regate  p h y to p lan k to n  patchiness (T herriau lt & 
P la tt 1981). T h is  range o f w ind  values also defines 
the  spatial and  tem pora l w indow s for pelag ic fish 
rep roduction  in  upw ellin g  zones (Shin et al. 1998).

Selective pressures have strong ly  shaped repro­
ductive life-history  tra its  such as egg-size and 
therefore p a tte rn s  betw een fish rec ru itm en t (the 
dom e-shaped re la tionsh ip  o f  the  o p tim a l environ­
m en ta l w indow ) or th e  spatia l fish reproductive 
stra tegy  coupled w ith  the env ironm ent appear to 
be consisten t betw een fish species.

Relationships betw een  grow th and 
respiration

W h ile  local cond itions (food, tem p era tu re  etc.) do 
affect the  precise course o f th e  g ro w th  o f  fish and 
the  t im in g  o f th e ir  m a tu ra tion , clear patterns 
em erge w hen for d ifferent popu la tions and  species, 
K  (expressing th e  rate a t w hich the asym pto te  of 
the  von Bertalanffy g ro w th  curves is approached) 
is p lo tte d  again st the  corresponding asym ptotic 
size, expressed e ither in  leng th  (L„) or w eight 
(W M). F igure  3 shows such patte rn s  for fish in 
general, based on groups as diverse as gobies (LM =
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Fig. 2. Dome-shaped pattern between pelagic fish recruitm ent and wind-speed in different upwelling areas and for 
different species, as obtained by the alternating conditional expectation algorithm. The transformed value (Y-axis) 
indicates the shape of the transformation that is suitable for the X-values. The pattern obtained defines the optimal 
environmental window and explains approximately 20% of the recruitment variance (adapted from Cury & Roy 
1989, Cury et al. 1995, Serra et al. 1998). (a), Californian sardine; (b), Californian anchovy; (c), Peruvian anchoveta; 
(d), Chilean sardine; (e), Morrocan sardine; (f), Senegalese sardinella.
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Fig. 3. Plot of the parameter K  of the von Bertalanffy 
growth function against the corresponding estimate 
of asymptotic weight in 2948 different populations of 
608 species of fishes, of which six are highlighted 
(Based on data in FishBase98, see Froese & Pauly 1998). 
A, Spratellodies delicatulus', B, Decapterus macrosoma; C, 
Thunnus albacaras', D , Cottus gobio', E, Trachurus trachu­
rus', F, Scomberomorus cavalla.

1.2 cm ), whale sharks (L0o= l 6 m ) ,  fast-grow ing 
tunas, slow -grow ing rockfishes, etc.

O n  aux im etric  (‘g ro w th  m easu ring ’) p lo ts such 
as F ig . 3, the different stocks o f ind iv idual species 
form  d is tin c t ellipsoid clusters, whose m ain  axis 
has, an  average slope o f —2 (w hen log K  is p lo tted  
against log  LO or —2/3 (w hen lo g K  is p lo tted  
against log W „), w hich is m uch  steeper th an  the 
slope o f the  cluster rep resen ting  fishes as a whole 
(Fig. 3). G enera form larger clusters, w ith  slopes 
th a t  are less steep, and  th is  is even m ore m arked 
w hen fam ilies • are plotted., whose average slope 
often  approxim ates th a t o f  the  p a tte rn  for all fishes 
(Fig. 3). Such propensities cannot be explained by 
local conditions (i.e. fish stock X  in the  Bay o f Y 
in  year Z  had a certain  set o f g row th  param eters 
‘because’ o f  El N iño  effects in  th a t year), a lthough 
th is  is s till com m only seen in  the literature.
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Fig. 4. Plot of the parameter K of the von Bertalanffy 
growth function against the corresponding estimate of 
asymptotic weight (W„) in 2948 fish populations (608 
species), w ith superimposed isolines predicting K, 
given and Gili Area Index (GI; in cm2g_I) values. 
The isolines are derived from a m ultiple regression, 
including 52 species, of logK  against logW ^ and gili 
area at log W TO, the latter estimated from GI X 
log W ^8; details in FishBase (Froese & Pauly 1998; 
Pauly 1998a). This plot suggests that fish of a given 
size can exhibit rapid growth (high K values) only if 
they have large gills, as illustrated here by the contrast 
between the fast-growing Thunninae (®, tunas and 
frigate mackerels) and the slower-growing Pleuronecti­
dae (© , flatfishes).

R ather, local conditions can only m odify p re ­
ex is tin g  propensities, them selves due to  som e con­
served features of the species in  question.

G iven the  properties o f  w ater, particu larly  w ith  
regard  to dissolved 0 2 (see above), a theory has 
been proposed w hich suggests th a t i t  is 0 2 supply 
th ro u g h  the g ills, and hence g ili  area itself, w hich 
acts as the lim itin g  factor for fish g row th  (Pauly 
1979, 1981, 1997, 1998a, 1998b). W h ile  we 
cannot discuss the various corollaries o f th is  theory  
here, we presen t a new g rap h  illu stra tin g  its key 
feature: the relationship betw een  th e  g ili area of 
fishes and th e ir  position  on an aux im etric  g rid
(Fig. 4).

Relationships betw een natural mortality 
and growth

Ind iv idual g row th , in  fishes, m u st com pensate for 
th e  huge loss o f eggs and larvae a lluded  to  above, 
and  g row th  param eters can thus be expected to be 
closely related to  natu ra l m o rta lity  (M). T his is 
illu stra ted  here in Fig. 5, u sin g  w hat is p robably  
th e  largest set o f  independen t estim ates o f M  avail­
ab le  for any g roup  o f an im als. As expected, M
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Fig. 5. Relationship between natural mortality (M) 
and growth parameters in 358 fish populations, repre­
senting 215 species (based on data in FishBase98, see 
Froese & Pauly 1998). (a), Plot of M against asymptotic 
length (LA; (b), Plot of M against the parameter K of 
the von Bertalanffy growth function. N ote the propen­
sity for M to be higher in ( • )  warm-water (>20°C; 
«=105) than in ((D ) cold-water populations, given 
values of Loo (a) and/or K (b).

correlates s tro n g ly  w ith  the  g ro w th  param eters 
and K , thus confirm ing earlier analyses based on 
sm aller da ta  sets (Pauly 1980). M oreover, the  plots 
also docum ent a  strong tem pera tu re  im pact on M; 
this effect is q u ite  understandab le  if  tem peratu re  
is assum ed to  affect life h istory  v ia respiration  and 
grow th. H ow ever, the  s trong  effect o f tem peratu re  
on M is p ro b lem atic  for theories in w hich the  ratio 
M /K  is supposed to  be ‘in v arian t’ (Charnov 1993).

DISCUSSION

Fish have been very successful on earth , and  in  fact 
they com prise m ore than  h a lf o f all described ver­
tebrates. T h is  success is linked  to the  particu lar life 
history  tra its  th a t  evolved to  ensure survival in  a 
viscous, tu rb u le n t and n u tritio n a lly  d ilu te  envir­
onm ent. W e view  the tw o sets o f propensities
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concerning reproduction  and g row th  illu stra ted  
above, as im p o rtan t elem ents o f any th eo ry  th a t 
strives to  explain  the dynam ics o f m arin e  fishes. 
A n  extension o f  the  fundam ental m echanism s we 
presen t here m ay explain w hy popu la tions ten d  to 
m a in ta in  them selves over tim e. T his, w e propose, 
w ould  be a useful coun terpo in t to  th e  presen t 
em phasis on popu la tion  ‘variab ility ’, a phenom e­
non far less w ondrous, if  one stops to  th in k  about 
i t, th an  popu la tion  constancy in the  face o f envir­
onm enta l variab ility  (U rsin 1973; C ury  1994; Le 
Page & C ury 1997). Such a shift o f em phasis w ould 
also acknow ledge the fundam ental differences, 
illu stra ted  here, betw een m arine and  terrestria l 
env ironm ents. In  particular, m arine fishes have 
been shaped by strong constraints, w hich  once 
overcom e, have produced strongly  convergent fea­
tu res, and  thence  predictable pa tterns. E x trac ting  
p a tte rn s  and  propensities in  nature could  be m uch 
m ore tractab le  in  m arine ecology th an  in  terrestria l 
ecology.
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