
Reimpression duReprinted from

Patterns of life-history diversification in North American
fishes: implications for population regulation

K. O. WINEMillER AND K. A. ROSE

1992Number 10Volume 49 ..
Pages 2196-2218

(~nada FISheries
and Oceans

~hes
et Oceans

~ in can.s. by The ~ ~ LIni8d
~ au C8n8da per The RU"98 Pr8SS ~
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Interspecific patterns of fish life histories were evaluated in relation to several theoretical models of life-history
evolution. Data were gathered for 216 North American fish species (57 families) to explore relationships among
variables and to ordinate species. Multivariate tests, performed on freshwater, marine, and combined data ma-
trices, repeatedly identified a gradient associating later-maturing fishes with higher fecundity, small eggs, and
few bouts of reproduction during a short spawning season and the opposite suite of traits with small fishes. A
second strong gradient indicated positive associations between parental care, egg size, and extended breeding
seasons. Phylogeny affected each variable, and some higher taxonomic groupings were associated with particular
life-history strategies. High-fecundity characteristics tended to be associated with large species ranges in the
marine environment. Age at maturation, adult growth rate, life span, and egg size positively correlated with
anadromy. Parental care was inversely correlated with median latitude. A trilateral continuum based on essential
trade-offs among three demographic variables predicts many of the correlations among life-history traits. This
framework has implications for predicting population responses to diverse natural and anthropogenic disturbances
and provides a basis for comparing responses of different species to the same disturbance.

Les caracteristiques du cycle biologique communes a plusieurs especes de poissons ont ete evaluees par rapport
a plusieurs modeles theoriques de I'evolution a I'interieur du cycle biologique. On a recueilli des donnees sur
216 especes nord-americaines de poissons (57 families) afin d'explorer les rapports entre differentes variables et
afin de classer les especes. Des tests multivaries, faits sur des matrices correspondant aux eaux douces, aux eaux
de mer et aux deux, ont regulierement fait ressortir un gradient qui associe les poissons a maturation lente a une
fertilite elevee, a la petitesse des oeufs et au nombre restreint de peri odes d'activite sexuelle au cours d'une breve
saison de fraie, et qui associe les traits opposes aux poissons de petite taille. Un deuxierne gradient marque a
indique des associations positives entre les soins des parents, la grosseur des oeufs et I'existence de saisons de
fraie prolongees. La phylogenie a des effets sur chacune des variables, et certains groupes taxonomiques supe-
rieurs sont associes a des strategies particulieres du cycle biologique. II tendait a exister un rapport entre la fertilite
elevee et I'aire de distribution des grosses especes en milieu marin. L 'Age a maturite, la vitesse de croissance des
adultes, la duree de vie et la grosseur des oeufs etaient tous en correlation positive avec I'anadromie. Les soins
des parents etaient en correlation inverse avec la latitude mediane. Un ensemble trilateral de donnees fondees
sur des compromis essentiels entre trois variables demographiques, permet de predire beaucoup de correlations
avec les caracteristiques du cycle biologique. Ce cadre d'examen est utile a la prevision des reponses de popu-
lations a differentes perturbations naturelles et d'origine anthropique, et il procure la base pour la comparaison
des reponses de differentes especes a une m~me perturbation.
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in different geographical locations involving different fish
faunas.

Because it is qualitative and emphasizes the physiological
ecology of early life stages, the reproductive guild concept is
limited in its application to many practical problems. Much of
population biology and fisheries science is founded in mathe-
matical formulations, and a framework based on developmental
physiology does not easily yield quantitative predictions.
Hence, a general, yet quantitative comparative framework that
could interface with both qualitative schemes, like reproductive
guilds, and quantitative population models is desirable. To pro-
vide a further step toward a conceptual framework of fish eco-
logical strategies, we examine patterns of life-history variation
among North American fresh water and marine fishes and eval-
uate gradients of variation in relation to several earlier models
of life-history evolution.

Because life-history traits are also the fundamental deter-
minants of population performance, the investigation of life-

B alon (1975) listed the requirements for a comparative
framework useful for predicting the response of fish pop-
ulations to different kinds of environments and disturb-

ances. Such a framework should contain few categories and
allow researchers "to build from bits and pieces of available
information about reproductive strategies" (Balon 1975).
Moreover, it should group similar species irrespective of phy-
logenetic origin. In other words, adaptive convergences should
be stressed over phylogentic affiliations. Balon's (1975; Balon
et al. 1977) reproductive guild framework was based on the
premise that environmental requirements and adaptations of
early life stages are likely to account for a large amount of the
variance in densities and geographical distributions of fish pop-
ulations. Reproductive guilds permit researchers and resource
managers to identify common ecological features and problems
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relation to different scales of variation in resources and sources
of mortality.

Materials and Methods

Life-History Data Set2

Estimates of fish life-history traits were obtained from
literature sources that summarize large amounts of quantitative
data for individual species (e.g. Carlander 1969, 1977; Hart
1973; and synopses of biological data published by Food and
Agriculture Organization, Rome). In some instances, we
consulted the original studies cited in the species synopses to
allow better judgement of the method of estimation and
reliability of data. Most fish species exhibit considerable
interdemic variation in life-history traits over their geographical
ranges. Therefore, we determined the average or modal value
of traits by using data from populations located near the center
of species' ranges. For example, if a freshwater species ranged
from central Canada to the Tennesse River, we sought studies
conducted near the latitudes of the Great Lakes. When limited
data were available near the center of the range, we sought
estimates from peripheral populations in an incremental fashion
(working outward from the center of the range). When no
reliable data were found for a given trait, that cell in the species
by life-history trait matrix was left blank and all calculations
calling for the trait eliminated the species from the analysis.
Whenever maturation and growth data were reported for the
sexes separately, we used the estimates for females. In some
instances, total lengths were calculated from standard lengths
or fork lengths using published conversion equations. Because
no conversion equations were available for North American
cavefishes (Amblyopsidae) , we estimated conversion ratios
from measurements of photographs.

Data were obtained for the following 16 life-history traits.
(I) Age at maturation - the mean age at maturation in years,

or when estimates were in summarized form, the modal age of
maturation.

(2) Length at maturation - the modal length at maturation
in millimetres total length (TL), or if not reported, either the
median or minimum length at maturation.

(3) Maximum length - the maximum length reported in
millimetres TL.

(4) Longevity - maximum age in years.
(5) Maximum clutch size - the largest batch fecundity

reported.
(6) Mean clutch size - the mean batch fecundity for a local

population, i.e.data from a specific location or ecosystem,
calculated as

"

L N/F;
(I) E = i-I

strategies is central to both theoretical ecology and resource
management. Life-history theory deals with constraints among
demographic variables and traits associated with reproduction
and the manner in which these constraints, or trade-offs, shape
strategies for dealing with different kinds of environments. Life-
history trade-offs may have a primarily physiological basis (e.g.
clutch size and investment per offspring; Smith and Fretwell
1974), a demographic basis (e.g. intrinsic rate of increase and
mean generation time; Birch 1948; Smith 1954), an ecological
basis (e.g. provision of parental care and clutch size; Sargent
et al. 1987; Nussbaum and Schultz 1989), or a phylogenetic
basis (Gotelli and Pyron 1991). Of course, organisms consist
of complex suites of life-history traits, so that genetic corre-
lations between coevolved traits exhibiting a strong trade-off
can indirectly result in correlations with other traits (Pease and
Bull 1988). For example, Roff (1981) reevaluated Murphy's
(1968) findings for clupeid life histories and concluded that
variation in reproductive life span could be explained by its
correlation with age at maturity, rather than as a direct evolu-
tionary response to variation in reproductive success.

Insights into the evolutionary response of life-history param-
eters to different environmental conditions and spatiotemporai
changes usually come from two approaches: theoretical models
of life-history evolution (e.g. Cole 1954; Cohen 1967;
Goodman 1974; Schaffer 1974; Green and Painter 1975; Boyce
1979; Roff 1984; Sibly and Calow 1985, 1986) and analyses
of empirical patterns (e.g. Kawasaki 1980; Stearns 1983; Dun-
ham and Miles 1985; Roff 1988; Winemiller 1989; Paine 1990).
Both of these approaches have relied, to a large degree, on the
r-K continuum (Pianka 1970) or similar unidimensional
schemes (e.g. bet-hedging (Murphy 1968) and iteroparity-
semelparity gradients (Cole 1954; Schaffer 1974» as the basis
for comparing alternative life-history strategies. Triangular
continua containing three endpoint strategies (r-, K -, and stress-
or adversity-resistance) have been adopted to interpret patterns
and consequences of observed life-history variation in plants
and insects (Grime 1977, 1979; Southwood 1977, 1988; Green-
slade 1983). Studying fishes in very different environments,
Kawasaki (1980, 1983), Baltz (1984), and Winemiller (1989;
Winemiller and Taphorn 1989) independently identified three
similar strategies as endpoints of a triangular continuum. Fol-
lowing Winemiller (1992), these can be classified as (I) small,
rapidly maturing, short lived fishes (opportunistic strategists),
(2) larger, highly fecund fishes with longer life spans (periodic
strategists), and (3) fishes of intermediate size that often exhibit
parental care and produce fewer but larger offspring (equilib-
rium strategists).

Here, we further evaluate the trilateral continuum model of
fish life-history strategies by analyzing data from 216 North
American freshwater and marine fish species. Even though
many North American species are not included here, the breadth
and evenness of phylogenetic coverage should be sufficient to
identify major axes of life-history variation and to ordinate spe-
cies into a framework of basic ecological and demographic
strategies. We adopt broad interspecific comparisons under the
assumption that consistent intercorrelations among life-history
features across widely divergent taxa are likely to reveal both
fundamental constraints and adaptive responses to environ-
mental conditions. Life-history traits and strategies are then
examined with respect to phylogeny, and observed patterns are
evaluated in reference to several models of life-history evolu-
tion and population regulation. Finally, we argue that greater
understanding of population regulation in fisheries can be
achieved by contrasting alternative life-history strategies in
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where E is the mean clutch, Nj is the number of individuals in
age or size class i, Fj is the number of mature eggs per clutch,
and n is the number of age or size classes in the population.

(7) Egg size - the mean diameter of mature (fully yolked)
ovrian oocytes (to nearest 0.01 rom).

2 A database listing our principal literature sources. life history traits.

and numerical estimates is available. for a nominal fee. from the Dep-
ository of Unpublished Data. CISTI. National Research Council of
Canada. Ottawa. Ont. KIA OS2. Canada.
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where I, is the annual length gain for adults in age class i. Lj is
TL for an adult entering age class i. and n is the number of
adult age classes.

Within local populations and size classes. individual fish
exhibit considerable variation in life-history traits. Our analysis
assumes that measures of central tendency for populations near
the center of their species distributions allow the investigation
of relationships among life-history variables within a broad
inter-specific context.

Phylogeny and Ecological Data Set

Phylogeny of North American fishes follows Lee et al. ( 1980)
for freshwater fishes and Nelson (1984) for marine fishes. We
coded family and order as categorical variables for statistical
analyses of phylogenetic influences on life-history traits. Each
species was classified as either freshwater or marine depending
on where the greatest fraction of the life cycle occurred. Because
the majority of the estuarine populations extend into other
coastal marine habitats, estuarine fishes were included in the
marine category. We obtained data for marine populations of
Oncorhynchus mykiss (steelhead), Menidia beryllina (inland
silverside), and Gasterosteus aculeatus (threespine stickle-
back) and data for a landlocked freshwater population of
Oncorhynchus nerka kennerlyi (kokanee salmon).

For each species, the ecological data set consisted of varia-
bles characterizing its geographical range, general habitat, and
general ecological niche. We recorded the midrange latitude
and total range in latitude for each species based on range maps
or verbal accounts of species' ranges. Each species was clas-
sified as either benthic (I), epibenthic (2), or pelagic (3) based
on accounts of the normal depth distribution of adult fishes.
The basic adult habitat was classified as either caves or springs
(0), small cold-water streams (1), small warmwater streams
(2), river channels (3), river backwaters and lakes (4), estuaries
(5), marine benthic (6), or marine pelagic (7). Fishes that are
common in two or more categories or occupy intermediate hab-
itats were assigned fractional values (e.g. habitat = 2.5 for
/ctiobus bubalus (smallmouth buffalo) which commonly occurs
in both rivers and lakes). Based on summarized diet informa-
tion for adults, trophic status was classified as either detritivore/
herbivore (1), omnivore (2), invertebrate-feeder (3), or pisci-
vore (4). Fishes that consume large quantities of both inverte-
brates and fishes formed a fifth intermediate category (e.g.
trophic status = 3.5 for Micropterus dolomieu (smallmouth
bass». The relative migratory behavior of each species was
classified under the headings anadromous (I), sedentary (0),
and catadromous (-1). Fishes exhibiting spawning runs from
lakes into rivers or from rivers into affluent tributaries (pota-
modromy) were classified as 0.5, and fishes exhibiting spawn-
ing migrations from nearshore to offshore were classified as
-0.5.

Data Analysis and Comparisons

Analyses based on broad interspecific comparisons yield pat-
terns that have resulted from many generations and thousands
of years of evolution. As a consequence, comparisons involv-
ing many taxa and large phylogenetic breadth should contain
fewer idiosyncracies due to genetic correlations carried along
within a particular phylogenetic lineage (= phylogenetic con-
straints). If divergent lineages are not given fairly equivalent
representation, taxonomic bias can enter into interspecific com-
parisons (Pagel and Harvey 1988). Some have even argued
against the use of species in comparisons (e.g., Ridly 1989).

(8) Range of egg sizes - the range of diameters for mature
ovarian oocytes reported for a local population (0.01 mm).

(9) Duration of spawning season - number of days that
spawning or early larvae were reported.

(10) Number of spawning bouts per year - the mean number
of times an individual female was reported to spawn during a
year. Because multiple spawning bouts are difficult to document
in wild fishes, many of the estimates used in this analysis are
probably underestimates. Several recent studies of small
cyprinids and percids indicate that multiple clutches may be
common in small fishes having small clutches (e.g. Heins and
Rabito 1986; Heins and Baker 1988; James et al. 1991). When
two fairly distinctive size classes of ova were reported in mature
ovaries and other evidence was consistent with a hypothesis of
repeat spawning, we recorded the species as having two bouts
per year. Following Hubbs (1985), we used an average
interbrood interval of 10 d for estimates of spawning bouts for
several darters (Etheostoma, Percidae) that exhibited strong
evidence of multiple clutches.

(11) Parental care - following Winemiller (1989), quan-
tified as I.x; for i = I to 3 (XI = 0 if no special placement of
zygotes, 1 if zygotes are placed in a special habitat (e.g.
scattered on vegetation, or buried in gravel), and 2 if both
zygotes and larvae are maintained in a nest; X2 = 0 if no parental
protection of zygotes or larvae, I if a brief period of protection
by one sex « 1 mo), 2 if a long period of protection by one
sex (> I mo) or brief care by both sexes, and 4 if lengthy
protection by both sexes; and X3 = 0 if no nutritional
contribution to larvae (yolk sac material is not considered here),
2 if brief period of nutritional contribution to larvae (= brief
gestation « I mo) with nutritional contribution in viviparous
forms), 4 if long period of nutritional contribution to larvae or
embryos (= long gestation (1-2 mo) with nutritional
contribution), or 8 if extremely long gestation (>2 mo). We
reason that, in terms of benefits received by offspring, gestation
with nutritional contribution is approximately equivalent to
biparental brood guarding during an equivalent time period.
Parental care values (I.xJ ranged between 0 (no care) and 8
(long gestation in some embiotocid fishes) in the North
American fish data set.

(12) Time to hatch - the mean time to hatch within the range
of values for average midseason temperatures, or when not
reported, the mean, modal, or midrange time to hatch at the
highest temperature reported within a reasonable range (relative
to local ambient temperatures) for a given locality.

(13) Larval growth rate - mean increment in millimetres TL
during the first month following hatching. We subtracted the
length of larvae at hatching from the mean length attained after
the first month. For the few species with larvaJ stage duration
<1 mo, we converted mean daily growth rates to mean
increments for 30 d.

(14) Young of the year (YOY) growth rate - mean increment
in millimetres TL during the first year following hatching or
independent life for viviparous fishes. We subtracted the length
of larvae at hatching from the mean or modal length attained
after the first growing season.

(15) Adult growth rate - mean increment in millimetres TL
per year of life over an average adult life span (in this case,
data were not weighted by sample size of age cohorts).

(16) Fractional adult growth - mean fraction of millimetres
TL gained per year in a normal adult life span, calculated from

II

L ljlLj-JG = ;-2
n

Can. J. Fish. Aqua/. Sci., Vol. 49, /9922198



only one species per genus. The species used to represent gen-
era were selected in alphabetical order to reduce experimenter
bias.

To further test relationships between life-history patterns and
the species' environmental biology, we performed canonical
discriminant function (COP) based on nine life-history varia-
bles and three ecological variables (habitat, trophic status,
migration) and parental care recorded as classification varia-
bles. CDF derives canonical variables from the set of life-his-
tory variables in a manner that maximizes multiple correlations
of the original variables within groups. To show general asso-
ciations between ecological groupings and suites of life-history
traits, we plotted the means and standard deviations of each
class on the first two COF axes.

Results

Univariate Comparisons

Life-history parameters showed large variation both within
the entire data matrix and within orders containing the largest
number of species. Standard deviations approached, and in
many instances exceeded, the magnitude of the mean values
for life-history traits (Table 1). The pygmy sunfish, Elassoma
zonatum (Centrarchidae), was the smallest fish in the overall
North American data set (minimum size at maturation
= 25.0 mrn). The largest fishes were the Atlantic sturgeon,
Acipenser oxyrhynchus (Acipenseridae) (length at maturation
= 2.5 m), Pacific halibut, Hippoglossus stenolepis
(Pleuronectidae) (maximum length = 2.7 m), and ocean
sunfish, Mola mola (Molidae) (maximum length = 3 m). The
smallest maximum clutches (batch fecundities) were recorded
for two live bearing surfperches (Embiotocidae) ,
Hyperprosopon argenteum (12) and Cymatogaster aggregata
(20). The largest clutch size estimates were for the ocean sunfish
(average = 300 x 1(('), Atlantic cod, Gadus morhua (Gadidae)
(maximum = 12 x 1(('), and ~n, Megalops atlanticus
(Elopidae) (maximum = 12.2 x 1()6). Reported estimates of
average egg sizes ranged from a minimum of 0.45 mrn in
diameter for the bay anchovy, Anchoa m;tchilli (Engraulidae),
to a maximum of 20.5 mrn for the mouthbrooding gafftopsail
catfish, Bagre marinus (Ariidae). Average larval growth rates
ranged from a minimum estimate of 1.3 mrn TUmo for lake
whitefish, Coregonus clupealormis (Salmonidae), to a high of
69.9 mm TUmo for longnose gar, Lepisosteus osseus
(Lepisosteidae) .

Comparisons between marine and freshwater fishes showed
differences in the distributions of life-history attributes (notable
examples illustrated in Fig. 1). Statistically significant mean
differences are reported with the following notation: t = value
from two-sample I-test, z = value from Mann-Whitney U-test.
Because both data sets were biased somewhat in favor of larger,
commercial species, our interpretations of these univariate
comparisons are tentative. As a group, marine fishes matured
later (mean marine (m) = 3.38 yr, mean freshwater (/)
= 2.74 yr, t = 1.97, df = 194, P < 0.05; Fig. la), matured
at larger sizes (m = 320 mrn, 1= 186 mrn, t = 4.03, df =
202, P< O.(xx)l), lived longer (m = 13.0 yr,l = 9.7 yr, t =
2.19, df = 185, P < 0.05), had larger mean clutches (m =
1 554 400, 1= 113376, t = 4.34, df = 189, P < 0.(xx)1;
Fig. Ib), had longer spawning seasons (m = 103 d,l = 59 d,
t = 5.55, df = 213, P < 0.<XX>1; Fig. lc), had larger YOY
growthrates(m = 131.2mm/yr,j= 98.4mm/yr,z = 2.10,
P < 0.0025), and had larger adult growth rates (m = 50.8 rnm/
yr,1 = 30.5 rnm/yr, z = 3.12, P < 0.001) than freshwater

In essence, the comparative approach requires that a pattern be
repeated consistently within a variety of taxa (i.e. conservation
or convergence of pattern), or the effect of phylogeny be held
constant (or adjusted for statistically), if hypotheses of adap-
tation are to be tested. To maximize the likelihood that emer-
gent patterns reflect adaption, we examined life-history patterns
based on a variety of different combinations of life-history traits
and various ecological and phylogenetic subsets of the overall
data set.

Because some distributions of raw life-history traits were log-
nonnal, data were In-transformed for parametric statistical tests.
All statistics were calculated using SAS (SAS Institute Inc.
1987). Univariate comparisons between various subsets of the
data set used either I-tests (two-sample, two-tailed) or Mann-
Whitney U-tests when data were interval or did not approximate
a normal distribution. Bivariate relationships among four cat-
egorical ecological variables and parental care (ordinal scale)
were also analyzed using Spearman's rank correlation coeffi-
cient. Chi-square tests for goodness of fit were used to compare
frequency distributions of life-history traits for marine and
freshwater fishes.

Nested analysis of covariance was used to test for effects of
phylogeny and body size on life-history traits. Order and family
were used as independent variables in tests of phylogenetic
effects (family nested within order). Mean TL at maturation
(In-transformed) was used as an index of body size. For addi-
tional insights into the effects of phylogenetic affiliation on life-
history patterns, bivariate relationships among several key life-
history variables were analyzed within several orders that con-
tained many species.

To explore patterns of association among life-history traits
and ordination of species, a series of principal components
analyses (PCA) was performed on In-transformed life-history
data. All PCAs were calculated from the correlation matrix to
standardize for the influence of unequal variances. Because data
were lacking for some traits for some species, analyses that
involved more life-history variables resulted in ordination of
fewer species. Therefore, separate PCAs were performed on
marine, freshwater, and combined fish data sets: one using 12
relatively nonredundant life-history variables (analyses omit-
ting maximum length (redundant with size at maturity), max-
imum clutch (redundant with average clutch), range of egg size
(redundant with egg size), and either length or age at maturation
(highly correlated with each other)) and another using only five
life-history variables (length at maturation, mean clutch, egg
size, spawning bouts, parental care). The five life-history var-
iables retained for the five-variable analyses were selected based
on their dominant influence in the 12-variable PCA models,
except that length at maturation was substituted for age at matu-
rity in the five-variable data set in order to increase the number
of species retained in the analysis.

Although values for parental care were ordinal, we included
In-transformed parental care values in multivariate analyses
because they approximated a normal distribution within most
groupings and were derived from an algorithm that combined
several independent attributes into a single numeric value.
Because some life-history researchers have identified an influ-
ence of body size on other life-history traits, some PCAs were
done both with and without length partialled-out of the other
variables (i.e. multivariate analyses are based on relationships
among the residuals from regressions of variables with length).
To test for potential biases resulting from disproportionate
inclusion of some taxa in the global data set (e.g. Lepom;s spe-
cies. N = 8), PCA was also performed on a data set containing
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TABLE 3. Pearson product-mo~nt cone lations among five life-history
variables by fish order. All variables were In-transformed. .p < O.OS;
..p < O.(xx)I; x. no variation recorded in one variable.

Cyprilli/on.wS (N = 27)

0.78.. 0.71.
- 0.55.
- -
- -

-0.54-

-0.6.1-

-0.38

-0.3S
-0.S4*
-0.10

0.36

Length at maturity
Mean clutch size
Egg size
Spawn bouts

P~"'4..rIt£$ (N = 58)

0.88** -0.18
- -0.48*
- -
- -

Length at maturity
Mean clutch size
Egg size
Spawn bouts

-0.67.. -0.45.
-0.54.. -0.65..

0.38. 0.59..
- 0.19

PkMronE..-;ifw-.el (N = J J )

-0.08 -0.34 0.14
- -0.27 -0.68-
- - -0.24

shows a large range of life-history strategies for most orders
within both the freshwater (Fig. 3) and marine (Fig. 4) groups.
Relative to other freshwater fishes, lake sturgeon (Ac;penser
fulvescens) and paddlefish (Polyodon spalhula) exhibit an
extreme strategy (i.e. extreme JX>Sitive values on abscissa in
Fig. 3) in which age and size at maturation are large, eggs are
numerous and small in relation to body size, and spawning is
episodic and seasonal. Salmon and trout (Oncorhynchus.
Salmo. Salvel;nus spp.) display a variation of this strategy that
involves smaller clutches and greater egg size in relation to
body size. Cavefishes (Amblyopsidae) and madtom catfishes
(Nolurus spp.) exhibit a different strategy (upper left region in
Fig. 3) that involves large egg size relative to body size and
parental care (branchial brooding in cavefishes, nest guarding
in certain madtoms). Certain species of darters (Elheosloma.
Perc;na spp.) and minnows (Cyprinidae) exhibit a strategy of
early maturation and multiple spawning of small clutches con-
sisting of small eggs. A life-history strategy consisting of large
maturation size and episodic or seasonal spawning of large
clutches of small eggs (lower right ~gion in Fig. 3) is displayed
by a taxonomically diverse group of fishes, including the giz-
zard shad (Dorosoma cepedianum), muskellunge (Esox mas-
qu;nongy), burbot (Lola lola), and suckers (Caloslomus. Moxo-
sloma spp.)

The pattern of ordination of marine fishes on the first two
PCs (Fig. 4) followed a pattern very similar to that shown by
freshwater fishes. Sturgeons again represented an extreme
example of the delayed-maturation, large-clutch, periodic-
spawning strategy that involves large eggs in absolute sense,
but small eggs relative to body size (points on the right-hand
half of Fig. 4). Again, salmon exhibited a strategy of low-fre-
quency spawning but larger ~lative egg sizes and much smaller
clutches. The large-clutch, episodic-spawning strategy involv-
ing small eggs can be seen in a phylogenetically diverse mixture
of fishes, including the Atlantic cod, striped bass (Morone sax-
alilis), cobia (Rachycemron canadum), skipjack tuna (Katsu-
wonus pelam;s), red snapper (Luljanus campechanus) , and
winter founder (Pleuronecles amer;canus). Relatively few of
the marine fishes fell within the ~gion of large egg size and
parental care (upper left region in Fig. 4), but an extreme fonn
of this life-history strategy is seen in the mouthbrooding sea
catfishes (Ariusfel;s. B. mar;nus). The strategy of rapid matur-
ation at small sizes and production of multiple small clutches
of small eggs (lower left region in Fig. 4) is seen in the bay
anchovy, mummichog (FlmduJus helerocl;tus), and inland sil-
versicle. Small fIShes with parental care lie intermediate between
the parental care strategy and early-maturation, multiple-clutch
strategy and include the threespine stickleback, gulf pipefish
(Syngnathus scovell;), and the blackbelly eelpout (Lycodops;s
pacifica).

Length at maturity
Mean clutch size
Egg size

x
x
x

SalmOlli/onrws (N - 2B)

0.28 0.71** -0.31
- -0.24 -0.16
- - -0.43*
- - -

-0.18

-0.44.

0.07
-0.04

Lcngthatmaturity
Mean clutch size
Egg size
Spawn bouts

SilMrifonnes (N = 12)

0.78. 0.26
- -0.46
- -
- -

~ngth at maturity
Mean clutch size
Egg size
Spawn bouts

-0.67*

-0.72.

0.41

0.47
0.19
0.43

-0.28

ic~orWIe.r (II = 14)

0.57. O.~
- -0.44
- -
- -

Lengdl at maturity
Mean clutch size
Egg size
Spawn bouts

-0.29

0.40
-0.01

0.11
-0.19

O.OS
-0.40

Phylogenetic and Ecological Correlates of Life-History
Sb'ategies

Mean values for most life-history parameters (length, lon-
gevity, clutch size, egg size, parental care, hatch time) varied
considerably among fish orders (Table I). Relative to other life-
history variables, larval groWth rates (12.0-19.5 mm/mo) and
average fractional adult groWth rate (proportion of adult TL
gained per year = 0.13-0.25) showed the least variability
among orders. Phylogenetic affiliations are also apparent in the
general pattern of ordination of species within orders in the
plots of species scores on the fllSt two PC axes (Fig. 3, 4).
Based on ANCOV A, statistically significant effects of phylo-
geny at the ordinal and family levels were obtained for 15 In-

life-history strategies with large size at maturity (or late matu-
rity), large clutches, few spawning bouts per year, and little
parental care on one end and small size at maturity (or early
maturity), small clutches, multiple spawning bouts, and more
parental care on the other (fable 5). This continuum was ass0-
ciated with the first PC for the freshwater group (based on both
12 and five variables) and the marine group based on five var-
iables, but was associated with the second PC for the marine
group based on 12 life-history variables (fable 5). The separate
freshwater and marine analyses each identified a second basic
life-history continuum that revealed an association between
smaller clutches, larger eggs, and more parental care. This axis
was identified by the second PC in the freshwater group (both
12 and five variables) and the fust PC (12 variables) and second
PC (five variables) in the marine group (fable 5).

The ordination of species based on the first two axes of PCA
(based on five life-history variables; unOOjusted for length)
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TABLE 4. PCA statistics for the North American fish data matrix based on five life-history variables
and using all species (N = 147 species) and one representative per genus (N = 83 genera). Variable
loadings (eigenvectors) on the first three principal axes that were between -0.250 and 0 are listed as
- . and those between 0 and 0.250 are listed as +.

One species per genusAll species

PCI PC3 PC. PC2 PC3

0.558
0.W2

0.290

0.706
- 0.465

0.419

0.498
0.613- 0.253

-0.507

0.384

0.625
-0.601

0.318

0.341

0.582
0.652

-0.334

+

0.561
O.~

-0.494

Eigenvalue
% variance

Variable
Length at maturity
Mean clutch size
Egg size
Spawning bouts
Parentalcare

-0.372
-0.425

TABLE 5. PCA statistics for North American freshwater fish data matrices based on 12 and five In-
transformed life-history variables. Data on the left-hand side are for freshwater fishes. and data on the
right-hand side are for marine fishes. Variable loadings (eigenvectors) on the first three principal axes
that were between - 0.250 and 0 are listed as -. and those between 0 and 0.250 are listed as +.

PC! PC2 PC3K'l PC2 K3

Marine species
N = 20

3.450
28.7

Freshwater species
N=44

4.898 2.059
40.8 17.2

1.873
15.6

1.061
8.8

3.979
33.2

0.504-
0.464
0.357
+

-0.274
-0..31

+

+
+
+

c~c

0.372
0.400
0.306
+

-0.320

+
+

0.368
0.347

-0.268

+
+

+
+

0.&
-0.2

+

+

-0.397

0.531

0.580
-0.389

+

-
- 0.270

0.426
-0.346

0.288
0.463

-0.305
+

0.319
0.316

-
;
+

-0.402

+
0.648
0.497
0.264

Eigenvalue
% variance

Variable
Age at maturity
Longevity
Mean clutch size
Egg size
Spawning season
Spawning bouts
Parental care
Hatching time
Larval growth
YOYgrowth
Adult growth
Fractional growth

Fr~shwal~r spec;~s
N=82

2.457 1.142
49.1 22.9

Marine species
N = 65

1.810
36.2

0.584
11.7

0.823
16.4

2.151
.3.1

0.596
0.526
0.267

-0.421
- 0.345

0.450
0.641

-0.256

-0.400

-0.401

0.466

O.rol
-0.460

0.449

+
-0.361

0.696
-0.363

0.502

+
-0.281

0.551
-0.511
-0.597

Eigenvalue
% variance

Variable
~ngth at maturity
Mean clutch size
Egg size
Spawning bouts
Parentalcare

span, and faster growth (Fig. 5; Table 7). When migration was
used as the class variable, the fust axis was also associated with
larger egg size. The second canonical axis was more discordant
between tests involving different class variables (Table 7).

The CDF using habitat as the class variable (Fig. 5a) showed
a general pattern of larger, longer-lived fishes with large
clutches and short spawning seasons in association with the
marine environment, estuaries, river backwaters, and lakes ver-
sus small fishes with small clutches, slow YOY growth, and
long spawning seasons in association with headwater habitats.
River fishes were intermediate between headwater and eStuar-
ine/marine fishes in the multivariate life-history space defined

22OS

b'ansformed life-history variables (Table 6). Except for the lack
of a significant family effect on adult growth rate, significant
effects for the nested ANCOV A type ill sum of squares show
that phylogenetic effects are present even after the influence of
length (maximum TL) as a covariate and the effects of ordinal
affiliations for families were removed (Table 6). Relationships
between maximum length and three variables (range of egg size,
hatching time, duration of spawning season) were not statisti-
cally significant within the total fish data set (Tables 2, 6).

Each of the four discriminant function analyses (CDF)
resulted in a first canonical axis in which high values corre-
sponded with larger size at maturity, larger clutches, longer life
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54
55

0.371

0.517
0.516

-0.566



North American Freshwater Fishes
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FIG. 3. Scores for freshwater fish species on the first two principle components axes based on five life.
history variables (length at maturity, average clutch, egg size, bouts per year, parental care). The two
axes are interpreted based on correlations of the original life-history variables (statistics associated with

the PCA are given in Table 5).
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FIG. 4. Scores for marine fish species on the rust two principle components axes based on five life-
history variables (length at maturity, average clutch, egg size, bouts per year, parental care). The two
axes are interpreted based on correlations of the original life-history variables (statistics associated with
the PCA are given in Table 6).

tivores tended to be associated with small size, small clutches,
small eggs, and little or no parental care (Fig. 5b).

Highly migratory fishes (Fig. 5c) were associated with large
body size, long life spans, and large clutches. Catadromous
fishes (represented by the American eel, Anguilla rostrata)
exhibited a lower spawning frequency (i.e. one semelparous
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by CDF. The CDF based on trophic status (Fig. 5b) showed a
general pattern of larger, longer-lived fishes with large clutches,
interDlediate-sized eggs, and little parental care in association
with piscivory versus small fishes with small clutches, slow
YOY growth, larger eggs, and more parental care in association
with feeding on invertebrates and omnivory. In addition, detri-
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TABLE 6. Results of nested ANCOV A for life-history variables (In-transfonned) with family nested
within order and maximum total length as a covariate. Type I sum of squares (55) are for main effects
of variables without adjustment for size effects; Type III 55 are for effects of family and order after
adjustment for covariation due to size.

16.7
4.0

110.0

32.7
16.2

317.4

14.3
6.0

91.9

27.8
19.6

149.3

26.5
22.9

171.3

14.9
5.3
8.5

4.7
4.1
3.8

5.5
2.5
1.9

8.8
4.4

36.2

12.2
8.7

16.2

14.6
9.5
1.2

2.0
1.5
4.3

10.4
7.2

36.7

8.8
5.6

75.3

2.9
2.1
6.3

O.<XX>I
O.<XX>I
O.<XX>I

O.<XX>I
O.<XX>I
O.<XX>I

O.<XX>I
O.<XX>I
O.<XX>I

O.<XX>I
O.<XX>I
O.<XX>I

O.<XX>I
O.<XX>I
O.<XX>I

O.<XX>I
O.<XX>I
0.0042

O.<XX>I
O.<XX>I
0.055

O.<XX>I
0.<XX>3
0.16

O.<XX>I
O.<XX>I
O.<XX>I

0.001
O.<XX>I
O.<XX>I

O.<XX>I
O.<XX>I
0.26

0.028
0.14
0".042

O.<XX>I
O.<XX>I
O.<XX>I

O.<XX>I
O.<XX>I
O.<XX>I

0 . 0005
0.011
0.013

0.91,.,

,-1.

0.082
0.015

Length at maturity

2.4
2.3

0.0013
0.0012

0.81Longevity

O.(xx)1
O.(xx)1

0.91Mean clutch size 7.8
9.8

8.7
10.7

O.<MX>I
O.<MX>I

0.92Maximum clutch

O.<XX»
O.<XX»

0.80Egg size 11.2
S.I

S.4
4.0

o.(XX)(
O.(xx)l

Range egg size

6.2
2.7

O.cml
O.cml

Spawning season

5.9
2.8

O.(xx)l
O.(xx)l

Spawning bouts

0.799.S
1.S

O.CXX>l
O.CXX>l

Parental care

5.0
9.1

o.(XX)}
O.(xx)l

Hatching time

O.IS
0.34

Larval growth 1.4
1.1

2.1
1.8

o.~
0.026

YOY growth

2.7
1.3

o.~
0.18

Adult growth

2.1
1.6

0.013
0.058

0.46Fractional adult
growth

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

Order
Family (order)
Max. length

When CDF was perfonned with level of parental care as the
class variable (none, placement of eggs into a special habitat,
low guarding, high guarding/viviparity), fishes with highly
developed parental care were associated with the small size,
short life spans, small clutches, slow YOY and adult growth,
and spawning seasons of intermediate length (Fig. 5d). Fishes
with no parental care tended to be large with long lifespans,

bout per 14 yr of adult life on average) and smaller egg size
when compared with anadromous fishes (primarily salmon)
with earlier maturation. Less-migratory fishes tended to be
smaller with relatively smaller clutches and smaller eggs than
migratory species; however. highly sedentary fishes tended to
have longer spawning seasons and larger eggs than migratory
fishes.
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TABLE 7. Statistics associated with canonical discriminant function analyses based on three ecological and one life-history classification variables:
habitat. trophic status. migration. and parental care. P values for discriminant function axes represent the probability that canonical correlation
fo~~ axis an~_~~at follow are zero (probability that W~lk_~bda > F); coefficients for variables are based on total canonical s~re.

Eigenvalue
Variance
p

Variable
Length maturity
Longevity
Mean clutch
Egg size
Spawn season
Spawn bouts
Parental care
YOY growth
Adult growth

0.757
0.395
0.447
0.419

-0.271
- 0.505

+
0.326
0.628

0.513
0.391
0.770

-0.386
0.435

+

-0.743
-0.537
-0.352
-0.351

0.548
0.477

0.252
0.328

+
0.285

-0.677
+

0.552
+

0.702
0.387
0.595
0.232

-0.2ro
+

0.753
0.8~

0.727
0.S08
0.891

0.324

-0.692
0.658
0.663

-

-0.347
0.655

0.525
- 0.335

-
0.265

-0.466
0.684

-0.464
+

0.623
0.428

-0.308

-0.551

percifonns, pleuronectifonns, salmonifonns, silurifonns, and
scorpaenifonns, but the relationship was actually positive for
clupeifonns and cyprinifonns. Our data set, which involved a
broader taxonomic and ecological survey than that used by
Duarte and Alcarez (1989), indicates that larger clutches may
indeed be produced by either delaying reproduction until
achieving a large body size or packaging reproductive biomass
into smaller eggs or both. However, not all of the narrower
ecological or taxonomic groupings of fishes were consistent
with these simple functional trade-offs. Simultaneous trade-offs
with other life-history attributes can account for low correla-
tions in instances in which strong functional relationships are
hypothesized. Greater insights into the potential adaptive sig-
nificance of individual attributes often can be gained by exam-
ining their interrelationships by multivariate methods. Much of
the variance around a bivariate regression often can be explained
by simultaneous trade-offs by one or both of the two life-history
attributes with other attributes.

Life-History Patterns as Adaptive Strategies

Multivariate methods identified two general gradients of var-
iation that were fairly consistent among the various subsets of
life-history variables and species. In one fonn or another, a
principal association was found between larger adult body size
with delayed maturation, longer life span, larger clutches,
smaller eggs, and fewer annual spawning bouts. In most data
sets, a second orthogonal gradient contrasted fishes having more
parental care, larger eggs, longer spawning seasons, and mul-
tiple bouts against fishes with the opposite suite of traits. When
body length was partialled-out of the other life history traits,
most of the strong associations were retained. When species are
ordered simultaneously on the two primary gradients, three
fairly distinctive life-history strategies are identified as the end-
points of a trilateral continuum (Fig. 3,4). In most instances,
the addition of a life-history gradient derived from a third or
fourth axis produced little modification in the general pattern
of species ordination derived from the first two principal axes.

The three primary strategies (i.e. endpoint strategies) of
North American fishes have some striking similarities with ear-
lier patterns presented in the empirical and theoretical life-
history literature. We observed (I) species with delayed matur-
ation, intermediate or large size at maturation, large clutches,

small eggs, rapid larval and YOY growth rates, and short
reproductive seasons, (2) species with early maturation, small
size at maturation, small eggs, rapid larval growth, and long
reproductive seasons with multiple spawning bouts, and (3)
small- or medium-size species with large eggs, small clutches,
well-developed parental care, slow YOY and adult growth, and
long reproductive seasons. Freshwater fishes have a more
restricted range of strategies within life-history space than
marine fiShes when the two groups are viewed jointly. When
we plotted the first two PC coordinates of freshwater and marine
fishes together (species loadings associated with Table 4), the
orientation and shape of the scatterplot were very similar to
Fig. 4, and each of the three endpoints was a marine repre-
sentative (i.e. bay anchovy, gaff topsail catfish, Atlantic

sturgeon).
We observe great consistency among the gradients of life-

history variation here and among those derived from compar-
isons of commerical stocks of marine fishes (Kawasaki 1980,
1983), Pacific surfperches (Baltz 1984), neotropical freshwater
fishes (Winemiller 1989), and North American darters (Paine
1m). Wootton (1984) clustered on Canadian freshwater fishes
based on five variables reported in Scott and Crossman (1973).
He discussed three prinicpal life-history groupings: (I) sal-
monid fishes with fall/winter spawning, large eggs, large body
size, and low relative fecundity, (2) small species with low
fecundities, short life spans, and spring/summer spawning, and
(3) medium and large species with high fecundities, small eggs,
and spring spawning. Based on fishes from a Canadian and a
Polish river system, Mahon (1984) interpreted the pattern of
species ordination on the first axes of PCA as a gradient of
reproductive strategies correlated with a gradient of fluvial hab-
itats (i.e. small, early-maturing, sedentary fishes with parental
care and few large eggs in headwaters versus larger migratory
fishes with the opposite suite of characteristics in large rivers).
Mahon interpreted the second PC gradient as a b"ade-off
between egg size and fecundity.

Given that populations exhibiting these divergent strategies
are persistent, insights into population regulation can be gained
by comparing suites of life-history traits in the context of adap-
tations for alternative environmental conditions (Southwood
1988). Next we discuss some hypothesized relationships
between primary strategies, life-history trade-offs, and selec-
tion caused by different scales of environmental variation.
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Periodic strategy
Following Winemiller's (1992) terminology, a "periodic"

strategy identifies fishes that delay maturation in order to attain
a size sufficient for production of a large clutch and adult
survival during periods of suboptimal environmental conditions
(e.g. winter, dry season, periods of reduced food availability).
Species with large clutches frequently reproduce in synchro-
nous episodes of spawning, and this trend yielded the negative
association between clutch size and number of spawning bouts
per year. This synchronous spawning often coincides either with
movement into favorable habitats or with favorable periods
within the temporal cycle of the environment (e.g. spring).
Extreme forms of the high-fecundity strategy are often seen
among marine species with pelagic eggs and larvae (e.g. cod,
cobia, tuna, ocean sunfish). These marine species appear to
cope with large-scale spatial heterogeneity of the marine pelagic
environment by producing huge numbers of tiny offspring, at
least some of which are bound to thrive once they encounter
favorable areas or patches within zones and strata. Yet, on aver-
age, larval survivorship is extremely low among highly fecund
fishes in the marine environment (Houde 1987). Miller et al.
(1988) argued that the average larval fish dies during the first
week of life, and greater understanding of recruitment may be
achieved by seeking greater understanding of the unique fea-
tures of survivors. Within a local population, some spawners
probably contribute disproportionately large numbers of sur-
vivors to subsequent generations (relative to conspecifics with
similar clutch sizes) based on purely stochastic aspects of larval
movement into favorable zones. Despite the fact that egg size
tends to be small in periodic fishes, both larval and YOY growth
rates tended to be relatively fast. We presume that these fast
growth rates for early life stages reflect assimilation from exog-
eneous feeding by the early survivors that encounter relatively
high prey densities. This is consistent with Houde's (1989)
assumption that higher growth rates for marine fish larvae at
higher temperatures are supported by increased food consump-
tion rather than increased growth efficiency.

At temperate latitudes, large-scale temporal variation in
environmental conditions may be as influential as spatial var-
iation on the timing of reproduction. Temporal variation at high
latitudes is large and cyclic, hence to some extent predictable.
In theory, highly fecund fishes can exploit predictable patterns
in time or space by releasing massive numbers of small progeny
in phase with periods in which environmental conditions are
most favorable for larval growth and survival (Cohen 1967;
Boyce 1979). Natural selection should strongly favor physio-
logical mechanisms that enhance a fiSh's ability to detect cues
that predict the moment of a periodic cycle (e.g. photoperioo,
ambient temperature, solute concentrations). In the marine
pelagic environemnt at low latitudes, large-scale variation in
space may represent a periodic signal as strong as seasonal var-
iation at temperate latitudes (i.e. patchily distributed physical
parameters, primary production, zooplankton, etc., due to
upwellings, gYles, convergence zones, and other predictable
currents; Sinclair 1988; MacCalll9CX».

Periooic strategists are among the most migratory of North
American fishes, an association also revealed by RoWs (1988)
analysis of marine fishes and observed among South American
freshwater fishes (Winemiller 1989). In California, anadra-
mous threespine stickleback were more periodic in their char-
acteristics (e.g. large clutches, larger size at maturity) when
compared with freshwater populations (Snyder 19W). Migra-
tion to favorable habitats for spawning is a means by which
fishes can reduce uncertainty in their attempts to exploit large-

scale temporal and spatial environmental variation. For exam-
ple. American shad (Alosa sapidiss;ma) are more iteroparous
and devote a greater fraction of energy to migration at middle
and higher latitudes where environments are less stable and less
predictable (Leggett and Carscadden 1978). Rothschild and
DiNardo (1987) viewed anadromy as a means by which adults
seek favorable environments for larval development whereas
the reproductive success of marine broadcast spawners may
depend on rates of encounters by larvae with suitable zones or
patches. Massive clutches of small eggs undoubtedly enhance
dispersal capabilities of wide-ranging marine fishes during the
early life stages. In a stable population, losses due to advection
ultimately are balanced by the survival benefits derived from
the passage of some fraction of larval cohorts into suitable
regions or habitats (Sinclair 1988).

Opportunistic strategy
The "opportunistic" life-history strategy in fishes appears

to place a premium on early maturation, frequent reproduction
over an extended spawning season, rapid larval growth, and
rapid population turnover rates, all leading to a large intrinsic
rate of population increase (Winemiller 1989, 1992). Oppor-
tunistic fishes differ markedly from the r-strategists of Pianka
(1970) and others in having among the smallest rather than
largest clutches. The strong inverse relationship between the
rate of population growth and generation time has been appre-
ciated for a long time (Birch 1948; Smith 1954; Lewontin 1965;
Pianka 1970; Michod 1979). Small fishes with early matura-
tion, small eggs, small clutches (yet high relative reproductive
effort), and continuous spawning are well equipped to repo-
pulate habitats following disturbances or in the face of contin-
uous high mortality in the adult stage (Lewontin 1965). This
suite of life-history traits permits efficient recolonization of
habitats over relatively small spatial scales. Extreme examples
of the opportunistic strategy are seen in the bay anchovy, sil-
versides, killifishes (Fundulus spp.), and mosquitofishes
(Gambusia spp). These small fishes frequently maintain dense
populations in marginal habitats (e.g. ecotones, constantly
changing habitats) and frequently experience high predation
mortality during the adult stage.

Equilibrium strategy
The "equilibrium" strategy in fishes is largely consistent

with the suite of characteristics often associated with the tra-
ditional K -strategy of adaptation to life in resource-limited or
density-dependent environments (Pianka 1970). Large eggs and
parental care result in the production of relatively small clutches
of larger or more advanced juveniles at the onset of independent
life. Our equilibrium strategy differs from the traditional K-
strategy model in that equilibrium strategists tended to rank
among the smallest fishes rather than largest (the largest North
American fishes were periodic strategists). Within the North
American fish data set, marine ariid catfishes (egg diameters
16.0-20.5 mm, oral brooding of eggs and larvae) and
amblyopsid cavefishes (branchial brooding of small clutches of
relatively large eggs) represent extreme forms of the equilib-
rium life-history strategy. Cavefishes probably inhabit the most
temporally stable and resource limited of the aquatic environ-
ments covered in our survey.

Intermediate strategies
Three endpoint life-history strategies are fairly distinctive,

but intermediate strategies are also recognized near the center
and along the boundaries of a trilateral gradient. Some of the
largest periodic strategists (e.g. lake sturgeon, paddlefish) have
relatively large eggs, which compromises the attainment of a
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