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Darwinian fishery science: lessons from the
Atlantic silverside (Menidia menidia)1

David O. Conover, Stephen A. Arnott, Matthew R. Walsh, and Stephan B. Munch

Abstract: The potential of fishing mortality to cause rapid evolutionary changes in life history has received relatively
little attention. By focusing only on ecological responses, standard fisheries theory and practice implicitly assume either
that genetic influences on life history in the wild are negligible or that natural selection and adaptation is a slow pro-
cess that can be effectively ignored. Lack of contrary evidence has allowed these assumptions to persist. Drawing upon
>25 years of research on the Atlantic silverside (Menidia menidia), we show that adaptive genetic variation in many
traits is finely tuned to natural variation in climate. Much of this variation is caused by a gradient in size-selective
winter mortality and involves two- to threefold changes in physiological traits that influence population productivity.
Many other species are now known to display similar patterns. Harvest experiments show that these traits can evolve
rapidly in response to size-selective fishing. Hence, the pool of genotypes that code for life history traits is a highly
dynamic property of populations. We argue that the lessons from Menidia are applicable to many exploited species
where similar observations would be difficult to obtain and advocate greater use of species models to address funda-
mental questions in fishery science.

Résumé :On s’est peu intéressé à la possibilité que la mortalité due à la pêche puisse entraîner de rapides changements
évolutifs dans le cycle biologique. En se concentrant seulement sur les effets écologiques, la théorie et la pratique cou-
rantes des pêches présument implicitement ou bien que les influences génétiques sur le cycle biologique en nature sont
négligeables ou alors que la sélection naturelle et l’adaptation sont des processus lents qui peuvent en pratique être
ignorés. Ces présuppositions ont pu se maintenir en l’absence de preuves contraires. En nous basant sur >25 ans de re-
cherche sur la capucette, Menidia menidia, nous démontrons que la variation génétique adaptative de plusieurs caracté-
ristiques est finement ajustée à la variation naturelle du climat. Une partie importante de cette variation est causée par
un gradient de mortalité hivernale reliée à la taille et implique des changements de l’ordre de deux ou trois fois dans
les caractéristiques physiologiques qui influencent la productivité de la population. Il est maintenant connu que plu-
sieurs autres espèces possèdent des patterns semblables. Des récoltes expérimentales montrent que ces caractéristiques
peuvent évoluer rapidement en réaction à la pêche sélective en fonction de la taille. Le pool des génotypes qui sont
responsables des caractéristiques du cycle biologique forme donc une propriété très dynamique des populations. Nous
croyons que les leçons apprises chez Menidia s’appliquent à de nombreuses espèces exploitées chez lesquelles des ob-
servations similaires seraient difficiles à faire et nous suggérons une utilisation plus grande en sciences halieutiques des
modèles de population qui s’intéressent aux questions fondamentales.
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Introduction

Among the first to appreciate the importance of life his-
tory variation to fishery science was R.J.H. Beverton. Much
of Beverton’s work focused on explaining the incredible di-
versity of life histories in fishes. Some of his most important
contributions were that fishery harvest regimes must be tai-
lored to the differences in life history that occur among spe-
cies or populations (Beverton and Holt 1957), that some life
histories are far more susceptible to overfishing than others,
and that life history traits are highly intercorrelated across
species such that changes in one trait are predictably associ-
ated with changes in other traits (Beverton 1992). Beverton’s
attention was focused primarily on differences among spe-
cies and populations because at these phylogenetic levels,
phenotypic differences are likely to have a genetic compo-
nent and therefore represent the result of evolutionary diver-
gence rather than environmental influences alone.

The preeminence of the population and (or) species levels
as the major sources of genetic variation relevant to fishery
management still prevails. We recognize that populations of
a species represent unique gene pools or “evolutionary sig-
nificant units” that have a spatially explicit phylogeographic
structure defined by the level of gene flow and within which
may exist genetically based adaptations to local environmen-
tal conditions. Lineages must therefore be preserved, if
threatened with extinction or introduction of alien geno-
types, so as to protect the genetic diversity of a species. At
the individual level, however, fishery management theory
implicitly assumes that phenotypic variation is purely envi-
ronmental. Essentially, we assume that the effect of harvest
on a stock is analogous to mowing a lawn, i.e., removal of
biomass stimulates new production for further harvest, with-
out changing the intrinsic characteristics (i.e., the gene pool)
of the lawn. But in reality, fishing is a sorting process that
selectively removes individuals. Even though the importance
of individual genotypic differences has long been recognized
in fish breeding and hatchery operations, we have not fully
appreciated the fact that genetic variation in nature is orga-
nized in a hierarchical fashion beginning first among indi-
viduals within populations, then among populations, and
then among species. In short, we do not consider individual
genotypes to be evolutionary significant units in managing
fishery harvests.

Why have we largely ignored genotypic variation in life
history in the wild as relevant to harvest management? We
offer several reasons. First is the fact that physiological and
life history traits are notoriously difficult to observe at the
individual level. Unlike morphology or behavior, for exam-
ple, which can be observed visually, physiological traits in
the wild are essentially invisible to us. Instead, we measure
physiological traits indirectly through analysis of aggregate
measures such as change in mean size or proportion matur-
ing at age. These practices often obscure individual variabil-
ity. Second is the belief that phenotypic plasticity of
physiology and life history at the individual level in nature is
so high that genetic influences are easily swamped by envi-
ronmental influences. Physiological traits like growth rate,
for example, vary dramatically with environmental factors
such as temperature. We therefore focus attention on extrin-

sic factors with the greatest apparent impact and, for the
sake of simplicity, ignore the rest. For example, bioener-
getics models designed to predict fish growth in response to
environmental differences are routinely parameterized with-
out regard to genetic differences below the species level, and
in fact often borrow parameters across species (Munch and
Conover 2002). Such practices assume that genetic effects
on physiology at the individual or population level are weak
relative to environmental influences and therefore can be
safely ignored. Third is the belief that genetic adaptation is a
slow process requiring time scales far longer than those of
ecological processes. Hence, evolutionary responses to har-
vest mortality also can be effectively ignored and population
dynamics can be modeled as a function of ecological
density-dependent responses alone.

What if these premises are wrong? What if within popula-
tions there is substantial variation among genotypes that
code for life history differences expressed by phenotypes
that differ in their susceptibility to fishing, much like species
do? What if local adaptation is a rapid process that can oc-
cur despite gene flow and on time scales relevant to contem-
porary management decisions? If so, then we would expect
to see in the absence of fishing that adaptive traits are finely
tuned to selective agents in nature, that the geography of ad-
aptation is spatially coherent with strong environmental gra-
dients, and that such traits are capable of responding rapidly
to selection. In harvested stocks, we would expect to see
shifts in life history parameters that reflect the change in fit-
ness caused by the addition of fishing mortality to natural
mortality.

In this essay, we address these questions by reviewing
what has been learned about life history evolution from
>25 years of research on a single model species: the Atlantic
silverside (Menidia menidia). We first describe the ecology
and life history of M. menidia in nature, focusing particu-
larly on variation in growth across a latitudinal gradient, its
physiological basis, and its adaptive significance. Then we
use this knowledge to explain the design of, and interpret, an
artificial selective harvest experiment. We evaluate the valid-
ity of M. menidia as a general model by extrapolation to and
comparison with other species and fisheries. Finally, we ar-
gue that tractable biological models have an important place
in fisheries science, particularly for difficult problems like
teasing apart the genetic and environmental components of
life history variation.

Seasonality and the evolution of
countergradient growth variation in
M. menidia

Like many marine fish species that inhabit nearshore wa-
ters along the east coast of North America, the Atlantic
silverside has a broad latitudinal range, extending continu-
ously from northern Florida to the Gulf of St. Lawrence. Its
range crosses one of the steepest latitudinal temperature gra-
dients in the world. Many elements of the ecology and life
history of the Atlantic silverside are common to other ma-
rine species. Menidia menidia spawns in the spring in syn-
chrony with full and new moons, releasing eggs of about
1 mm diameter that are broadcast with milt en masse by
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large schools of fish in the intertidal zone (Conover and
Kynard 1984; Middaugh et al. 1984). Relative fecundity is
exceedingly high, as batch spawning allows females to pro-
duce a cumulative egg mass roughly equivalent to their body
mass over the breeding season (Conover 1985). Spawning
occurs in salt marsh (Spartina alternaflora) environments
that occur continuously along much of the North American
east coast. Embryos attach to intertidal algae and Spartina
without provision of postspawning parental care. Larvae
hatch at about 5 mm in length and soon thereafter display
schooling behavior that is maintained throughout life. North-
ern fishes migrate offshore to continental shelf waters in
winter and return to the shore zone in spring (Conover and
Murawski 1982). While it is possible that some degree of
homing behavior may occur (this is currently being studied
using otolith microchemistry), the species as a whole can es-
sentially be thought of as a continuous distribution of sub-
populations that can mix freely with nearest neighbors up
and down the coast (Conover 1998, and see below). Where
the life cycle of M. menidia departs greatly from that of
other marine species is in age at maturity and longevity,
which is 1 year for both traits throughout the species’ range,
although a few fish (generally <1%) reach age 2 at the
northernmost latitudes (Conover and Ross 1982; Jessop
1983). Hence, silversides at all latitudes experience only one
growing season before becoming an adult. This annual life
cycle, and the ease with which it can be replicated in captiv-
ity, is what enables much of the research described below.

The Atlantic silverside provided the original discovery in
fishes of temperature-dependent sex determination (TSD)
(Conover and Kynard 1981). TSD is adaptive in M. menidia
because it ensures that most fish produced at the beginning
of the breeding season will become female, and it is female
fitness that benefits more than male fitness from a longer
growing season and thereby larger adult size (Conover
1984). To provide conclusive proof that TSD was adaptive,
progeny from six locations representing different climates
along the North American coast were reared at multiple
identical temperatures. By standardizing the environment,
such “common garden” experiments allow the genetic com-
ponent of phenotypic differences among latitudes to be re-
vealed. The results showed that the functional response of
sex ratio to temperature differed greatly with latitude, prov-
ing that genetic adaptation existed (Conover and Heins
1987). Selection experiments on captive populations demon-
strated that the functional relationship of sex ratio to temper-
ature was capable of rapid evolution in response to climate
change (Conover and Van Voorhees 1990). TSD is now
known to occur in numerous species including commercially
harvested and (or) cultivated species such as sockeye salmon
(Oncorhynchus nerka), European sea bass (Dicentrarchus
labrax), tilapia (Oreochromis niloticus), and several flat-
fishes (Paralichthys spp.) (Devlin and Nagahama 2002;
Conover 2004). Only in the silverside, however, is the adap-
tive significance and evolvability of TSD understood, and
this is principally because of the ease with which common
garden experiments and selection experiments can be con-
ducted with this species. Unexpectedly, these initial common
garden experiments also provided evidence that many other
characteristics of M. menidia differed genetically with lati-
tude, especially those related to growth rate.

The Atlantic silverside displays a geographic pattern of
variation in growth rate known as countergradient variation
(CnGV) (Conover 1990; Conover and Present 1990). CnGV
occurs when genotypes are distributed across an environ-
mental gradient in nature such that genetic influences coun-
teract environmental influences on a trait, thereby
diminishing phenotypic variation (Conover and Schultz 1995).
In the case of M. menidia, the capacity for growth (i.e., max-
imum rate expressed under unlimited rations) increases with
latitude, thereby counteracting the decline in temperature
and length of the growing season that would otherwise cause
less growth in the north. The end result is that adult
M. menidia are about the same size at all latitudes despite a
threefold change in length of the growing season. Common
garden experiments on progeny reared over multiple genera-
tions proved that the differences in growth rate are genetic
(Conover and Present 1990). Because the genetic differences
in growth are tightly correlated with latitude, they must be
the result of selection rather than genetic drift.

What agents of selection might be responsible for CnGV
in growth rate? A primary cause is the size dependency of
winter mortality. Large fish survive the winter at higher rates
than do smaller fish, and the severity and size dependence of
winter mortality increase with latitude (Conover 1990;
Schultz et al. 1998; Munch et al. 2003). Hence, with increas-
ing latitude, the length of the growing season diminishes,
while the necessity of large size increases, leading to in-
creased selection for rapid growth in the north. But selection
caused by winter mortality cannot be the complete explana-
tion. Even in the absence of winter mortality, there are many
other components of fitness that covary positively with size
(e.g., fecundity, swimming performance, overall survival):
why should low-latitude fish evolve submaximal rates of
growth when higher rates are clearly possible? There must
be trade-offs that cause balancing selection for submaximal
growth.

To address this question, we investigated the physiological
correlates of variation in growth rate. Northern genotypes
grow faster by consuming more food and converting food
more efficiently into somatic tissue while maintaining only a
slightly higher routine metabolic rate (Present and Conover
1992; Billerbeck et al. 2000). Northern fish also store lipid
reserves at higher concentrations prior to winter (Schultz
and Conover 1997) and when spawning produce larger eggs
at a higher rate with higher efficiency than do southern fish
(Klahre 1998). Overall, bioenergetic model parameters for
northern versus southern genotypes differed by an average of
28% (Munch and Conover 2002), clearly demonstrating the
importance of accounting for intraspecific variation in physi-
ology. In short, northern fish grow more rapidly than south-
ern fish by adopting very high rates of energy acquisition
and by allocating proportionately more of their acquired en-
ergy to tissue synthesis during the growing and spawning
seasons.

Energy acquisition, digestion, and tissue synthesis are en-
ergetically expensive. In M. menidia, metabolic rate more
than doubles after consuming a meal and is proportional to
meal size (Billerbeck et al. 2000). Based on mass balance
energy budgets, the trade-off with such high rates of invest-
ment in energy acquisition and tissue synthesis would likely
involve activity. Recent experiments support this hypothesis.
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Northern fish are inferior to those from the south in terms of
both sustained and burst swimming speed (Billerbeck et al.
2001). Experiments on growth-manipulated phenotypes
within each genotype provided evidence that differences in
swimming performance are a function of differences in
growth rather than other intrinsic characteristics. Moreover,
the cost of growth in terms of reduced swimming perfor-
mance accelerates greatly as maximum growth rates are ap-
proached (Munch and Conover 2004). Hence, the marginal
cost of growth can be reduced by not exceeding intermediate
rates of growth.

For Atlantic silversides, schooling and fleeing when at-
tacked are the principal means of evading predators. Thus,
swimming performance should be directly linked to predator
escape performance. This prediction was supported by
experimental trials comparing predation rates of fast- versus
slow-growing genotypes and growth-manipulated pheno-
types (Lankford et al. 2001). Slow-growing fish are less sus-
ceptible to predators at a given size than are fast-growing
fish when comparing either northern versus southern geno-
types or growth-manipulated phenotypes within genotypes.
In addition, the mere act of consuming large meals causes an
immediate decline in swimming performance and an in-
crease in predation vulnerability (Billerbeck et al. 2001;
Lankford et al. 2001). Although these trade-offs have yet to
be tested in the field (research currently in progress), there
appear to be substantial costs associated with both the means
(consuming large meals) and the end result (a bigger but rel-
atively slower body) of rapid growth.

These studies of M. menidia suggest that growth rate and
many of the underlying physiological traits that covary with
and influence growth rate are fine-tuned to selection gradi-
ents that exist in nature. Size-dependent sources of natural
mortality play a key role in explaining these gradients.
Maintenance of such strong countergradient patterns in
growth suggests both sufficient heritability within popula-
tions and ongoing selection. The former is a general prereq-
uisite for evolutionary divergence and the latter is necessary
to explain why gene flow, which appears to be substantial
(Conover 1998), does not homogenize genetic variation
along the coast. Individual physiological traits such as food
consumption rate, growth efficiency, and metabolism are the
foundation of stock productivity at the population level. If
these traits are heritable and fine-tuned to size-dependent
sources of natural selection in the wild, then there is every
reason to suspect that such traits would evolve in response to
artificial sources of size-dependent mortality that may be im-
posed by harvesting. We used selection experiments to ad-
dress these issues.

Life history evolution under size-selective
harvest regimes

We designed a size-selective harvest experiment with sev-
eral questions in mind. First, what are the rates at which
growth rate would evolve under size-selective harvest and
how rapidly would such changes affect the productivity of
populations? Second, what changes would occur in other
traits correlated with growth rate and would these covary in
a fashion similar to that of wild Atlantic silversides from dif-
ferent latitudes? Could artificial size selection alone create

genotypes with physiologies like those of northern and
southern fish in the wild? Finally, what would happen to
populations that evolved in response to size-selective harvest
and then experienced a selective harvest moratorium? Is it
possible for evolution to reverse course back to the original
condition and, if so, at what rate? The first two sets of ques-
tions will be discussed below, while the third is the subject
of ongoing investigation.

The experiment involved the establishment of six captive
populations of 1100 M. menidia collected from an interme-
diate latitude (New York) so that the intrinsic growth rate
potential was in the middle of the range found in the wild
(Conover and Munch 2002). Larvae were initially assigned
randomly to each of the six populations so that the initial
gene pools of the populations would be homogeneous. As
the fish in each population reached adult size (i.e., day 190),
90% harvest rates were imposed. Two populations were har-
vested based on a minimum size rule (the largest 90% were
harvested), two populations were harvested based on a maxi-
mum size rule (the smallest 90% were harvested), and two
populations were harvested randomly with respect to size.
The survivors (about 100 fish per population after account-
ing for incidental mortality prior to harvest) were induced to
spawn, and their offspring were reared and treated as de-
scribed above.

After only four generations of size-selective harvest, the
yield of the populations had changed dramatically (Conover
and Munch 2002). Yield in large size harvested lines was
initially higher than the others but declined. The yield in
small size harvested lines was initially low but increased. By
the fourth generation of selection, the yield of small size
harvested populations was twice that of large size harvested
populations. The reasons for the yield differences were
clearly due to genetic changes in the mean growth rate of
fish within populations during both the larval and juvenile
stages. Hence, gradients in size-dependent mortality are ca-
pable of causing rapid evolution of growth rate and thereby
provide a plausible explanation for CnGV in the wild. These
results also raise obvious concerns about the long-term ef-
fects of size-dependent harvest regimes on the productivity
of populations.

Similarities in the physiology of the artificially selected
fast- and slow-growing genotypes with those from different
latitudes strengthen our conclusion that gradients in
size-selective mortality account for countergradient growth
variation in the wild. Walsh (2003) demonstrated that fish
from lines that evolved faster growth also displayed signifi-
cantly higher rates of food consumption and growth effi-
ciency than those from slow-growing lines. Moreover, the
fish from slow-growing lines displayed about a 10% faster
critical swimming speed than fast-growing fish, although the
differences were not significant and need further study be-
fore definitive conclusions can be drawn. Nonetheless, the
changes in physiology caused by selective harvest are quali-
tatively similar to those existing at different latitudes in the
wild. This suggests that our selective harvest experiment is a
reasonably accurate mimic of selective agents operating in
nature. It also shows that size-selective mortality alters a
whole suite of interrelated physiological characters. If the
potential for evolution of physiology in M. menidia can be
generalized to other species, then the Darwinian response to
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harvest mortality clearly needs further attention by fisheries
scientists.

Is M. menidia a valid model of general
phenomena?

Our empirical simulation of the evolutionary effects of
harvest has been criticized on the basis that harvest experi-
ments on captive fish in controlled environments are not
comparable with evolution in wild populations or in real
fisheries. In the absence of knowledge about countergradient
growth variation in the wild, this criticism would be highly
appropriate, and there is always concern about the realism of
any model, be it mathematical, statistical, or empirical.
However, the harvest experiment was motivated specifically
from detailed knowledge of natural variation in growth and
its physiological correlates in response to a naturally occur-
ring gradient in size-selective mortality. At least with respect
to M. menidia, there appears little doubt that size-selective
mortality in the wild exerts major influences on physiology
and life history over contemporary time scales.

The question remains, however, whether or not the evol-
vability of life history traits and the magnitude of local adap-
tation are idiosyncratic in M. menidia. The rate at which a
trait will evolve is a product of the heritability of phenotypic
variation within a lineage or group (i.e., the proportion of
phenotypic variance transmitted from parents to progeny)
and the selection differential (i.e., the change in the trait
mean that results from selection prior to reproduction) ap-
plied to that lineage. This fundamental identity of quantita-
tive genetics is known as the breeder’s equation. High
heritability of traits coupled with large selection differentials
would cause rapid evolution. Low heritability and moderate
selection differentials would cause slow evolutionary
change. Assuming at least moderate heritability, the poten-
tial for local adaptation in the wild is therefore determined
by the change in selection differentials across environments.
It is also influenced by the level of gene flow across envi-
ronments. Large changes in the fitness of phenotypes com-
bined with low gene flow across environments would lead to
high levels of local adaptation. On the other hand, high gene
flow across environments could swamp the effects of differ-
ential selection. If M. menidia is unusual in any of these
characteristics, for example by displaying unusually high
heritability for growth or fine-scaled spatial isolation of pop-
ulations along the coast, then patterns observed in this taxon
may not be general.

Available evidence would suggest, however, that these at-
tributes in M. menidia are like those of numerous other ma-
rine species. The heritability for growth rate in M. menidia is
about 0.2 (Conover and Munch 2002), a value similar to
those observed for life history traits in many organisms in-
cluding fishes (Roff 2002). Hence, the potential for evolu-
tion of growth-related traits within a population is not
unusually high in Menidia. It should be pointed out that this
heritability value applies strictly to the founders of the selec-
tion experiment, which were collected from New York.
More northern or southern groups may have higher or lower
growth rate heritability and therefore a different potential for
evolution. Hence, at least for silversides from New York, the
experiment demonstrates that there is sufficient genotypic

variation in growth rate within extant populations to allow
evolution, but not exceptionally so.

Menidia menidia is also not unique with respect to gene
flow among populations. The level of gene flow is indexed
by the geographic structure of genetic variation neutral to se-
lection. High levels of genetic structure are found in species
with highly isolated populations. Studies of population struc-
ture based on neutral molecular markers reveal that the pro-
portion of total genetic variation attributed to populations in
Menidia is low: i.e., on the order of about 1%–3% (Conover
1998), which is typical of marine species with dispersive life
stages that lack barriers to gene flow. Hence, the evolvability
and potential for local adaptation of physiological traits in
M. menidia are not remarkable.

The annual life cycle of the Atlantic silverside is unique
among temperate marine species of the western North Atlan-
tic, and it belongs to a taxonomic family (Atherinidae) and
order (Atheriniformes) in which relatively few long-lived,
economically valuable species are found. Do the unique life
history characteristics (nonoverlapping generations, lack of
age structure) and taxonomic affinities of M. menidia limit
its usefulness as a general model for fishes? The answer ap-
pears to be no. First, the existence of TSD, as first reported
in M. menidia, has now been confirmed in numerous other
species from many taxons and with highly divergent life his-
tories, including over 50 fish species from 18 genera repre-
senting seven orders (reviewed in Devlin and Nagahama
2002; Conover 2004). Knowledge of TSD is crucial in de-
velopment of methods for manipulating sex ratio in the
aquaculture industry and in stock enhancement efforts where
hatchery-reared fish are planted in the wild. Second, several
long-lived, harvested species that inhabit eastern North
America also appear to display CnGV in growth (Conover
1990). In striped bass (Morone saxatilis), for example, the
parallels with M. menidia are clear. Striped bass sizes at the
end of the first growing season are similar across latitudes
(Conover 1990), size-dependent winter survival selects for
larger young-of-the-year at northern latitudes (Hurst and
Conover 1998), and experimental evidence from common
garden experiments confirms that the capacity for growth
increases with latitude (Conover et al. 1997). Evidence of
CnGV in growth has also been found in numerous and
phylogenetically diverse fishes including Atlantic halibut
(Hippoglossus hippoglossus) (Jonassen et al. 2000), turbot
(Scophthalmus maximus) (Imsland and Jonassen 2001), bay
anchovy (Anchoa mitchilli) (Lapolla 2001), American shad
(Alosa sapidissima) (Conover 1990), mummichog (Fundulus
heteroclitus) (Schultz et al. 1996), and lake sturgeon (Aci-
penser fulvescens) (Power and McKinley 1997). In fact,
CnGV in growth is so general that it has also been con-
firmed in insects (Gotthard et al. 1994; James and Partridge
1995; Arnett and Gotelli 1999), molluscs (Palmer 1994; Par-
sons 1997; Dittman et al. 1998), amphibians (Laugen et al.
2003), and reptiles (Ferguson and Talent 1993; Niewiarowski
and Roosenberg 1993). Such findings demonstrate that adap-
tive genetic variation in physiological traits that underlay the
production capacity of populations is widespread. Coupled
with the knowledge from fish breeders that growth rate is
also genetically variable within extant populations of many
fishes, there appears to be little doubt that the production
characteristics of wild populations are capable of evolving.
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It is obvious that our empirical simulation of the evolu-
tionary response to harvest lacks realism in many ways. First
is the extremely high and accurate size selection differentials
that we imposed. Very few fisheries, if any, extract 90% of
the population per year and do so with the size-selective ac-
curacy that we enforced. Size-biased harvest in the wild will
not exert selection on growth rate as directly as in our exper-
iment and countervailing selection for increased growth may
exist in nature, both of which would tend to slow the adap-
tive response. Second, Menidia populations consist of a sin-
gle age-class that breed in synchrony with environmental
cues and hence have non-overlapping generations. Such
characteristics in other species would likely complicate the
response to selection. For example, in stocks with variation
in age at maturity, fishing mortality also tends to select for
earlier size and age at maturity (Rijnsdorp 1993; Rochet
1998; Grift et al. 2003) and these traits likely display some
level of either positive or negative coheritability with growth
rate (see Munch et al. 2005). Hence, the combined effect of
harvest selection on both growth rate and size and age at
maturity cannot be deduced without knowing both the selec-
tion gradient imposed by the fishery and the genetic co-
variance of the traits in question. Information on these
characteristics is not available for most fisheries. Third, we
eliminated density dependence by standardizing recruitment
each generation. However, had we allowed recruitment to
proceed unchecked, the differences in yield among treat-
ments would have been even greater owing to dramatic dif-
ferences in reproductive potential that emerged among the
harvested stocks. The important lesson from M. menidia is
that evolutionary responses to natural and (or) anthropogenic
size-selective mortality exist in nature, are dynamic proper-
ties of harvested populations, and hence must be better un-
derstood if natural genetic variability for life history traits
and the production capacity of populations are to be con-
served. Unfortunately, when it comes to predicting evolu-
tionary responses in any particular fishery, the devil is in the
stock-specific details of life history strategy, harvest selec-
tion gradients, and genetic variances and covariances. De-
tailed studies of model species could lead the way. We give
two examples below.

First, data from model species can provide initial para-
meterization for population genetic models designed to probe
evolutionary responses to harvest mortality. A prime exam-
ple is the need to account for evolution of the variance–
covariance matrix of correlated traits. As our Menidia
experiments demonstrate, life histories represent a suite of
correlated characters that respond in concert to various se-
lective forces. Most studies of evolutionary response to har-
vest at best consider either growth rate or age at maturity,
but in reality, these two traits likely have a genetic covari-
ance that must be known to predict future changes. Such ex-
periments will likely be possible only for a few species that
will have to serve as models for others. Second, model spe-
cies that can be easily cross-bred and reared in the labora-
tory are needed by molecular biologists to identify the actual
genes that control life history. Eventually, molecular tools
will allow us to track changes directly in wild populations at
the gene level. In anticipation of such developments, deposi-
tories providing for routine preservation and storage of tis-
sue samples from harvested populations should be instituted.

In the future, such depositories will likely become as valu-
able to the study of evolutionary dynamics as catch-
per-unit-effort has been to the study of population dynamics.

Conclusions

Despite the inherent difficulties, it is imperative that the
evolutionary responses to harvest mortality begin to be ad-
dressed. Careful genetic analyses of rapid life history
changes following introduction to novel environments are
well established in several species (Reznick et al. 1997;
Hendry et al. 2000; Quinn et al. 2001) and there is compel-
ling new evidence of long-term changes in size at age
(Sinclair et al. 2002; Haugen and Vollestad 2001) or age and
size at maturity (Rijnsdorp 1993; Rochet 1998; Grift et al.
2003) in response to harvest in a variety of species. If the
above still leaves doubt, consider also that in terrestrial sys-
tems, rigorous proof of rapid evolutionary change in re-
sponse to size-selective hunting now confronts wildlife
managers (Coltman et al. 2003). Unfortunately, when
changes in response to harvest are genetic, they may be slow
to reverse even when fishing stops because cessation of har-
vest mortality does not automatically ensure that natural
agents of selection acting alone will exert sufficient pressure
in the reverse direction. For example, Sinclair et al. (2002)
showed that declines in size at age of Gulf of St. Lawrence
Atlantic cod (Gadus morhua) during an intense period of
fishing had not reversed in 10 years following a moratorium
on harvest. The potential for near irreversibility of direc-
tional selection on body size and related traits underscores
the need for precautionary approaches.

Fisheries scientists and managers may view dimly the ex-
istence of dynamic adaptive variation as just one more com-
plication heaped upon an uncertain science. There are,
however, several positive aspects. Knowledge of CnGV in
growth, for example, can be used to help aquaculturists find
genotypes in the wild with the fastest growth or other bene-
ficial traits, and use of natural genetic variation avoids pub-
lic disfavor with genetically engineered products. For
example, Fontes (1998) showed that striped bass from Nova
Scotia and New Brunswick grow much faster under inten-
sive aquaculture conditions than do those from lower lati-
tude stocks. Also, it is possible that harvest regimes might
be developed for some wild fisheries that would select for
faster rather than slower growth. Freshwater lakes offer an
opportunity to test these ideas with replication in the field by
using different harvest regimes, such as slot length versus
minimum size rules, in multiple systems over several gener-
ations followed by common garden experiments (e.g., see an
excellent example in Haugen and Vollestad 2001). Finally,
the fact that wild populations are capable of rapid genetic
adaptation is good news if persistence in the face of environ-
mental change is the ultimate goal.

Empirical models like M. menidia play an important role
in advancing our fundamental knowledge of fisheries sci-
ence. Other examples of model species that have provided
valuable insights and were studied despite minimal commer-
cial value include bay anchovy and guppy (Poecilia
reticulata). The broader disciplines of ecology and evolution
have a long and successful history of using model species
for advancing general knowledge (e.g., Drosophila,
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Tribolium, Escherichia coli, and Arabidopsis) and other bio-
logical disciplines focus almost all of their attention on a
few model species (e.g., the zebrafish model in developmen-
tal biology). In fisheries science, we focus most of our atten-
tion on the species of greatest economic importance and, of
course, this is necessary if we are to develop management
plans for them. But all too often, these are the most difficult
species to study empirically and hence, new fundamental
discoveries come slowly. Species like M. menidia where all
life stages are extremely easy to sample and study in the
field, that have very simple life cycles and behavior, and
that can be easily cultured in large captive populations over
multiple generations in <1 year offer enormous advantages
over most economically important species. Consider that
both TSD and CnGV in M. menidia were discovered not
from a priori theoretical predictions or from thoughtful fore-
sight of the investigators but from incidental observations
that were a by-product of studies designed for other pur-
poses. It is the ease with which rigorous comparative field
and laboratory observations could be conducted that enabled
the findings described above. We argue that greater use of a
model species approach will lead to future unforeseen dis-
coveries that will increase our understanding of fish biology
and fisheries science.
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