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Ecological and Evolutionary Consequences

Review

of Linked Life-History Stages in the Sea

Dustin J. Marshall'-* and Steven G. Morgan?

Naturalists and scientists have been captivated by the
diversity of marine larval forms since they were discovered
following the advent of the microscope. Because they
often bear little resemblance to adults, larvae were identi-
fied initially as new life forms, classified into different
groups based on the similarity of their body plans and
given new names that are still with us today. The radically
different body plans and lifestyles of marine larvae and
adults have led most investigators historically to study
the two phases of complex life cycles in isolation. More
recently, important ecological insights have sprung from
taking a holistic view of marine life cycles. Meanwhile,
the evolutionary (phenotypic and genetic) links among
life-history phases remain less appreciated. In this review,
our objective is to evaluate the evolutionary links within
marine life cycles, and explore their ecological and evolu-
tionary consequences. We provide a brief overview of
marine life histories, discuss the phenotypic and genetic
links between the two phases of the life cycle and pose
challenges to advance our understanding of the evolu-
tionary constraints acting on marine life histories.

Introduction

Marine life histories are remarkable. Some species release
millions of tiny unfertilized eggs that spend months in
the plankton (Figure 1) while others produce only few, care-
fully nurtured offspring that leave the parent only as fully
formed juveniles. In contrast to terrestrial systems, life-
history ‘strategies’ in the sea are often unconstrained by
phylogeny — there can be as much variation in life-history
strategies within genera, and sometimes even within a group
of siblings, as there can be among entire phyla. For example,
within a single egg mass from the sea slug Alderia modesta,
some individuals can hatch as miniature versions of the
adults while others hatch as free-swimming larvae [1]. Such
variation has led to the view that marine life-history stages
are evolutionarily independent of each other — across
species, evolution in one life-history stage does not appear
to necessitate evolution in another. These macroevolu-
tionary patterns, however, may not reflect likely microevolu-
tionary constraints imposed by phenotypic and genetic
links across life history stages within individual species.
Indeed, we suspect that within species, traits in one life-
history stage are rarely able to evolve without consequences
for another stage. We suggest that viewing marine life histo-
ries in a more holistic way, and recognizing the links among
life-history stages, may provide important insights into
their ecological and evolutionary consequences. We first
introduce marine life histories and then highlight the links
among different life-history stages, dealing first with pheno-
typic links and then genetic links among each stage.
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Ecology of Marine Life Histories

The vast majority of marine species develop as planktonic
larvae regardless of the habitats of adults. We will focus
here on species that are sessile or sedentary as adults
because their benthic lifestyles differ most dramatically
from their planktonic lives as larvae. Survival depends on
surviving critical junctures in these complex life cycles,
beginning with entering the water column and ending with re-
turning to the bottom (Figure 2). Diverse suites of traits
enable tiny larvae (mostly <1 mm) to complete these life
cycles against seemingly overwhelming odds [2]).

The transition from the benthos to the plankton occurs by
spawning or hatching. Many, if not most, species reproduce
via the ancestral reproductive strategy of spawning gametes
into the water column, though some release externally
fertilized gametes that remain on the benthos. It was once
assumed that the success of sperm fertilizing eggs would
be low, especially in strong, turbulent flow, but evidence
has been mixed: some field studies suggest that up to 95%
of eggs can be fertilized (e.g., [3,4]) while others have re-
corded very low rates of fertilization [5]. At an individual level,
the fertilization success of some will be limited by access to
gametes of the opposite sex, but in others, success will be
limited by the presence of too many sperm [6]. Some species
communicate via pheromones to coordinate spawning
events [7], while many others rely on environmental cycles
to synchronize spawning, with the level of synchrony varying
both within and among species [8,9]. In species with internal
fertilization, the resulting embryos are either brooded by
parents or released in protective capsules [9,10]. Swimming
larvae may hatch synchronously relative to environmental
cycles at times that may maximize survival of offspring. For
example, many species of crabs and coral reef fishes release
larvae during spring, ebb tides under the cover of darkness,
maximizing transport away from high densities of predators
before dawn [11-13].

Larvae suffer mortality from a variety of sources. Com-
pared to their much larger parents, tiny planktonic larvae
are exposed to a wide array of predators as they develop
in the plankton and re-enter adult habitats. Consequently,
predation rates are probably high on larvae, and many types
of morphological, behavioral and chemical defenses are
apparent [2]. The nutritional sources and time spent devel-
oping in the plankton differ widely among species, but
they fall into two types: planktotrophic larvae capture zoo-
plankton, phytoplankton or bacteria, and when feeding in
oligotrophic waters, are prone to starvation [13]; by contrast,
lecithotrophic larvae are provisioned with yolk, thus reducing
the risk of starvation. The two different larval feeding modes
have important life history consequences: planktotrophs are
energetically cheaper to produce, but also spend more time
in the dangerous plankton relative to lecithotrophs [14]. It
was first proposed that, because of their long larval periods,
planktotrophs are more dispersed, resulting in expansive
geographic ranges, reduced local adaptation and lower
extinction and speciation rates [15-17]. However, evidence
for macroevolutionary consequences of larval durations
has been mixed, perhaps because not all larvae are passively
dispersed by currents [18].
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Figure 1. Diversity of marine larvae.

(A) Late-stage larva of a polychaete worm
(setiger); (B) three brittlestar larvae (ophioplu-
tei); (C) crab larva (zoea); and (D) crab post-
larva (megalopa). (C,D) Photographs courtesy
of Peter Parks.

It was long held that tiny larvae
were poor swimmers and pushed
offshore by currents, and most were
prevented from recruiting back into
the adult population [14,19,20]. How-
ever, mounting evidence over the last
century revealed that some larvae
can exert considerable control over
the distance and direction traveled
[21]. Larvae of many coastal species
migrate offshore before returning to
settle in adult habitats, and in doing
so exploit persistent circulation pat-
terns. For example, stratified currents
that flow in opposing directions at dif-
ferent depths are used as a ‘conveyor
belt’ to regulate upstream-downstream
transport in estuaries and offshore-
onshore and alongshore transport in
coastal waters [22,23].

When settling down, the larvae of sessile marine inverte-
brates face an enormous challenge — given their limited
sensory facilities, they must choose a site to which they
will be attached for the rest of their lives and that supports
life. Multiple cues guide larvae to settle from the water
column before searching the substrate for an appropriate
spot, ranging from tactile and hydrodynamic cues to chem-
ical cues from complex bacterial communities growing on
highly specific surfaces [24]. Interestingly, individual varia-
tion in settlement preferences among siblings may diversify
the range of habitats that are colonized, thereby increasing
the chances of survival [25,26]. Overall then, adult and larval
phases are intimately coupled through mechanisms that
foster successful completion of the life cycle.

There has been along history of investigators emphasizing
the importance of either the larval or the adult phase of
the life cycle in regulating marine population size [27]. We
now know that populations can be regulated during either
phase of the life cycle, and that the relative importance of
planktonic and benthic processes varies in time and space.
Conditions that frequently favor the completion of the larval
phase result in abundant recruitment, saturation of available
settlement sites and intense post-settlement interactions
resulting in high mortality, especially of recent settlers [28].
For example, barnacle settlement on the west coast of North
America can carpet all available surfaces in recruits and
adults can form dense, ‘hummocked’ aggregations where
each individual elongates to access the water column above
its neighbor. Conversely, frequent and high mortality during
the larval phase results in few recruits, abundant open space,
weak species interactions and possibly lower post-settle-
ment mortality. Therefore, both phases of the life cycle
must be studied to determine the weak link(s) in the
life cycle, and the conditions that are responsible for its
failure. Such a holistic view of the ecology of marine life-

history stages is now well-accepted and has led to important
changes in the way we view and manage marine populations.

Phenotypic Links between Marine Life-History Stages
Although demographic, numerical links among life-history
stages have been studied for some time, the study of pheno-
typic links is more recent. The phenotype of a settling larvain
fact appears to strongly affect the phenotype of the meta-
morphosed juvenile [29]. The strong phenotypic link across
metamorphosis is surprising at first glance, given the associ-
ated changes in body plan, habitat and even mode of feeding
in some species. Upon further consideration, however, it is
clear the basic composition of the individual does not reset
completely [30]. Consequently, any condition that modifies
the phenotype of a larva will almost inevitably influence the
phenotype of the metamorph, including variation in energy
reserves due to variation in larval nutrition, larval duration
and maternal provisioning, as well as physiological stress
and maternal experience [29].

These ‘carry-over’ or ‘latent’ effects (sensu [29]) affect
both the performance of metamorphs and the dynamics of
adult populations. Although over 50 years ago pioneers of
marine ecology had already speculated about intraspecific
variation in larval phenotype affecting population dynamics
[30,31], most ecological considerations of marine life histo-
ries have neglected this variation. Early theoretical consider-
ations of the population dynamics of marine species with
complex life cycles assumed that all larvae have the same
capacity to survive and reproduce. Recent work, however,
has shown that variation in larval phenotype can be more
important than variation in larval supply in regulating marine
populations. For example, populations founded by a single
high-quality individual can have reproductive outputs that
are equivalent to populations founded by 30 low-quality indi-
viduals [32].
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A consequence of phenotypic links among stages is that
separated populations can be linked phenotypically (Fig-
ure 2). Such links among populations arise because larvae
dispersing from one population to another bear a signature
phenotype that is partly a product of their natal environment.
Exposure to different environmental conditions can lead to
variation in larval phenotypes via direct effects on larvae
and via maternal effects [33]. The mean phenotype of a popu-
lation will, therefore, not only be a product of the local
environment, as is traditionally thought [18], but also of condi-
tions in other populations that are linked through dispersal.
In other words, the mean phenotype of any one population
may be more a product of the mean environment of the meta-
population than previously realized. Given the potential for
long-distance larval dispersal, these effects could manifest
far away, making management of marine populations more
difficult. For example, marine protected areas could inciden-
tally foster the evolution of less dispersive phenotypes,
reducing replenishment of fished populations [34].

Phenotypic links between mother and offspring also can
have lasting effects on subsequent generations. For ex-
ample, exposure of mothers to heavy metals can induce
phenotypic plasticity in their offspring, increasing the resis-
tance of offspring to toxicants and predation but reducing
resistance to salinity stress and intraspecific competition
[35]. In terrestrial systems, such maternal effects have
been shown to persist for up to three generations [36] but
similar studies are lacking in marine systems. Overall, the
phenotype and performance of a population are unlikely to
be a simple product of local conditions; rather both will be
influenced by conditions in previous generations as well as
potentially distant populations.

Phenotypic links among life-history stages could either
increase or decrease connectivity among populations [37].
Effective population connectivity requires survival and repro-
duction after dispersal, so population connectivity will
decrease when dispersal is costly [38,39]. Phenotypic links
among life-history stages can increase the cost of dispersal
in two ways: first, when duration of the larval stage affects

I Phenotype

Figure 2. Generalized life cycle of a marine
organism.

The black cycle represents demographic links
among life-history stages, the grey cycle
represents phenotypic links and the light
grey cycle represents genetic correlations.
While the demographic links among life-
history stages are well recognized, the
genetic (genetic correlations) and phenotypic
(maternal effects and latent effects) links are
far less understood. The thin red arrows indi-
cate how different components (demography,
phenotype and genetics) are linked. Arrow
‘a’ indicates that genetic factors in the larval
phase can affect phenotype in the adult
phase, and arrow ‘b’ indicates that larval phe-
notype can affect adult demography.

Settlement

B Demography subsequent performance, individuals

that travel for longer periods will
survive and reproduce less due to
the energetic costs of dispersal [29].
Second, when larvae bear a phenotype
that is well suited to local conditions,
movement to a new population with
different conditions will reduce their chances of surviving
and reproducing even when their phenotype is plastic [33].
Such phenotype-environment mismatches may be espe-
cially prevalent in the sea because of the potential for long-
distance larval transport. This also has some interesting
implications for how we view anthropogenic impacts. For
example, local pollution may not only decrease the
abundance of individuals within that population, it could
also generate phenotype-environment mismatches, thereby
reducing connectivity and the subsequent recovery.

[ Genetics
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Microevolutionary Consequences of Linked Marine

Life Histories

While different life-history stages are increasingly viewed as
ecologically linked, the evolution of larval and adult traits are
still largely viewed and studied as distinct from each other.
This view is based largely on macroevolutionary patterns of
marine invertebrate life-history strategies. When one exam-
ines the vast diversity of marine life histories, larval size,
form and trophic mode can vary enormously within even
a single genus, while the adults of each species can be
almost indistinguishable. Instances where larval or adult
traits vary independently among species strongly suggest
that evolution within one life-history stage does not necessi-
tate evolution in another [40]. Such decoupling between life-
history stages is not restricted to larval form but can also
extend to physiology. For example, the larvae of some
deep-sea invertebrates cannot tolerate the cooler tempera-
tures that their parents thrive in, and instead require warmer
temperatures that would kill their parents [41]. This physio-
logical flexibility suggests that larvae and adults can indeed
do very different things. More generally, such patterns have
led some to suggest that complex life histories represent
an adaptation that allows the expression of the optimal
phenotype in each life-history stage, an idea known as the
‘adaptive decoupling hypothesis’ [42,43]. According to this
hypothesis, metamorphosis acts like a ‘firewall’: the evolu-
tionary pressures and constraints that act on one life-history
stage cannot influence the other [42]. We agree that there are
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Figure 3. Potential evolutionary tug-of-war
between selection on shared larval and adult
traits.

The black line represents the distribution of
a trait within a population, the red and blue
curves represent the optimum value of that
trait for the larval and adult phases, respec-
tively. Most considerations of marine life
cycles assume either that trait correlations
do not span the two phases of the life cycle
or that the optima for different life-history
stages are identical, although recent evidence
suggests that neither condition holds. Pho-
tographs show the tubeworm Galeolaria
caespitosa, as trochophore larva (left) and a
spawning mother (right), courtesy of Richard
Allen and Laura McLeod.

Fitness

many instances where macroevolu-
tionary patterns suggest that larvae
and adults can overcome evolutionary
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constraints over geological timescales.
But, for several reasons, we are skep-
tical as to whether contemporary
marine life histories are adaptively
decoupled.

While marine life-histories have repeatedly evolved to over-
come constraints, these macroevolutionary patterns may not
always reveal the contemporary role of constraints across the
life history. For example, adult morphology in Drosophila
varies between species, but the larvae of most species are
indistinguishable, suggesting that, at a macroevolutionary
level, adult morphology is free to evolve independently of
larval morphology [42]. Nevertheless, within species of
Drosophila, strong correlations have been identified for
arange of life-history traits, suggesting that each life-history
stage places constraints on the other [44], thereby constrain-
ing microevolutionary change. Therefore, the degree to which
contemporary marine life histories for any one species are
evolutionarily decoupled remains largely unknown, but we
suspect that life-history stages are actually less free to vary
independently than is currently appreciated.

Despite their major differences in habitat and form,
different life-history stages share the same genome, the
same tissues and the same body, all of which must introduce
some constraints on evolution [45]. At the extreme, one
stage may simply be a co-evolutionary by-product of evolu-
tion in another stage. However, it is more likely that evolu-
tionary constraints preclude (or at least retard) either
life-history stage from reaching its evolutionary optimum
because selection is likely to act on both (Figure 3). If such
constraints exist, then it has important consequences for
the way we view the ecology and evolution of marine organ-
isms with complex life histories. To illustrate this, we will use
one of the simplest, most powerful tools in evolutionary
biology — the multivariate breeders’ equation:

A4z =(Gyq X Bq)+ (G12 X 82),

where z; represents the change in the value of trait 1 from one
generation to the next, G, 4 is the additive genetic variance in
the trait one, 3, is selection on trait 1, G4 > is the genetic covari-
ance between traits one and two and 3, is selection on trait 2.
The multivariate breeders’ equation predicts that the amount

Trait value

Current Biology

of change in a trait from one generation to the next is deter-
mined by the magnitude of selection and the level of heritable
genetic (co)variance. Adaptive evolutionary change cannot
occur in the absence of selection or heritable genetic variance
in the dimension in which selection acts [46]. While this equa-
tion has been with us for over 30 years, it continues to provide
valuable insights into the evolution of multiple traits [47].
The multivariate breeder’s equation is particularly valuable
because its components are directly estimated from relatively
simple empirical studies, yet marine biologists, for the most
part, have not taken advantage of this powerful approach.
Based on this equation, we can explore possible constraints
on marine organisms with complex life histories.

Let us begin with a consideration of selection. The pheno-
typic links among life-history stages complicate our view of
selection in marine organisms. Because a phenotype can
be expressed in more than one life-history stage, the net
selection on that phenotype will be a product of selection
on multiple stages (Figure 4). Thus, phenotypes that carry
a selective advantage in one life-history stage could also
suffer a selective disadvantage in a subsequent life-history
stage, a kind of internal trade-off. Consequently, the product
of such conflicting selection pressures may be no net selec-
tion on the trait of interest, leaving that trait as an awkward
compromise that balances the two opposing sources of
selection. Although the idea that traits that pervade the
life history can be under conflicting selection pressures is
not new [48], it has rarely been considered in marine organ-
isms [12,49]. Considerations of conflicting (or even comple-
mentary) selection pressures across the life history of a
marine organism are usually restricted to offspring size
[50] — a trait that most obviously crosses multiple life-history
stages. Even then, a genuinely longitudinal study tracking an
individual of known offspring size across the entire life
history has yet to be done; nor has a study brought to bear
the analytical approaches best suited for integrating selec-
tion across the entire life history [51]. Metabolic rate, stress
tolerance and other physiological processes are also likely
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to be linked among stages increasing the potential for con-
flicting selection pressures, although they have not yet
been explored in marine organisms. Viewing the evolution
of traits through the lens of sexual conflict has led to impor-
tant progress in species with sexual reproduction [52];
similar gains may be possible if we incorporate potential
conflict among life-history stages into our view of evolution
in species with complex life cycles.

Let us now consider the other half of the breeders’ equa-
tion: genetic variation. If there is a heritable genetic correla-
tion between two traits, then selection on one trait will result
in a correlated response to selection on the other trait,
despite no observable phenotypic link between the two traits
[53]. To illustrate this point, if we re-examine the multivariate
breeders’ equation and imagine trait 1 (z;) is a larval trait and
trait 2 is an adult trait, when selection on the adult trait occurs
(82) because of genetic covariance between the adult trait
and the larval trait (G, ), the larval trait will evolve despite
no direct selection acting on the larval trait (i.e. 8; = 0). The
situation is even more complicated when both traits are
linked to fitness: selection will not proceed as expected,
and depending on the nature of the genetic correlation
between the traits, evolution may not take place at all,
despite strong selection for change in the value of one or
both traits [46]. Importantly, the multivariate breeders’ equa-
tion shows that genetic correlations can constrain evolution
even when there appears to be abundant genetic variance in
each trait separately (Figure 5). Viewing genetic variation in
a univariate context may lead to misleading conclusions
about the strength of selection on a trait or its potential to
evolve [53,54]. We suspect that such correlations are
common, though the degree to which traits in different life-
history stages are genetically correlated in marine organisms
is almost completely unknown.

There is some evidence that life-history stages are genet-
ically coupled. Genetic correlations persist across the meta-
morphic boundary in terrestrial and freshwater organisms

Figure 4. Conflicting and complementary
selection pressures across the life cycle.

The top three panels show an idealized
example of conflicting selection pressures
where positive selection on egg size in one
life-history stage is cancelled out by negative
selection on egg size in another life-history
stage, resulting in no net selection on egg
size (not relationship between egg size and
total fithess, shown as w). In this case, the
selection pressures on egg size would be
overestimated by focusing on life-history
stage alone. The bottom panel shows an
example of complementary selection pres-
sures where weakly positive selection on
egg size occurs in both life-history stages, re-
sulting in strong selection for increases in egg
size. In this case, focusing on one life-history
stage in isolation would lead to an underesti-
mation of net selection on egg size. No study
has yet followed selection on a trait across the
entire life-history of a marine invertebrate.
Photographs show an ascidian tadpole larva
and post-metamorphic settler, courtesy of
David Aguirre-Davies.

Total w

.

Egg size

Total w

/

Egg size
Current Biology

[44,55,56], but in marine organisms, evidence is limited
and mixed. In a polychaete worm, an oyster and a fish, strong
genetic correlations exist across metamorphosis [57-59],
but in a clam, no correlation was detected [54]. In addition
to likely correlations between physiological processes
among life-history stages, some adult structures are derived
from larval skeletal or tissue components in several marine
groups, suggesting that some morphological traits could
persist across metamorphosis [60,61]. Finally, molecular
studies in marine invertebrates suggest that gene transcrip-
tion can link life-history stages; the expression of some
genes continues across the metamorphic boundary while
the expression of other genes does not [62-64]. Whether
these molecular studies reflect additive genetic variance
remains unclear, and later we discuss how molecular studies
can inform our view of constraints across life-history stages.

Evolution in one life-history stage can be constrained by
another life-history stage both through selection and genetic
(co)variance, and we reiterate earlier calls for a whole life
cycle view of evolution in the sea [57,65]. Larval forms will
almost certainly be a product of selection in the larval envi-
ronment, but they are also likely to be a product of indirect
selection on the adult form via shared traits and genetically
correlated traits. An evolutionary view of marine life histories
that recognizes the links among life stages is likely to yield
similar advances to those gained by ecologists when they
recognized the ecological links among stages. In the
absence of such studies, we wonder how many viable adult
phenotypes are precluded because evolutionary constraints
render these same phenotypes unviable as larvae, and how
many larval forms are simply products of constraints or
selection on the adult [66,67]. In the absence of such studies,
we would caution against the interpretation of any distribu-
tion of trait values as solely a product of selection in one
particular life-history stage — other, seemingly unrelated
traits in other life-history stages could also have an influence
[49,59].
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Figure 5. Genetic correlations can constrain the evolution of life histories in the sea.

In all three panels, the dots reflect the additive genetic trait value for traits in two life-history stages (shown as Gjanva and Gagu: Where each dot
represents one individual). The blue arrows show the direction and magnitude of selection acting on the mean of the population and the red arrows
show the direction and magnitude of the response to selection. In all cases, the magnitude of selection is identical but the response to selection
depends on the degree of alignment between selection and genetic variation. (A) Unimpeded evolution when selection acts in the same direction
as most of genetic variation; (B) little evolutionary response when selection acts orthogonally to the dimension in which most of the genetic vari-
ation occurs; (C) the response to selection is biased towards the path of least genetic resistance (red arrow) when selection is not aligned with the

dimension in which genetic variation lies.

Future Challenges and Directions

The degree to which marine life histories constrain evolution
remains unclear because appropriate studies are sorely
lacking. We propose that three well-established evolutionary
approaches should be applied to address this question [53]:
first, formal estimates of selection on traits that are ex-
pressed in multiple life-history stages (offspring size, metab-
olism, etc.) are needed to determine the prevalence of
conflicting selection pressures across life-history stages
(Figure 3) [68,69]. Recent reviews have highlighted that
focusing alone on linear selection — i.e. a linear relationship
between the traits of interest and fithess — can lead to an
incomplete view of selection [69]. Instead, estimates of
selection that consider the combination of two or more traits
simultaneously known as correlational selection, and esti-
mates of selection that include curvilinear forms of selection,
known as quadratic selection, are necessary in order to more
fully describe selection on a trait or suite of traits. Correla-
tional selection in particular would seem relevant to studies
of marine life histories if different trait combinations have
different effects on fithess [49]. Formal selection analyses
directly equate statistical estimates of the relationship
between traits and fitness to concepts about the strength,
direction and nature of selection on those traits [66]. This
powerful approach has proven invaluable for understanding
evolution when used with caution [51,70], but generalizations
about the strength and prevalence of selection are not yet
possible in marine systems (but see [49,71,72]). Second,
quantitative genetics studies that estimate additive genetic
correlations across the metamorphic boundary will provide
estimates for the potential for evolution and highlight
any genetic constraints acting on marine life histories
(Figure 5) [43,46,66]. Marine organisms with external fertil-
ization are particularly well suited to such studies because
eggs and sperm can be divided and cross-fertilized in
combination. Hence, additive genetic variation can be esti-
mated without the more complicated breeding designs and
analyses required for species with internal fertilization
[57,73,74]. Our call for such studies echoes those made

during the last 30 years [45,57,65], yet such studies still
remain rare. The third approach is most difficult and in-
formative; experimental evolution studies reveal the con-
sequences of selection on one life-history stage for
evolution in another [45,55]. To our knowledge, only Miles
and Wayne [75] have examined the consequences of selec-
tion on one life-history stage for another stage in a marine
invertebrate. By selecting for increased egg size in the tube-
worm Hydroides elegans, the transition from male to female
function occurred sooner, demonstrating how selection on
one life-history stage can induce correlated responses in
seemingly unrelated traits in another stage [75]; we cannot
think of a more compelling illustration of why an integrated
view of life-history evolution is required.

Future studies should, where possible, integrate molec-
ular approaches with quantitative genetics. We believe
that quantitative genetics is essential. In the absence of
quantitative genetics approaches, the heritability of any
molecular variation that is observed remains unclear, and
yet it is this heritability of genetic (co)variance that will
determine the response to selection over multiple genera-
tions [76]. Fellous and Lazzaro [77] recently provided an
excellent example of how molecular and quantitative
genetic approaches can be combined to yield powerful
insights into life-history constraints at a mechanistic level.
By combining a breeding design with measurements of
gene expression in Drosophila, they identified non-additive
genetic correlations between the expression of an antimi-
crobial peptide in the larval phase and the adult stage.
Such insights would be impossible if either approach was
used in isolation, and we encourage further studies that
integrate the two.

The interaction between ecology and evolution can be
particularly complicated in marine organisms with complex
life histories. The potentially high mortality rates that larvae
are believed to suffer while in the plankton represent a major
selection pressure. While some of this mortality will be
random with respect to larval phenotypes, much of it will
not be [2], shifting the distribution of phenotypes that leave
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the plankton from the original distribution that entered the
plankton. In some instances, this selection can counteract
other ecological effects. For example, recruits derived from
oligotrophic, oceanic waters can survive better than recruits
from more productive inshore waters [39], but we would have
expected the opposite based on the familiar physiological
effects of larval nutrition [78]. Apparently, selection on
high-performing phenotypes was stronger in the oceanic
cohorts, lifting the mean performance of individuals from
these sites. This finding raises an important caveat that
remains to be addressed when investigating the phenotypic
links between life-history stages [29]: it is difficult to discrim-
inate between the effects of manipulating the larval pheno-
type (to which any differences in performance are usually
ascribed [29]), and the effects of selection when the larval
treatment induces mortality, because this mortality is
unlikely to be completely random with respect to larval traits.
Thus, we may be confusing selection for carry-over effects
in some instances and future studies should seek to disen-
tangle these two effects. In the field, selection pressures
among life-history stages may differ greatly when larvae
cross into new environments. Selective sweeps in the
plankton could dramatically change the distribution of
settling phenotypes [79] (but see [80]), changing the evolu-
tionary trajectory of adult populations even where adult
environments are fairly stable.

Gamete and larval stages of marine organisms have long
been considered to be the most sensitive and therefore the
weakest link when considering the impacts of environmental
stress. Consequently, studies on the impacts of heavy metal
pollution, ocean acidification and effluent discharge usually
focus on early life-history stages [81,82]. These studies
usually collect gametes or larvae from ‘naive’ mothers that
have not been exposed to the environmental stress them-
selves [82]. It appears increasingly that mothers can modify
the phenotype of their offspring in response to environ-
mental stressors generally, and in marine systems in partic-
ular [35], thereby reducing the impact of the stress while
increasing the susceptibility to other stresses in the second
generation via transgenerational plasticity [83]. Therefore,
whenever mothers and offspring are likely to experience
the same stress, such as when the duration of stress spans
generations or populations (e.g. climate change effects),
using naive mothers may not accurately estimate the
impacts of that stress. Future studies of the impacts of envi-
ronmental stress on gametes and larvae should incorporate
the role of transgenerational plasticity to avoid misleading
conclusions resulting from ignoring maternal effects on
larval phenotypes [84].

An understanding of how evolutionary constraints affect
form, physiology and resilience across life histories is crucial
to a more complete understanding of the ecology of marine
organisms. For example, species ranges may be the product
of direct selection on the adult stage and indirect selection
imposed by the larval stage. The ability of marine organisms
to adapt to change will be limited by the constraints among
stages, although the strength and nature of these constraints
remain unknown [85]. Barriers to connectivity may be evolu-
tionary as well as ecological [33], but their importance also
remains unknown. We have made tremendous progress in
understanding the ecology of diverse life histories in the
sea during the last century, and the time is ripe to advance
our understanding of the evolutionary links within these
fascinating life histories.
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