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Phenotypic plasticity was once seen primarily as a constraint on adaptive evolution or merely a nuisance by geneticists. However,
some biologists promote plasticity as a source of novelty and a factor in evolution on par with mutation, drift, gene flow, and
selection. These claims are controversial and largely untested, but progress has been made on more modest questions about effects
of plasticity on local adaptation (the first component of ecological speciation). Adaptive phenotypic plasticity can be a buffer
against divergent selection. It can also facilitate colonization of new niches and rapid divergent evolution. The influence of non-
adaptive plasticity has been underappreciated. Non-adaptive plasticity, too can interact with selection to promote or inhibit genetic
differentiation. Finally, phenotypic plasticity of reproductive characters might directly influence evolution of reproductive isolation
(the second component of ecological speciation). Plasticity can cause assortative mating, but its influence on gene flow ultimately
depends on maintenance of environmental similarity between parents and offspring. Examples of plasticity influencing mating and
habitat choice suggest that this, too, might be an underappreciated factor in speciation. Plasticity is an important consideration
for studies of speciation in nature, and this topic promises fertile ground for integrating developmental biology with ecology and

evolution.

1. Introduction

Phenotypic plasticity has often been seen primarily as an
alternative to genetic divergence and a feature making popu-
lations less responsive to natural selection [1-3]. For exam-
ple, those studying adaptation and speciation have often used
phrases like “merely plastic” to contrast environmentally
induced variation against geographic or species differences
with strong genetic bases [4-8]. However, others suggested
that phenotypically plastic traits can promote adaptive evo-
lution and the origin of species [9-16]. The general issue of
plasticity and adaptation has been reviewed extensively in the
last decade (e.g., [15, 17-26]). Adaptive plasticity’s impact on
speciation was recently reviewed by Pfennig et al. [27], and I
do not attempt to duplicate their efforts. Instead I make a few
points that have not been emphasized in the recent literature.
In particular, nonadaptive plasticity and environmentally
induced barriers to gene flow deserve greater attention.
After making explicit my working definitions of key
terms, I argue that the “developmental plasticity hypothesis

of speciation” [13—15] is a special case of ecological specia-
tion, and I review the subject by breaking down the effects
of plasticity on the two components of ecological speciation:
adaptive divergence and the evolution of reproductive isola-
tion [28]. I close with a few suggestions for future work.

By any definition, speciation requires genetic divergence.
Therefore, integration of ecological developmental biology
with the well-developed body of fact and theory on the
genetics of speciation [29-31] will be more productive than
attempting to replace this population genetic foundation.
Recent reviews and models support this perspective [27, 32—
37].

2. Definitions

Understanding the relationship between environmental
induction and speciation requires a set of consistent def-
initions. Terms like “environment,” “speciation,” “plastic-

ity and “natural selection” are sometimes assumed by



different workers to have different definitions, and this can
affect communication [38]. The definitions that follow are
intended to clarify what I mean by certain words and phrases
within this paper; they are not intended to challenge or
replace alternative definitions. I believe I have followed recent
convention in all cases [39, 40].

Adaptation. Genetic change in response to natural selection
and resulting in organisms with improved performance with
respect to some function or feature of the environment.

Countergradient Variation. Pattern of geographic variation
in which genetic differences between populations affect
their phenotypes in the opposite way from environmental
differences between populations. For example, if the mean
phenotype of population i is given by the sum of genetic
and environmental effects P; = G; + E;, and the effect of
environment 2 tends to increase the phenotypic value relative
to environment 1 (E; > E; ), countergradient variation would
exist if G, < G,. Without genetic differentiation the expected
difference in phenotype would be P, — P, = E, — Ej, but
countergradient variation reduces that difference and might
even make P, < P;. More formally, countergradient variation
is negative covariance between genetic and environmental
effects on phenotype [41].

Environment. Here, I consider environment to include any-
thing external to a given individual organism. Environment
includes other organisms (siblings, mates, competitors,
predators, prey, etc.) in addition to the physical and chemical
surroundings. Given this definition, different individuals in
the same place might experience different environments.
Neither ecological speciation nor environmentally induced
variation require environmental differences to be associated
with geography. To put it another way, the effects of environ-
ment on fitness and on development might differ among co-
occurring individuals for a variety of reasons, often involving
feedbacks between phenotype and environment [42]. For
example, small tadpoles in a pond might experience food
shortages or attacks from predators while large tadpoles in
the same pond have access to more food and experience less
predation (or a different set of predators).

Environmental Induction. Any effect of environment on trait
expression is environmental induction. Environmental
induction usually refers to an event (developmental outcome
or process) caused by an environmental condition, whereas
plasticity (see below) refers to the propensity of an organism
or trait to respond to environmental change.

Genetic Assimilation. Evolutionary reduction in the degree
of plasticity such that a character state or trait value that was
once conditionally expressed depending on the environment
becomes expressed constitutively (unconditionally, regard-
less of environment).

Natural Selection. Natural selection refers to any nonrandom
difference between entities in survival or reproduction.
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To put it another way, natural selection exists whenever
phenotypic variation causes covariance between phenotype
and fitness [43, 44]. Fitness is metaphorical shorthand for
the ability to survive and reproduce. It is important to
emphasize that natural selection, under this definition, can
exist without genetic variation and can recur over many
generations without causing evolution [15, 17].

Plasticity. The ability of a single genotype to express different
phenotypic values or states under different environmental
conditions, that is, in response to environmental induction.
Plasticity can include developmental plasticity, physiological
acclimation, or behavioral flexibility. Plasticity might be
adaptive or not. Adaptive plasticity is a tendency for a
genotype to express a phenotype that enhances its ability
to survive and reproduce in each environment. Nonadaptive
plasticity includes any response to environmental induc-
tion that does not enhance fitness (including maladaptive
responses). Noisy plasticity is effectively unpredictable phe-
notypic variation owing, for example, to developmental
instability or random perturbations within environments
[45]. Phenotypic plasticity and environmental induction are
twin concepts; plasticity emphasizes an organismal property
(the propensity to express different phenotypes in different
environments), and environmental induction emphasizes
the action of the environment. Phenotypic plasticity might
exist even in a homogeneous population in a homogeneous
environment. Environmental induction happens when envi-
ronmental heterogeneity causes phenotypic heterogeneity.

Polyphenism. Expression of more than one discrete pheno-
typic state (alternative phenotypes) by a single genotype (a
special case of phenotypic plasticity).

Reaction Norm [or Norm of Reaction]. The set of expected
phenotypic states or values expressed by a genotype over a
range of environments.

Speciation. Speciation is any process in which an ancestral
species gives rise to two or more distinct descendant species.
There is some disagreement about whether “speciation”
should be synonymous with the evolution of reproductive
isolation [30, 46, 47] or broadened to include anagenesis or
phyletic speciation [48-50]. In any case, speciation is usually
a gradual, continuous process of genetic divergence resulting
in a discontinuous pattern of variation (species taxa). Ecolog-
ical speciation is the evolution of reproductive isolation as a
consequence of divergent ecological adaptation [28, 51, 52].
Without reproductive isolation, this is local adaptation. This
definition is based on the biological species concept [53],
which emphasizes genetically based reproductive isolation as
the primary explanation for the existence of distinct kinds
of organisms (i.e., those recognized as species taxa). I am
not making a recommendation about taxonomic practice.
Rather, from the perspective of evolutionary biology, the
evolution of reproductive isolation is what distinguishes spe-
ciation from more general phenomena of genetic divergence
(30, 40].
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3. The Developmental Plasticity
Hypothesis of Speciation

Matsuda [54] hypothesized that phenotypic plasticity was
a crucial first step in the adaptive evolution of distinct,
ecologically specialized lineages. As an example, Matsuda
[54] suggested that major differences in life history, such as
presence or absence of metamorphosis prior to reproduc-
tion in salamanders (Figure 1), likely began as nongenetic
polyphenisms and evolved via genetic assimilation in habi-
tat specialists. Widespread generalists such as Ambystoma
tigrinum and A. velasci show conditional expression of
metamorphosis from aquatic larva to terrestrial adult in
small temporary ponds versus a fully aquatic life cycle with
no metamorphosis in more permanent water bodies. This
polyphenism likely represents the ancestral state of the tiger
salamander clade [55]. In several isolated lakes in Mexico,
permanently aquatic endemics such as A. mexicanum and
A. dumerilii no longer express metamorphosis in nature
owing to genetic changes in the thyroid hormone system
[54-56].

Along the same lines, West-Eberhard [13-15] proposed
a generalized “developmental plasticity hypothesis of speci-
ation” in which the evolution of ecologically distinct forms
in different environments depends on the initial appearance
of those distinct forms as alternative phenotypes in a phe-
notypically plastic ancestor. She argued that when adaptive
phenotypic plasticity results in strong associations between
phenotypes and environments, rapid speciation could occur
in three steps. First, alternative phenotypes become fixed in
different populations owing to environmental differences,
but with little or no genetic change. Then, genetic assimila-
tion and/or other adaptive modifications of each phenotype
occur owing to divergent selection. Finally, reproductive
isolation evolves as a byproduct of adaptive divergence or
via reinforcement if there is contact between the diverging
populations.

Clearly, West-Eberhard’s [13—15] hypothesis is a kind of
ecological speciation in which developmental plasticity pro-
motes genetic divergence in response to ecologically based
selection. In the absence of plasticity, divergence might be
prevented entirely if the single expressed phenotype cannot
establish a viable population in the alternative environment
[22, 27, 36] or might be much slower if phenotypic diver-
gence must await new mutations and their gradual fixation
[13-15].

West-Eberhard’s developmental plasticity hypothesis of
speciation is focused on adaptive phenotypic plasticity and
its influence on one component of ecological speciation:
the evolutionary response to divergent selection. How-
ever, nonadaptive plasticity might be equally if not more
influential in promoting an evolutionary response [18].
Further, the other component of ecological speciation, the
evolution of reproductive isolation [28, 62, 63], also can
be directly influenced by phenotypic plasticity. In the next
sections, I examine how plasticity can interact with these two
components of ecological speciation.

=

=P
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FiGure 1: The tiger salamander radiation exemplifies the develop-
mental plasticity hypothesis of ecological speciation [13-15, 54].
(a) Environmentally induced alternative phenotypes of the tiger
salamander (Ambystoma tigrinum) include terrestrial metamorphs
and aquatic paedomorphs. (b) The California tiger salamander
(A. californiense) is an obligate metamorph derived from a devel-
opmentally plastic common ancestor with A. tigrinum [55]. (c)
The Mexican axolotl (A. mexicanum) is one of several obligate
paedomorphs, independently derived from plastic ancestors within
the last few million years [55, 57, 58].

4. Phenotypic Plasticity and
Ecological Divergence

Phenotypic plasticity can slow or enhance genetic divergence.
How plasticity affects divergence depends to some extent on
whether plasticity is adaptive or not.

4.1. Adaptive Plasticity. Adaptive plasticity can dampen or
eliminate divergent selection. If any individual can express
a nearly optimal phenotype in whatever environment it
finds itself, then there is little or no variation in the ability
to survive and reproduce, hence little or no divergent
selection [64]. This has long been an intuitive reason to
regard plasticity as a constraint on genetic evolution and
to discount the evolutionary potential of environmentally
induced variation [1]. Models have supported the prediction
that adaptive plasticity can effectively take the place of genetic
divergence between environments [65-67]. And a large
number of empirical studies are consistent with increased
plasticity in species with high dispersal rates [68]. However,
the extent to which plasticity prevents or slows genetic
divergence depends on several factors explored by Thibert-
Plante and Hendry [36] in individual-based simulations.
First, is development sufficiently flexible that an individ-
ual can express traits near either environmental optimum?
Given alternative environments or niches with divergent
fitness functions, the only way environmental induction can
completely eliminate divergent selection is to cause the mean
expressed trait of a single gene pool to match the optimum
in each environment [22] (Figure 2). If adaptive plasticity is
less than perfect, divergent selection might still exist. Then
the question is whether plasticity quantitatively dampens
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Figure 2: Effects of adaptive plasticity on colonization and
adaptation to a new niche. A population well adapted to its niche
is illustrated in (a) by coincidence of the mean trait value (black
line) with the peak of the fitness function (dashed line). If the
fitness function is dramatically different in a new environment, a
population with trait values favored in the old environment (b)
might have such low fitness as to have little chance of survival.
If environmental induction produces a shift in trait values toward
higher fitness phenotypes (c), the population might persist but still
experience selection. If phenotypic plasticity results in a perfect
match between mean trait value and fitness optimum (d), then there
is no effect of selection on the population mean.

the fitness tradeoff enough to substantially slow or prevent
divergent evolution [36].

Second, how much dispersal occurs between environ-
ments? In the absence of gene flow, almost any amount
of divergent selection will eventually cause evolutionary
divergence. When there is gene flow between populations,
the effect of divergent selection depends on the relative
magnitudes of selection and gene flow [1, 69-73], in addition
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to demographic factors [74-76]. Therefore the impact of
adaptive plasticity on the potential for genetic divergence
depends on how it affects the tension between divergent
selection and gene flow [36, 77, 78]. Moreover, plasticity itself
is adaptive only to the extent that individuals have a reason-
able chance of experiencing alternative environments. If the
populations expressing alternative phenotypes are isolated
in their respective environments, the ability to express the
alternative phenotype is likely to be lost owing to selection
for efficient development or simply because loss of function
mutations are likely to accumulate neutrally in genes that
are never expressed [79]. This process of a conditionally
expressed trait becoming constitutively expressed is genetic
assimilation [11, 16, 80].

Third, are the systems sensing the environment and
regulating trait expression sufficiently accurate that the
best phenotype is reliably expressed in each environmental
context? There are two components to this, first is simply the
question of how well developmental or behavioral systems
are able to sense and react to environmental stimuli [81].
Again, if adaptive plasticity is less than perfect, divergent
selection can exist. Second is the question of whether the tim-
ing of key developmental and life history events is such that
future environmental conditions can be correctly predicted
[36]. For example, if individuals disperse and settle before
completing development (e.g., seeds or planktonic larvae),
they might be able to accurately tune their adult phenotypes
to the environment in which they settle. However, if a
substantial number of individuals disperse after completing
development (e.g., animals with extended parental care
(82]), then developmental plasticity would do little to help
them accommodate new environmental challenges because
their phenotypes are adjusted to their natal habitat rather
than their new habitat. In this case, there might be strong
selection against immigrants before any genetic differences
arise between populations [36].

Finally, is there any cost to plasticity? Several modeling
studies have confirmed the idea that plasticity is less likely
to evolve if there are fitness costs to maintaining multiple
developmental pathways or changing expression during
development [36]. Empirical tests for costs of plasticity itself
are rare [83], but it is conceivable that some pathways might
have inherent tradeoffs between efficiency and plasticity
(84, 85], and adaptive plasticity probably always comes with
some potential for error; that is, the best developmental
“decision” might not be made every time [64, 81]. When
plasticity is costly enough to outweigh its fitness benefits,
possible alternative outcomes are the evolution of a single
“compromise” or generalist phenotype, evolution of a simple
genetic “switch” enabling coexistence of alternative specialist
phenotypes [14, 15, 86], or divergent evolution of specialist
populations (local adaptation) [45, 67, 87]. In general we
know very little about the prevalence or influence of costs
of plasticity in nature.

The potential for adaptive plasticity to evolve as a re-
sponse to ecological tradeoffs instead of genetic divergence is
well supported. The dampening effect of plasticity is reduced
but not eliminated by reduction in the extent and precision
of plasticity, reduction in gene flow between environments,
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FiGUre 3: Adaptive and nonadaptive reaction norms. These hypothetical examples suppose that the optimum expression level for some
gene increases with temperature and that increased temperature induces increased expression of the gene. (a) Plasticity is adaptive when
it keeps expression closer to the optimum than it would be if expression, were constant across temperatures. (b) Plasticity is nonadaptive
(maladaptive, in this case) when induced changes in a new environment take expression further from the optimum than it would be if it
had remained constant. (b) is an example of countergradient variation, in which genetic differences cause cool-adapted genotypes to have
higher gene expression than warm-adapted genotypes at the same temperature. The result is overexpression by cool-adapted genotypes

transplanted to warm environments.

and increased costs of plasticity [36]. However, plasticity can
actually promote genetic divergence under some conditions.
In particular, when development is completed after dispersal
(e.g., sessile organisms), adaptive plasticity might make
successful colonization of new environments more likely
(Figure 2). In West-Eberhard’s [14, 15] conceptual model
and Thibert-Plante and Hendry’s [36] mathematical model,
individuals are able to colonize a radically new environment
by adjusting developmentally, behaviorally, and/or physi-
ologically. This adaptive plasticity allows a population to
persist in the new environment, continually exposed to
divergent selection. If instead all individuals entering the new
environment die or leave, there is no divergent selection.
Thus, without adaptive plasticity, there might simply be
suitable and unsuitable environments, with little opportunity
for divergent evolution. Successful colonization of a new
environment can initiate divergent selection, not only on
the plastic trait, but possibly also on other traits, which
might then cause ecological speciation. This to some extent
reconciles the conflicting effects of plasticity. In other cir-
cumstances, when dispersal occurs after development (e.g.,
animals with extended parental care), individuals settling in
new environments are especially likely to express suboptimal
phenotypes, which might accentuate the effects of selection
and spatial separation once a new habitat has been colonized
[36]. This effect is similar to effects of nonadaptive plasticity
discussed below.

4.2. Nonadaptive Plasticity. The potential for adaptive plas-
ticity to promote colonization and adaptation to alter-
native environments has been promoted by advocates of

developmental evolutionary biology [14, 15, 17, 88] and
treated extensively in recent reviews and models [22, 27,
32, 36]. The effects of nonadaptive phenotypic plasticity
have received less attention. However, any environmental
effect on phenotypes can affect the strength and direction of
selection in addition to the genetic variances and covariances
of important traits [18, 22, 42]. Some kinds of nonadaptive
environmental induction might affect the probability of
ecological speciation. In particular, suboptimal develop-
ment or noisy plasticity [45] in stressful environments
could inhibit adaptation by decreasing the fitness of local
relative to immigrant individuals. However, it would also
increase the strength of selection and potentially result
in cryptic adaptive divergence (countergradient variation)
(18, 41].

Countergradient variation is negative covariance be-
tween genetic and environmental effects on phenotype [41].
Classic examples are poikilotherms such as fish and molluscs
[89], flies [90], or frogs [91] that grow more slowly in cold
climates, but cold-adapted populations have higher growth
rates than warm-adapted populations when raised at the
same temperature. The best explanation for this pattern is
that genetic differences have evolved to compensate for diver-
gent effects of environmental induction, resulting in popula-
tions that appear similar when measured each in their native
habitat but show maladaptive plasticity when transplanted
(Figure 3). Note that negative covariance between genetic
and environmental effects is not necessarily maladaptive, but
environmental effects will tend to be maladaptive if the opti-
mum phenotype is roughly constant across the environment
range.



When countergradient variation exists, we expect immi-
grants to have a fitness disadvantage owing to under- or
overexpression of an environmentally sensitive trait relative
to a local optimum (Figure 3). This might well promote evo-
lution of restricted or nonrandom dispersal; hence intrinsic
barriers to gene exchange as a result of divergent ecological
selection. However, countergradient variation will evolve
only if selection is stronger than gene flow and if reaction
norms are genetically constrained (otherwise, we might
expect adaptive evolution to flatten the reaction norm). At
least in the early stages of colonization of a challenging new
habitat, nonadaptive plasticity (such as stunted growth or
suboptimal metabolic rates) might make resident individuals
less viable and fecund than healthy immigrants from a
less stressful habitat [22]. This potential fitness asymmetry
could offset effects of adaptive genetic changes on the
relative fitness of immigrants and residents. That is, offspring
of immigrants might have lower fitness than offspring of
native genotypes with locally adaptive alleles. However,
offspring of immigrants might nevertheless outnumber
offspring of natives if immigrants come into the stressful
habitat with substantial viability and fertility advantages
from being raised in a higher quality habitat. Parental
care and physiological maternal effects could further extend
those environmentally induced advantages to the offspring.
The net effect could be a tendency for locally adapted
genotypes to be replaced (“swamped”) by immigrants owing
to a negative covariance between environmental and genetic
effects. This effect of nonadaptive plasticity is synergistic with
the potential for demographic swamping, a well-known con-
straint on local adaptation to novel habitats [74, 76, 87, 92].

For now, it appears that the impact of nonadaptive plas-
ticity on the probability of ecological speciation cannot be
predicted without additional detailed knowledge. Just as gene
flow can constrain or facilitate local adaptation [74, 76], and
adaptive plasticity can inhibit or promote adaptive genetic
divergence [22, 27, 36], nonadaptive plasticity might impede
genetic divergence by accentuating fitness advantages of
immigrants and/or promote divergence by increasing the
intensity of selection.

5. Phenotypic Plasticity and the Evolution
of Reproductive Isolation

Plasticity of a different sort might directly affect repro-
ductive compatibility between populations developing in
different environments. Environmental induction might
generate differences in preference, reproductive phenology,
or expression of secondary sexual characteristics. Coinci-
dence of environmentally induced reproductive barriers and
potentially divergent selection can be genetically equivalent
to a geographic barrier between divergent environments
[59, 93, 94]. A key element of the developmental plasticity
model of ecological speciation is the establishment of a
consistent relationship between the environment of parents
and that of their offspring. Similarity of parent and offspring
environments maintains shared environmental effects on
phenotype, consistency of selection, and reduces gene flow.

International Journal of Ecology

[E 4 m = 0.5(19% speciation)
e —
[ 1 m = 0.375 (51% speciation)
e —
R 1

F————— m = 0.25 (74% speciation)

Flowering week

FiGure 4: Effects of phenotypic plasticity of flowering time on
ecological speciation. The lines illustrate flowering periods for
plants on two soil types (dashed and solid) based on initial
conditions in the simulations of Gavrilets and Vose [59] for
ecological speciation based on the Howea palm tree study [60].
I illustrate the case where flowering time is affected by 8 loci,
and the environmental effect of soil type is either 0, 2, or 4
weeks difference. In the simulations [59], changing the number of
loci has confounding effects on the initial environmental variance
component and the fitness effects of mutations, so a single genetic
scenario is illustrated here for simplicity. I calculated the initial rate
of gene flow between soil types as m = 0.5 (% time overlap), based
on the assumption that any tree is equally likely to receive pollen
from any other currently flowering tree. %speciation is based on
the number of simulations ending in speciation, given in Table 2 of
Gavrilets and Vose [59].

Environmental similarity can be a byproduct of geographic
isolation or might be promoted by environmentally induced
variation in habitat choice, phenology, or other aspects
of mating behavior. Whether or not ecological speciation
ensues depends on whether genetic reproductive barriers
evolve and whether that evolution can be attributed to
divergent selection.

A seemingly commonplace example of environmentally
induced barriers to gene flow is flowering time in plants.
Flowering time is often accelerated or delayed when a given
genotype is grown on different substrates [34]. For example,
grasses and monkey flowers colonizing contaminated soils
around mines show environmentally induced shifts in flow-
ering [95, 96], and palm trees on Lord Howe Island show
soil-dependent flowering times [60]. These examples are also
widely recognized cases of ecological speciation. Gavrilets
and Vose [59] used simulations to explore the impact of
environmentally induced shifts in flowering time on the
probability of adaptive divergence and ecological speciation
and confirmed that this instantaneous barrier to gene flow
between habitats can markedly increase the probability and
rate of divergence (Figure 4).

A similar effect arises owing to behavioural imprinting
[97, 98]. Many animals, such as birds and anadromous fishes,
are known for imprinting on their natal habitat [99-101].
When this is a direct matter of memorizing where home is
(as might be the case in Ficedula flycatchers [101]), it simply
accentuates the relationship between geography and gene
flow. Slightly different implications emerge from imprinting
on a kind of habitat, host, or resource because then the
environmental influence on gene flow is independent of
geography. Some phytophagous insects imprint on their
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host plant species based on chemical cues [102], and nest-
parasitic indigobirds imprint on their hosts [103]. In these
examples, phenotypic plasticity helps maintain similarity
between maternal and offspring environments, which is
important both for maintaining phenotypic similarity and
consistency of selection on parents and offspring. However,
it is not always obvious that habitat or resource imprinting
should directly affect mating preferences. In the Vidua
indigobirds, there is an imprinting effect of host song, such
that nest parasites raised by the same host species tend to
mate assortatively owing to learned elements of their own
songs and preferences [103, 104]. In many phytophagous
insects, mating occurs on or near the host plant [102, 105],
making plant choice a “magic trait” simultaneously effecting
ecological and sexual differentiation [31]. As with genetically
determined traits, phenotypic plasticity of traits directly
linked to both ecological adaptation and assortative mating
is most likely to contribute to ecological speciation.

Environmental effects on traits directly involved in sex-
ual selection are not unusual. Expression of pigments,
pheromones, and other displays can depend on diet, condi-
tion, or experience [19, 106]. For example, premating isola-
tion is induced by larval host plant differences in Drosophila
mojavensis, because the chemical properties of their cuticular
hydrocarbons (important contact pheromones) are strongly
influenced by diet [107, 108]. Sharon et al. [109] recently
showed that mate choice in D. melanogaster can be modified
by symbiotic gut bacteria. Flies raised on a high-starch
medium had microbiota dominated by Lactobacillus plan-
tarum, which was only a minor constituent of the microbiota
of flies raised on a standard cornmeal-molasses medium.
Sharon et al. [109] found that the differences in bacterial
composition can affect cuticular hydrocarbon levels, provid-
ing a probable mechanism affecting mate choice.

In Sockeye Salmon (Oncorhynchus nerka), postmating
isolation might be caused by sexual selection on diet-derived
coloration. Anadromous sockeye sequester carotenoids from
crustaceans consumed in the ocean and use them to express
their brilliant red mating colors. The nonanadromous
morph (kokanee) expresses equally bright red mating color
on a diet with much less carotenoids, an example of
countergradient variation [110]. Anadromous morphs and
hybrids raised in the freshwater habitat of the kokanee (low-
carotenoid diet) underexpress the red pigment and probably
suffer reduced mating success as a consequence [111, 112].

The actual effect of phenotypic plasticity on gene flow
depends on environmental similarity between parents and
offspring. Environmentally induced mate discrimination
will have little or no hindrance on gene flow unless it
also affects the phenotypes and/or environments of the
offspring. For example, imagine a phytophagous insect
with environmentally induced contact pheromones causing
perfect assortative mating between individuals raised on the
same host plant. If there are no differences in host choice,
then the offspring of each mating type are equally likely
to grow up on each plant and therefore have no tendency
to develop the same pheromone profile as their parents
(Figure 5). In this hypothetical case, there is free gene flow
despite assortative mating of phenotypes.

Environmentally induced differences in habitat choice
reduce gene flow when individuals are more likely to mate
with other individuals using the same habitat, and offspring
are more likely to grow up in habitats similar to those of
their parents. If habitat choice is entirely determined by
the individual’s environment (i.e., if there is no tendency
for the offspring of immigrants to return to their parent’s
original habitat), then the effect is genetically identical to a
geographic barrier. Either way we can describe the system
in terms of populations of individuals or gametes with some
probability (m) of “moving” from their natal population to
breed in a different population. In the simple case of two
environments and nonoverlapping generations, the expected
frequency of an allele in generation ¢ in environment i is a
weighted average of the frequencies in environments i and j
in generation t — 1 [113]:

Piy = (1 = m)pie—1y + mpje—1). (1)

It makes no difference whether m is determined by geography
or environmental induction as long as there are not heritable
differences in m among individuals within a habitat. More
generally, geographic or spatial covariance is a special case
of environmental similarity, and the extensive knowledge
from decades of conceptual and mathematical modeling
of gene flow’s effects on adaptation and speciation [30,
31, 87, 114, 115] can be extended directly to include
this kind of phenotypic plasticity. In particular, we might
expect environmentally induced restrictions on gene flow to
facilitate the evolution of postzygotic incompatibilities (both
environment-dependent and -independent selection against
hybrids) and genetic assimilation of behavioral reproductive
barriers (habitat and mate choice), but also to lessen the
potential for selective reinforcement of assortative mating
(just as adaptive plasticity lessens divergent selection on
ecological phenotypes).

6. Conclusions and Future Directions

Opinions still seem to outnumber data about the impact
of environmental induction and plasticity on evolution, but
substantial progress has been made in the last 20 years
[23, 64]. Plasticity appears to be a common if not universal
feature of developmental systems and should not be ignored.
Plasticity and environmental effects were once black boxes,
ignored by some, uncritically promoted as threats to evo-
lutionary theory by others. But theoretical and empirical
investigations have increasingly shed light on how plasticity
evolves and interacts with natural selection. Whether devel-
opmental plasticity rivals mutation as a source of quantitative
or qualitative change (the evolution of “novelty”) remains
contentious [17, 80, 116]. However, to the extent that
speciation is defined by genetic divergence, genes will not be
displaced from their central role in the study of speciation.
Phenotypic plasticity can promote or constrain adaptive
evolution and ecological speciation. The effects of plasticity
in a particular case, and whether there is an overall trend, are
empirical questions.

Important theoretical challenges for understanding the
importance of plasticity for adaptation and speciation



. 1st generation: Larvae on different host
plants develop environmentally induced
mating cues represented by red and
blue.

. Random dispersal results in equal
frequencies on each host plant.
Association between genotype and
mating phenotype persists.

. 2nd generation: Larvae produced by
assortative mating deviate from Hardy-
Weinberg, but develop environmentally
induced mating cues.

. Random dispersal maintains equal
frequencies. There is no association
between genotype and mating
phenotype

. 3rd generation: Hardy-Weinberg
genotype proportions are expected for
larvae on each host despite assortative
mating by environmentally induced
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Host 1 Host 2
100% AA 100% aa
P AA, gaa P AA, qaa
pAA, gaa P AA, qaa
plp AA, q aal plp AA, q aal
+q[p AA, q aa] +qlp AA, q aa]

plp? AA, 2pq Aa, ¢° aa]
+qlp? AA, 2pq Aa, g° aa]
= p? AA, 2pq Aa, g% aa

plp® AA, 2pq Aa, g aa
+qlp® AA, 2pq Aa, g° aa]
= p? AA, 2pq Aa, g% aa

phenotype.

F1GURE 5: Free gene flow despite assortative mating. If mating cues are environmentally induced but there is no habitat choice, host-associated
populations will not be genetically differentiated, and it takes two generations to establish Hardy-Weinberg equilibrium. If the host densities
are pand 1 — p = g, alocus that is fixed for different alleles on different hosts has allele frequencies p and q. At first, genotypes are perfectly
associated with the host-induced mating cue, but random dispersal eliminates that association in one generation if there are no other factors
maintaining covariance between parent and offspring phenotype (e.g., maternal effects or divergent selection). Once genotype frequencies
are equalized between phenotypes, mating within phenotypes establishes Hardy-Weinberg genotype proportions [61]. Although imagining a
locus with complete differentiation makes for the simplest illustration, the result is completely general for any allele frequency. If we somehow
know what alleles have ancestors in each habitat in generation 0, the result is that it takes just two generations to completely randomize that
ancestry, regardless of whether or not the alleles are actually different by state.

include the extension of models (such as [36]) to incorporate
nonadaptive plasticity and countergradient variation, further
investigation of how costs of plasticity affect genetic assim-
ilation and reproductive isolation, and careful examination
of what kinds of environmental effects on phenotype can
be considered equivalent to geographic restrictions of gene
flow (environmental effects on dispersal) [59, 93, 94, 114].
Not all environmental effects on mate choice will affect gene
flow (Figure 5). However, maternal effects and factors that
promote environmental similarity between relatives seem
particularly likely to reduce gene flow and promote adaptive
divergence. Incorporation of such effects into the classic
models of local adaptation [87] and ecological speciation
[31] might bring substantial clarification to the subject.
Moreover, how environmentally induced barriers to gene
flow might affect the evolution of constitutive genetic bar-
riers has not been explored. Should we expect environmental
effects on assortative mating to slow the evolution of genetic
barriers to gene flow? Finally, virtually no attention has been

given to the relationship between plasticity and postzygotic
isolation. Key questions include how might plasticity affect
ecologically based selection on hybrids, and are highly
plastic developmental pathways good or bad candidates for
involvement in postzygotic developmental incompatibilities?

Addressing empirical challenges might best begin by
establishing criteria for recognizing plasticity as a causal fac-
tor in speciation or adaptive radiation. West-Eberhard [15]
and Pfennig and McGee [117] suggested that associations
between intraspecific plasticity and species diversity support
a role for plasticity in promoting adaptive radiation. Exam-
ples like the tiger salamander radiation (Figure 1) and oth-
ers [117], where an intraspecific polyphenism parallels a
repeated pattern of interspecific divergence, are consistent
with adaptive plasticity as an origin of ecological divergence
between species. More confirmatory evidence for a causal
role of plasticity in adaptive divergence (the first component
of ecological speciation) would come from testing the
strengths of tradeoffs, costs of plasticity, and selection against
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immigrants and hybrids. Effects of plasticity on reproductive
isolation (the second component of ecological speciation)
are illustrated in studies like those of parasitic indigobirds
[103, 104] and Drosophila [107-109] on environmentally
induced barriers to gene flow. We presently know little of
the prevalence of this phenomenon or whether it is often
strong enough to facilitate substantial genetic differentiation.
Field studies are needed to document the prevalence and
strength, in nature, of costs of plasticity, evolvability of
reaction norms, and environmental effects on reproductive
isolation. The principle illustrated in Figure 5 should be
considered in the design and interpretation of experiments.
In order for plasticity of mating behaviour to directly impact
gene flow, there must be some factor maintaining similarity
of environmental effects across generations. Finally, devel-
opmental genetic studies are needed to assess whether genes
causing postzygotic or prezygotic isolation are often involved
in highly plastic developmental pathways.

The theoretical and empirical foundations of speciation
research are very strong in terms of genetics and geography
[29-31, 115]. The roles of ecology, environment, and
development are prominent among the remaining frontiers
[27, 36, 52]. Further research integrating genetics, ecology,
and development promises great gains in understanding the
origins of biological diversity.
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