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This theme issue pursues an exploration of the potential of taking into account the environmental
sensitivity of development to explaining the evolution of metazoan life cycles, with special focus on
complex life cycles and the role of developmental plasticity. The evolution of switches between
alternative phenotypes as a response to different environmental cues and the evolution of the control
of the temporal expression of alternative phenotypes within an organism’s life cycle are here treated
together as different dimensions of the complex relationships between genotype and phenotype, fos-
tering the emergence of a more general and comprehensive picture of phenotypic evolution through
a quite diverse sample of case studies. This introductory article reviews fundamental facts and con-
cepts about phenotypic plasticity, adopting the most authoritative terminology in use in the current
literature. The main topics are types and components of phenotypic variation, the evolution of organ-
ismal traits through plasticity, the origin and evolution of phenotypic plasticity and its adaptive

value.
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In the context of the modern synthesis, the role of
environment in organic evolution can be roughly sum-
marized by the well-known phrase: ‘environment
proposes, natural selection disposes’, which expresses
the one-way relationship between environment and
adaptation in orienting the direction of evolutionary
change. The organism is thus seen as the ‘passive
object of evolutionary forces’; one, the environment,
generating ‘problems’ at random with respect to the
organization and the performances of the organism,
and the other, the organism’s internal genetic machin-
ery, generating ‘solutions’ at random with respect to
the ‘problems’ posed by the environment (discussed
in Lewontin 2000). The relationship between geno-
type and environment is thus restricted to selection
by the latter on the phenotypes controlled by the
former.

In recent years, a growing sense of dissatisfaction
with this picture as the ultimate description of
evolutionary change has been emerging. It appears
that reducing the origin of variation to genetic
mutation and recombination not only overlooks a
growing mass of data on inheritable epigenetic vari-
ation (Jablonka & Lamb 2005; Gilbert & Epel
2009), but also fails to explain evolutionary routes of
change that can be fully understood only by taking
into account the environmental influences on the phe-
notype throughout the developmental processes
(Minelli & Fusco 2008).

* Author for correspondence (giuseppe.fusco@unipd.it).

One contribution of 12 to a Theme Issue ‘From polyphenism to
complex metazoan life cycles’.

Phenotypic evolution depends on phenotypic vari-
ation, and in metazoans, as in other multicellular
organisms, phenotypic variation (when not explicitly
restricted to a given developmental stage) is variation
in developmental trajectories throughout the ontogeny
(Fusco 2001). An individual organism’s trajectory
is the result of a unique interaction between its
genome(s), the temporal sequence of external environ-
ments to which it is exposed during its life and random
events at the level of molecular interactions in its
tissues (Lewontin 2000). Thus, ‘development is larger
than just developmental genetics’, and there is a
plethora of environmentally induced components of
developmental variation that are relevant for both the
ecology and the evolution of a species (Gilbert ez al.
2010). As proximate causes of phenotypic variation,
genes and environment are thus inextricably linked
(Crispo 2007).

The contributions to this volume aim at exploring
the potential of an integrated developmental and
environmental approach to explaining the evolution
of metazoan life cycles, with special focus on complex
life cycles and the role of developmental plasticity.
What is the value of taking the environmental sensi-
tivity of developmental processes into the picture to
account for the evolution of the metazoan life cycle?
Is there a common genetic and/or epigenetic back-
ground shared by environmentally sensitive and
insensitive developmental pathways? This theme
issue carries out this exploration through a quite
diverse sample of case studies that, while showing
the multiplicity of ecological and evolutionary facets
of the subject, will collectively provide large scope for
basic conceptual revisitations.
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This introductory article aims at presenting the
main themes covered by the volume as well as at clar-
ifying concepts and terms that are relevant for the
analysis and discussion of the subject.

1. EVOLUTION THROUGH PLASTICITY

Phenotypic plasticity can be defined as ‘the ability of
individual genotypes to produce different phenotypes
when exposed to different environmental conditions’
(Pigliucci et al. 2006). This includes the possibility to
modify developmental trajectories in response to
specific environmental cues, and also the ability of an
individual organism to change its phenotypic state or
activity (e.g. its metabolism) in response to variations
in environmental conditions (Garland & Kelly 2006).

Well-known textbook examples of plastic develop-
ment are seasonal polyphenism in butterflies (e.g.
Brakefield & Frankino 2007), caste polyphenism in
social insects (e.g. Miura 2005), environmental sex
determination in reptiles (e.g. Janzen & Phillips
2006) and predator-induced polyphenism in cladocer-
ans (e.g. Laforsch & Tollrian 2004), but also
phenotypic changes like acclimation, learning and
the immune system adaptation are part of the reper-
toire of an organism’s plastic responses (reviewed in
Gilbert & Epel 2009).

As with any organismal trait, the way in which an
individual responds to environmental influences is
subject to evolutionary change. The ecological role
and evolution of phenotypic plasticity is a highly
debated issue in current evolutionary research. The lit-
erature is vast, but the interested reader can find
valuable introductions to the subject in some keystone
reviews (e.g. Schlichting & Pigliucci 1998; Greene
1999; Pigliucci 2001; West-Eberhard 2003, 2005;
DeWitt & Scheiner 2004). However, the main focus
here is not on the evolution of plasticity, but rather
on the evolution of phenotypic traits and organismal
diversity through plasticity, i.e. the role of plasticity
in evolution. Although it is generally acknowledged
that phenotypic plasticity is an important property of
developmental systems, that allows the organism to
cope with environmental unpredictability and/or het-
erogeneity, its role in adaptive evolution remains
contentious (e.g. de Jong 2005). For instance,
although it is generally acknowledged that phenotypic
plasticity can increase organism survival under specific
conditions, there is no general agreement on whether
plasticity can drive the evolution of novel traits and
promote taxonomic diversity, or on whether it has
more often the effect of accelerating or retarding evo-
lutionary change (Price et al. 2003; West-Eberhard
2003).

We will enter this discussion by widening the view
on plasticity: along with its role in adaptive evolution
in a variety of ecological contexts, we will also consider
its value as a source of variation in the evolution of
novel life cycles. There are many ways to investigate
the role of the evolution of developmental genes and
gene networks in the evolution of multicellular organ-
isms. To date, the evolution of switches between
alternative phenotypes as a response to different
environmental cues has often been treated as a
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separate problem from the evolution of the control of
the temporal expression of alternative phenotypes
within an organism’s life cycle. However, these differ-
ent dimensions of the complex relationships between
genotype and phenotype are possibly interrelated and
may reveal general principles at the level of develop-
mental processes and/or at the level of the gene
networks controlling them. Rephrasing the question
in a phylogenetic perspective, can the origin of the
sometimes very different phenotypes that correspond
to ontogenetic stages also be found in alternative
phenotypes within an ancestral polyphenism? Or,
vice versa, is it likely that from the sequence of
phenotypes in an ancestral complex ontogeny, a devel-
opmental system with multiple alternative phenotypic
trajectories eventually evolved?

A definitive answer to these questions is beyond the
reach of this collection of papers. This theme issue’s
contributions aim instead at fostering the emergence
of a more general and comprehensive picture of phe-
notypic evolution by integrating different aspects of
plasticity that heretofore have often been treated separ-
ately. These include the possible contribution of
phenotypic plasticity to organismal diversification
(Pfennig & McGee 2010), the evolution of novel
traits (Moczek 2010), the evolution of life cycles with
indirect development (Degnan & Degnan 2010) and
the very origins of the metazoan clade (Arenas-Mena
2010).

2. VARIATION: TYPES AND COMPONENTS

Since the first formulation of the Darwinian theory of
evolution (Darwin 1859), variation has occupied a
central role (Hallgrimsson & Hall 2005), as it provides
the ‘rough material’ for evolutionary sorting processes,
namely natural selection and random drift (Fusco
2001). In recent years, structure and origin of phenotyp-
ic variation have been considered the required ‘missing
piece’ to complement the standard (neo-Darwinian)
theory of evolution (e.g. Miiller 2007), and their
formal inclusion in the theory has been regarded as
an obligate step towards an extended new synthesis
that will expand the explanatory reach of the current
evolutionary theory (Pigliucci & Miller 2010).

Thus, understanding both the genetic and develop-
mental causes of phenotypic variation and their
evolutionary consequences is a major goal in evolutionary
biology (Greene 1999). However, investigating these
sorts of questions requires a precise characterization of
the nature and the structure of variation.

(a) Types of variation

Intraspecific variation (Darwin’s ‘individual variabil-
ity’; Darwin 1859) is ubiquitous in the living world.
This variation is generally referred to as phenotypic
variation, less frequently as phenotrypic polymorphism,
and can be variously qualified and/or partitioned. In
the stereotyped view of the modern synthesis, that
‘evolution consists of genetic changes in populations
over time’ (Futuyma 2005, p. 190), the most obvious
divide is the one between genetic and environmental
sources of variation. Mayr (1963) introduced the
term polyphenism to distinguish environmentally
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phenotypic character value

environmental parameter value

Figure 1. Schematic representation of the reaction norms for
three characters (A—C): A and B are plastic (plastic reaction
norm), whereas C is a non-plastic character (non-plastic
reaction norm). A is a polyphenic character, while C is
monophenic.

induced phenotypic variation (‘the occurrence of sev-
eral phenotypes in a population, the differences
between which are not the result of genetic differ-
ences’; Mayr 1963, p. 670) from genetically
controlled phenotypic variation, or genetic polymorph-
ism. The term polymorphism, without further
qualifications, is often used as a shorthand for genetic
polymorphism (whether or not this has recognizable
phenotypic effects), or for a phenotypic polymorphism
with solid genetic basis. A genetic polymorphism does
not necessarily translate into phenotypic variation: this
is the case of many selectively neutral genetic markers,
like microsatellite DNA. Standing genetic variation
that does not contribute to phenotypic variation
under standard conditions, while having the potential
to modify the phenotype following a change in
environmental setting or genetic context, is called
cryptic genetic variation (see McGuigan & Sgro (2009)
for a recent review on its role in evolution).

The term reaction norm refers to the set of pheno-
types that can be produced by an individual
genotype when exposed to different environmental
conditions (Schlichting & Pigliucci 1998). This is
often represented in the form of a mathematical func-
tion that associates the values of one or more
environmental parameters (in a biologically relevant
interval) to the values of one or more phenotypic char-
acters (figure 1). A plastic character presents a reaction
norm with a sizable codomain, whereas non-plastic
characters present an environmentally invariant value
(a flat reaction norm). A non-plastic character is said
to be monophenic. The attribute ‘plastic’ is generally
associated with a character, but it can also be referred
to a natural population, a laboratory strain, a sex or a
cohort within a species. Usually, the term polyphenism
is restricted to the case in which two or more distinct
phenotypes (without intermediates) are elicited by
the environmental cue; thus polyphenism is a particu-
lar case of phenotypic plasticity (West-Eberhard
2003). The phenotypic discontinuity that character-
izes a polyphenism can either be due to a real
discontinuity in the reaction norm (as in reaction
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norm A of figure 1), reflecting an environmentally
induced threshold-like switch from one developmental
pathway to another, or be due to the effect of discon-
tinuities in the values of relevant environmental
parameters to which the organism is exposed, resulting
in the expression of discrete phenotypes representing
portions of an otherwise continuous reaction norm
(Nijhout 2003).

Environmental and genetic influences are insepar-
ably entangled in both development (as phenotype
determinants) and evolution (as it is through their
interaction that selectable phenotypic variation
emerges). Although they are often perceived as distinct
phenomena, several lines of evidence suggest that they
should be considered together as interdependent com-
ponents of the processes that generate phenotypic
variation and drive its evolution.

First, the relative contributions of the possible prox-
imate causes of phenotypic variation form a
continuum, where genetic and environmental com-
ponents have opposite gradients of relative
magnitude (Greene 1999). This relation is embodied
in the simplest version of the classic quantitative gen-
etics expression for variation components of a
phenotypic trait, measured as statistical variance:
Vp = Vg + Vi + Vx> Where the population’s pheno-
typic variance (I’p) is partitioned into genetic (Vg),
environmental (Vg) and genotype-by-environment
(Vgxg) variance. We speak of ‘genetic polymorphism’
when Vg dominates over the other components and of
‘phenotypic plasticity’ when Vg is the major term in
the right-hand side of the equation. Non-parallel reac-
tion norms for different genotypes of the same species
indicate the presence of genotype-by-environment
interactions (Vgxg # 0).

Second, beyond the relative weight of the different
components in the observed phenotypic variation,
genetic and environmental effects may exhibit very
diverse forms of interaction, manifested in different
compartments of the developmental system and at
different levels of the regulation network. For instance,
it would be misleading to classify a priori a polyphen-
ism as a ‘non-genetic’ phenomenon, as individual
variation in the reaction norm that underlies the
response to the external environmental cues may
have a firm genetic basis (Greene 1999).

Third, to a certain degree, the effects of genes and
environments might be interchangeable. This is
referred to as gene—environment equivalence or gene—
environment interchangeability (West-Eberhard 2003).
Some specific environmental conditions can induce
phenotypes (phenocopies) that mimic otherwise
genetically specified traits, and, vice versa, mutant
genes can cause phenotypes (genocopies) to mimic
environmentally elicited phenotypes. Depending on
the context (e.g. species, population, genotype,
environment), the activation of the same alternative
physiological responses, or the same developmental
choice among alternative developmental pathways,
can either be controlled by a genetic polymorphism
or elicited by an environmental cue (e.g. melanism in
butterflies, Nijhout (1991); sex determination in rep-
tiles, Janzen & Phillips (2006)). This can be explained
at the biochemical level by the fact that the same
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regulative effect on the expression of a target gene can
be produced either by an environmental stimulus that
causes changes in the relative concentration of a
relevant transcription factor, or by a genetic modifi-
cation of the corresponding cis-regulative sequence
(Zuckerkandl & Villet 1988).

Fourth, from the point of view of the process of
adaptation of the developmental system, both environ-
mental cues and genetic constitution can be viewed as
operationally equivalent sources of information about
which developmental path is likely to give rise to the
best phenotype with which to confront the coming
selective conditions (LLeimar 2009; see also below).

A few broad-ranging conceptual instruments have
been offered to bridge the gap between the different
components of phenotypic variation and phenotypic
evolution. The most widely recognized among them
is genorype—phenotype mapping that since its original
definition (Alberch 1991) has undergone considerable
empirical improvement and theoretical expansion
(Pigliucci 2010). Another concept, less used but with
great potential, is phenotypic landscape (Rice 2004,
2008), a mathematical representation of the values of
a phenotypic trait as a function of a series of under-
lying causal factors that can be either genetic
constitution, physiological states, developmental mod-
ules or environmental parameters (Nijhout er al.
2010). These conceptual tools are of great value for
the study of phenotype heritability, stability and
evolvability.

(b) Types of plasticity

Plasticity phenomena can be classified in different
ways, e.g. based on the nature of the interested trait
(e.g. morphological, physiological and behavioural),
the nature of the environmental cue (diet, population
density, temperature and photoperiod) interpreted by
the plastic developmental system or the relevant
organism’s performance (predator avoidance/defence,
dispersal and resource exploitation) in the ecological
context. Another distinction is whether phenotype
determination is reversible (as the conspecific-dependent
sex determination in the gobiid fish Trimma; Sunobe &
Nakazono 1993) or irreversible (as in the seasonal
polyphenism of the caterpillars of the geometrid
moth Nemoria; Greene 1989). Still another interesting
aspect of plasticity is whether the phase of sensitivity
to the environmental cue is early in development
(e.g. embryonic, as in temperature-dependent sex
determination in turtles; Crews 2003) or late (e.g.
post-embryonic, as in the wing polyphenism in the
migratory grasshopper Locusta, regulated by popu-
lation density during nymphal stages; Applebaum &
Heifetz 1999).

From the point of view of the adaptive evolution of
plasticity, a significant distinction can be drawn
between direcr and indirect effects of the environment
on development. In the first case, plasticity is due to
the effects of environmental variables that directly
affect a developmental or a physiological process
(e.g. temperature can directly influence developmental
processes affecting chemical reaction kinematics and
the physical properties of membranes). In such
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situations, plasticity is possibly non-adaptive. Conver-
sely, we speak of indirect effects when the
environmental cues elicit responses that are mediated
by other physiological and developmental events. In
this way, the environmental conditions that induce a
given phenotype do not need to be the same con-
ditions to which the phenotype is an adaptation (e.g.
photoperiod, altering the pattern of hormone secretion
in insects, can elicit a change in the developmental
pathway that leads to the production of the phenotype
best adapted to cope with the coming temperature and
nutrition conditions). This provides scope for a time
delay between the eliciting signal and the develop-
mental response, so that the former can actually
perform as a predictor of a forthcoming selective
regime (Nijhout 2003; see also below).

Even under a rigorous definition of plasticity, thus
disregarding more generic uses of the term, as for
instance the predisposition of a living form to be vari-
ably moulded by natural selection (sometimes referred
to as ‘evolutionary plasticity’, partially overlapping
with the more recent concept of ‘evolvability’), the
diversity of biological phenomena that this term
encompasses is still notable (see Gilbert & Epel 2009
for a comprehensive treatment of plastic developmen-
tal processes). The following possibly not exhaustive
list of phenomena highlights the diversity of biological
processes in which plasticity is involved. The cat-
egories recognized here should not be regarded as
strictly mutually exclusive.

— Opportunistic-switch plasticiry. When an environ-
mental parameter relevant for the species has an
unpredictable temporal dynamic on a time scale
comparable to the organism’s whole life cycle (or
to a defined section of its ontogeny), developmen-
tal plasticity permits the production of alternative
phenotypes with high fitness through a set of differ-
ent situations. For instance, depending on the
available kind of food, the tadpoles of the Mexican
spadefoot toad Spea multiplicara can develop into
either of two morphologically distinct environmen-
tally induced morphs, differing in jaw and digestive
apparatus and food preferences, each best adapted
to exploit the available resources (Pfennig 1990,
1992). Such diet-induced plasticity is taxo-
nomically widespread. Several forms of defensive
polyphenism can be ascribed to this category
as well.

— Across-generations plasticity. Bivoltine or multivoltine
species living in an environment that predictably
changes during the year may present in the suc-
ceeding generations two or more different
phenotypes that are repeated year after year. This
is the case of the seasonal polyphenism in the bivol-
tine butterfly Bicyclus anynana, with two adult
morphs adapted to the dry and wet season, respect-
ively (Roskam & Brakefield 1998), and also the
case of cyclomorphosis in many multivoltine
species of rotifers, cladocerans and bryozoans
(Greene 1999). Phenotypic variation in multivol-
tine species can involve morphology, life-history
traits and modes of reproduction as well,
resulting in a complex multi-generation life cycle
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(Minelli & Fusco 2010) as in the case of many
aphids, with alternation of winged and wingless,
amphigonic and parthenogenetic forms (Brisson
2010).

— Coexisting morphs plasticiry. The developmental
switch between two or more possibly coexisting
alternative phenotypic forms with the same geno-
type is induced by environmental parameters that
affect the developmental trajectories. In many
species of the scarab beetle genus Onthophagus, a
sigmoid allometric relationship between body size
at metamorphosis (this size depending in turn on
larval nutrition) and the size of species-specific
cephalic and thoracic exoskeletal projections
(‘horns’) gives rise to the presence of horned and
hornless males in the same population. Horns con-
stitute male secondary sexual characters, and the
two morphs adopt different reproductive strategies
(Moczek 2010). The phenomenon of environmen-
tally controlled sex determination belongs to this
category, as well.

— Caste polyphenism. Different phenotypes, with
different social and reproductive role, determined
by nutrition factors, are at the basis of the caste
system in the societies of many social species (e.g.
among hymenopterans and termites; Khila &
Abouheif 2010). Distribution and regulation of
the controlling environmental factors are at the
basis of the ‘development’, ‘physiology’ and ‘repro-
duction’ of the society as a whole. For this reason,
although caste polyphenism could perfectly fit into
the category above, it deserves to be treated as a
special class among the plasticity phenomena.

— Lifelong plasticiry. The capacity of an individual to
respond to a variety of stimuli (changing its physi-
ology, behaviour, synaptic connections, immune
repertoire, etc.) in an adaptive direction is also
called physiological adaptation, to be distinguished
from evolutionary adaprarion, the adaptive cross-
generational change in the composition of a popu-
lation (Garland & Kelly 2006). Examples of
environmentally induced adaptive changes that
occur within individual organisms during their life-
time are acclimatization, training, learning,
seasonal change in fur thickness in mammals and
feather moulting in birds.

— Non-adaptive plasticity. Insofar as external physico-
chemical parameters can exert influence on any
material system, some degree of non-adaptive plas-
ticity is an inevitable property of organisms
(Newman et al. 2006). Plastic variation is expected
to occur whenever an organism is exposed to
environmental conditions not previously experi-
enced in its evolutionary history (Garland & Kelly
2006), and against which the developmental
system cannot be adaptively buffered. Even a per-
fectly horizontal (non-plastic) reaction norm is
expected to bend at some point towards the
extremities.

(¢) Plasticity: unity in the diversity
All these apparently disparate natural history accounts
are not grouped together under the umbrella term
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‘plasticity’ solely on the basis of a vague definition of
the latter. They really represent the many facets of
the unique fact that the interactions between ‘genes’
and ‘environment’ are not only reflected in the selec-
tion process, but are also inextricably implicated in
the production of the variants to be eventually win-
nowed by it. This is prominently made apparent in
the arbitrariness of any classification of plasticity
phenomena.

For instance, the apparently neat distinction
between the possible modifications of a developmental
trajectory elicited by specific environmental cues
(‘plastic development’) and the ability of an individual
organism to alter its performances in response to
changes in environmental conditions (‘physiological
adaptation’) relies on an equally clear demarcation
between developmental and physiological phenomena.
It implies the possibility to recognize an ‘endpoint’ in
development, i.e. a precise time in ontogeny when
developmental processes stop to give way to physio-
logical and behavioural processes. No general
biology-based criterion is available for such a demar-
cation, and conceivable operational divides between
developmental and ‘post-developmental’ phenomena
are in principle of no use in other instances, e.g. to
investigate the evolution of plastic responses. As a
point of fact, the evolution of alternative developmen-
tal pathways for distinct environmental settings may
share significant similarities with the evolution of
physiological adaptations (Arenas-Mena 2010). Attri-
buting biological value to a conventional demarcation
can result in a °‘conceptual trap’, i.e. a concept
that can bias further investigations (Fusco 2008).

Another example of how deceiving a traditional cat-
egorization can be is provided by indirect modes of
development, where different life stages of the same
organism are very diverse and separated by metamor-
phosis. These can be considered forms of sequential
ontogenetic polyphenism (Nijhout 1999), at variance
with alternative polyphenism, where individuals proceed
along one or another of a set of possible developmental
trajectories. Metamorphosis and  polyphenism,
although phenomenologically different developmental
events, are subject to extremely similar regulatory
interactions in holometabolous insects. For instance,
the developmental switches producing the alternative
phenotypes are mediated by the same endocrine fac-
tors (juvenile hormone and ecdysteroids) that control
metamorphosis (Nijhout 1999). Evolutionary relation-
ships between alternative and sequential polyphenism
are further discussed by Minelli & Fusco (2010).

To get an idea of how entangled different aspects of
a plastic response can be, it is perhaps worth consider-
ing the case of the polyphenism in the migratory locust
Schistocerca gregaria (review in Gilbert & Epel 2009).
Schistocerca gregaria comes in two alternative adult
forms: a solitary, sedentary form with shorter wings
and a gregarious, migratory form with longer wings.
The perception of the proper level of tactile stimuli
(that is correlated to population density), principally
on the surface of posterior leg femurs, can switch the
last part of post-embryonic development towards one
or the other of the two adult forms. But things are
not that simple. The transition between the two
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morphs may take several stadia for some morphologi-
cal characters, while being very rapid for behavioural
changes (Rogers ez al. 2003). Furthermore, the gregar-
ious migratory morph can be retained for several
generations after the crowding has stimulated the
first gregarious morphs to appear. This ‘transgenera-
tional effect’ is mediated by a chemical present in the
foam that surrounds the eggs at deposition (Miller
et al. 2008). Thus, polyphenism in Schistocerca is at
the same time a case of opportunistic plasticity
(in response to the mechanical stimulus owing to
crowding) and a case of across-generations plasticity
(where phenotype is epigenetically inherited after the
primary environmental cue has disappeared), and two
different stimuli, one tactile, the other chemical,
one operating in late post-embryogenesis, the other
operating during embryogenesis, can elicit the same
phenotype.

3. THE EVOLUTION OF PLASTICITY

The evolutionary origins and destiny of (genetic) poly-
morphism is a classic textbook subject in population
genetics and evolutionary biology (e.g. Futuyma
2005). On the contrary, the evolutionary origins and
pathways of change for polyphenism, or more gener-
ally for phenotypic plasticity, are mainly discussed in
the specialist literature (see West-Eberhard 2003).
Here, however, the choice and use of terminology is
not completely settled and often is a subject of
debate (see Crispo 2007).

Among the several aspects of the subject, three are
particularly relevant here: (i) the evolutionary origin
of adaptive plasticity, (ii) the two-way evolutionary
transition between the predominance of environmental
effects and genetic control on the phenotype (the
polyphenism-to-polymorphism, or polymorphism-to-
polyphenism transitions), and (iii)) the organismal
and environmental conditions that favour one
form of phenotype determination over the other (the
adaptive value of polyphenism versus polymorphism).

(a) Origins of adaptive plasticity

and polyphenism

Because developmental and physiological processes are
normally sensitive to environmental variables such as
temperature, pH and the availability of nutrients,
non-adaptive or just incidentally adaptive phenotypic
plasticity ‘is possibly the primitive character state for
most if not all traits’ (Nijhout 2003).

Depending on the effect that phenotypic plasticity
has on fitness, evolutionary change can take different
pathways: (i) stabilization of the phenotype through
mechanisms that buffer it against environmental vari-
ation, actually eliminating the plasticity, (ii) genetic
assimilation of phenotypes leading to a genetic poly-
morphism, and (iii) exaptation of plasticity, possibly
through further elaboration on the relationship
between environmental signal and developmental
response.

In the evolution of a primitive plastic response, a
key transition is from direct to indirect effects of
environment on the phenotype, i.e. the ‘decoupling’
between the reception of the environmental stimulus

Phil. Trans. R. Soc. B (2010)

and the organismal response. In insects, for instance,
the production of alternative phenotypes is mediated
by hormonal regulation. As developmental hormones
are directly regulated by neurosecretory factors,
when they are not neurosecretory hormones them-
selves, this implies that developmental responses are
under the control of the central nervous system,
which, by integrating information about the organ-
ism’s internal and external environment, eventually
regulates development through hormone secretion.
Thus, ‘development can become responsive to a wide
diversity of environmental signals, without the need
to have developmental processes themselves be
sensitive to the environment’ (Nijhout 2003).

(b) Divections of change

Since the first classic writings on the subject (e.g.
Baldwin 1896; Waddington 1942), the scattered litera-
ture on the evolution of plasticity has been
characterized by a certain degree of terminological
confusion that only recently has started to be cleared
out, thanks to some valuable reviews (e.g. Nijhout &
Davidowitz 2003; West-Eberhard 2003; Braendle &
Flatt 2006; Crispo 2007), in part under the need to
theoretically accommodate the results of new exper-
imental works (e.g. Suzuki & Nijhout 2006). Among
the main sources of confusion there is the use of one
and the same term (e.g. canalization, see below) to
indicate both a process and its result, and an
inadequate factorization of the causes of variation,
unable to distinguish its different components (e.g.
genetic versus environmental, or within one environ-
ment versus between different environments)
(Nijjhout & Davidowitz 2003).

In analysing the possible developmental origins of
phenotypic variation, Nijhout & Davidowitz (2003)
introduced a useful schematization. This is based on
the key concept of target phenotype, a property of an
individual defined as ‘the phenotype that would be
specified by a given genetic makeup and environ-
mental conditions in complete absence of variation
of the determinants, and in absence of noise of what-
ever kind’. With respect to the target phenotype,
there are thus two main types of phenotypic variation:
(i) consistent variation of the target phenotype as func-
tion of environmental (reaction norm) or genetic
(allelic sensitivity) variation and (ii) individual vari-
ation around the target phenotype, as the effect of
random perturbations of development (developmental
instability). Distinguishing these different kinds of
phenotypic variation is a requirement for discriminat-
ing different possible evolutionary routes of change
for phenotypic variation (figure 2).

A recently introduced general term to indicate the
evolutionary processes by which the target phenotype
varies its sensitivity to environmental or genetic vari-
ation is genetic accommodation (West-Eberhard 2003).
Older and more familiar terms used to describe plas-
ticity evolution can be considered as special cases of
genetic accommodation. Canalization (Waddington
1942) is the term used for the process of change in
the direction of a reduction of the sensitivity of an
organism’s phenotype either to allelic (genetic
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Figure 2. Schematic representation of possible direction of evolutionary change in phenotypic variation with respect to
environmental sensitivity. Lines represent the reaction norms of target phenotypes (see text) and circles show the variation
around the target phenotype. With respect to the central panel, the left panel depicts a situation with a higher developmental
homeostasis, while the right panel depicts a situation with a higher environmental canalization (modified from Nijhout &

Davidowitz 2003).

canalization) or environmental (environmental canaliza-
tion) variation. The term canalization is used also to
refer to the condition of a developmental system that
is buffered against genetic and/or environmental vari-
ation. Genetic accommodation resulting in a
decrease in environmental sensitivity (environmental
canalization) is also called genetic assimilarion (Wad-
dington 1953), whereas genetic accommodation
resulting in an increase in environmental sensitivity is
partially coincident with the so-called Baldwin effect
(Baldwin 1896; but see Crispo (2007) for a detailed
analyses of the history and usage of these terms).

A general model for the process of genetic accom-
modation can be summarized as follows (Braendle &
Flatt 2006): (i) a genetic or an environmental change
triggers the expression of a novel phenotype uncover-
ing previously cryptic, heritable genetic or epigenetic
variation, thus exposing it to natural selection,
(i1) the initially rare variant phenotype increases in fre-
quency (e.g. because of the persistence of the eliciting
environmental factors), so that a subpopulation of
the original population expresses the novel phenotype,
and (iii) selection on existing variation for trait
expression causes it to become more strictly controlled
genetically or to remain plastic.

Otherwise, evolutionary change can affect the scat-
tering of phenotypes around the target phenotype
within a particular environment. Homeorhesis (develop-
mental homeostasis), the property of an individual
organism to stabilize development within a particular
environment, can either increase or decrease in evo-
lution, with effects on the level of developmental
(in)stability (Nijhout & Davidowitz 2003), but
virtually independent from developmental plasticity.

(c¢) Conditions for the evolution of plasticity
The problem of identifying under which natural con-
ditions either an increase or a decrease in plasticity
would be favoured has been the subject of both empiri-
cal (e.g. Terblanche & Kelynhans 2009) and
theoretical enquiry (e.g. Moran 1992).

Similarly to other problems in evolutionary biology,
a possible approach is through the evaluation of the
balance between the relative weights of costs and
benefits of different modes of phenotype determin-
ation in different contexts (DeWitt er al. 1998;
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Crispo 2007). Plasticity can be adaptive in hetero-
geneous or unpredictably unstable environments, or
in lineages with high gene flow among populations in
divergent environments. On the other hand, it can be
costly in terms of the energy necessary for the main-
tenance of sensory and regulatory mechanisms of
developmental switch between different phenotypes,
and can also have genetic costs associated with
negative effects of pleiotropy or epistasis.

Another perspective on the adaptive value of a plas-
tic response to a fluctuating environment comes from
the evaluation of the length of the organism’s life
cycle (OC) with respect to the length of the cycle of
environmental variation (EC) to which it is exposed
(Greene 1999). For relatively long-lived organisms
(OC > EC), environmental variability may be best
dealt with through the ability to modulate physiologi-
cal or behavioural responses to the changing
conditions (physiological adaptation). On the con-
trary, species with lifespan close to the period of
environmental variation (OC =~ EC) may expect natu-
ral selection to adjust allele frequency in loci involved
in morph determination, resulting in genetic poly-
morphism. For multivoltine species in seasonally
varying environments (OC < EC), the selective
environment and the population genetic structure
responding to the selective events may be chronically
out of phase. This condition can favour the evolution
of plasticity (seasonal polyphenism) rather than
polymorphism.

A third element for evaluating the conditions that
determine the adaptive value of plasticity versus poly-
morphism in phenotype determination is the relative
reliability of the relevant cue in predicting the forth-
coming selective regime (Leimar 2009). Both genetic
cues, in the form of allelic variation at polymorphic
loci, and environmental cues can be viewed as ‘sources
of information’ for the developing organism to adapt
the phenotype to specific selective conditions. How-
ever, their reliability depends on the context. For
instance, spatial variation in selective conditions
associated with spatial variation in the frequencies of
alleles that determine the state of adaptive phenotypic
traits make these alleles highly informative cues. In
conditions where the accuracy of genetic cue predic-
tors is low (typically, in unpredictably unstable
environments), if the organism has the potential to
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sense an environmental cue and to respond to it, we
may expect environmental rather than genetic pheno-
type determination to evolve (e.g. Charnov & Bull
1977; Lively 1986; Pfennig 1990).

The nature of selective agents is a key factor for
the evolution or physiological plasticity (Garland &
Kelly 2006). In case of a relatively long-lasting
selective event (i.e. non-instantaneous with respect
to the time needed for possible plastic responses),
individual organisms have the opportunity to
trigger a plastic phenotypic change in the course of
the selective event itself. If the direction of the plastic
change results in an increased probability of survival
and/or reproduction, the individuals exhibiting
such a response will have a higher fitness. In this
case, natural selection is expected to promote an
evolutionary increase in adaptive physiological
plasticity.

4. CONCLUDING REMARKS

It has been argued that genetic accommodation in the
strict sense refers to nothing but standard evolutionary
change of genotype frequencies by selection, after
mutational or environmental changes have uncovered
previously cryptic genetic variation. Thus, the
phenomena of phenotypic plasticity in evolution can
be easily reduced to standard evolutionary genetic pro-
cesses (see discussion in Braendle & Flatt 2006;
Pigliucci er al. 2006).

We think that this argument ignores a growing mass
of data on the pervasiveness of plasticity phenomena at
all levels of biological organization and on inheritable
(selectable) epigenetic variation (Gilbert & Epel
2009; Love 2010). Beyond that, the (non-
warranted) possibility to reduce a set of well-distinct
phenomena to the interplay of a smaller number of
more basic processes does not imply that such a
reduction is useful per se. In this case, disregarding
plasticity phenomena, the explanatory power of a
theory of the origin of phenotypic variation would be
tangibly reduced, with obvious consequences on the
structure of the evolutionary theory as a whole.

Even from this rapid excursion into development
and evolution of phenotypic plasticity, it should be
apparent that the scope for its inclusion in the main-
stream evolutionary theory is enormous. However, it
is still more evident that currently we have only a shal-
low knowledge of the complexity of the interrelations
between different processes of phenotype determin-
ation and their evolutionary consequences. We have
only just started.
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