
5Integrating Phenotypic Plasticity
Within an Ecological Genomics
Framework: Recent Insights
from the Genomics, Evolution,
Ecology, and Fitness of Plasticity

Matthew Morris and Sean M. Rogers

Abstract

E.B. Ford’s 1964 book Ecological Genetics was a call for biologists to
engage in multidisciplinary work in order to elucidate the link between
genotype, phenotype, and fitness for ecologically relevant traits. In this
review, we argue that the integration of an ecological genomics framework
in studies of phenotypic plasticity is a promising approach to elucidate
the causal links between genes and the environment, particularly during
colonization of novel environments, environmental change, and speciation.
This review highlights some of the questions and hypotheses generated
from a mechanistic, evolutionary, and ecological perspective, in order
to direct the continued and future use of genomic tools in the study of
phenotypic plasticity.
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5.1 Introduction

E.B. Ford’s 1964 book Ecological Genetics was
a call for biologists to engage in multidisciplinary
work in order to elucidate the link between geno-
type, phenotype, and fitness for ecologically rel-
evant traits. It became rapidly clear that method-
ologies were the main limiting factor in meeting
this goal, but recent next generation sequencing
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(NGS) technologies have reinvigorated interest in
this field (Feder and Mitchell-Olds 2003; Orsini
et al. 2013). Ecological genetics has given way
to ecological genomics (Fig. 5.1), or the inves-
tigation of the entire set of genes that interact
to produce the phenotype and shape the evolu-
tion of species and communities (Ungerer et al.
2008). Ecological genomics is limited less by
technology than by the complexity of statistical
tools required to quantify the voluminous data,
the interdisciplinary knowledge required to fully
understand the production of even a single pheno-
type, experimental constraints (the space required
to perform carefully controlled experiments), and
the nature of the organism (challenges to raising
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Fig. 5.1 The ecological genomics of phenotypic plas-
ticity involves multidisciplinary work in the interrelated
fields of developmental biology/genomics, ecology and

community biology, and evolutionary biology. Some of
the topics treated in this paper are shown

and breeding the organism, structures that inhibit
DNA extraction, etc.), but initial work has been
promising (Tollrian and Leese 2010; Whitehead
et al. 2012; Andrew et al. 2013).

Ecological genomics is the telling of a com-
plex story about the mechanisms governing the
production of a phenotype, but moves beyond
functional genomics (e.g., Dalziel et al. 2009)
to ask questions concerning the evolution of the
phenotype and its role in the greater community
(Table 5.1). To date the main focus of ecological
genomics has been on the genetic and molecular
basis of ecologically relevant traits and their evo-
lutionary consequences. Such an approach cannot
capture the full story. Ecological genomics, to
be successful, must recognize that genes can
only go so far in producing a phenotype – the
environment proposes the phenotype in a man-
ner that cannot be separated from the genome
(Moczek 2012). Ecological genomic approaches
must therefore consider the role of phenotypic
plasticity.

Phenotypic plasticity, the environmentally
sensitive production of alternative phenotypes
by a single genotype (DeWitt and Scheiner
2003) (Fig. 5.2), reminds us that individuals can
exhibit phenotypic differentiation not only among
genotypes, but also across environments. The
conceptual framework of phenotypic plasticity
broadens the scope of ecological genomics
(Table 5.1) by asking questions and generating
novel hypotheses that more fully integrate the
environment into the production and evolution
of the phenotype. Although plasticity has been
the topic of numerous reviews (e.g., Bradshaw
1965; Alpert and Simms 2002; West-Eberhard
2003; Ghalambor et al. 2007; Fusco and Minelli
2010; Pfennig et al. 2010; Moczek et al. 2011;
Fitzpatrick 2012; Moczek 2012) and theoretical
work (e.g., Lande 2009; Thibert-Plante and
Hendry 2011; Espinosa-Soto et al. 2011), only
recently have researchers been able to focus
on the integration of phenotypic plasticity with
ecological genomic approaches (examples of
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Table 5.1 Phenotypic plasticity increases the scope of questions asked by ecological genomics

Some questions addressed by ecological genomics
What genes underlie a particular phenotype?
What alleles are responsible for phenotypic differences between individuals or populations?
What is the nature of the developmental network that generates the phenotype?
How is phenotype development buffered against genetic or environmental perturbations?
What is the influence of the phenotype on individual success under natural ecological conditions?
How do phenotypically differentiated individuals differ in terms of fitness?
If the same phenotype is found on different phenotypic backgrounds, how does that alter its effect on the organism?
What is the evolutionary history of the phenotype?
How does the phenotype influence or constrain future evolution?
How do populations or species differ in the phenotype of interest?
What generates phenotypic diversity?
How does the phenotype affect population persistence under changing environments?
How does the phenotype affect community processes?
How does the phenotype affect the fitness of conspecifics?
How does the phenotype affect the fitness and evolution of other species?

Further questions raised by phenotypic plasticity
How does an organism sense its environment?
What environmental cues induce phenotypic change?
How reliable are environmental cues?
How do different environmental cues translate into different phenotypes?
How do changes to the internal environment affect developmental trajectories?
What generates non-plasticity?
How do genes shape the environments to which they plastically respond?
What mechanistically constitutes a reaction norm?
How are reaction norms affected by genetic and environmental perturbations?
How do reaction norms work together to produce plastic and non-plastic phenotypes?
What are the costs and limits of plasticity?
Under what circumstances is plasticity expected to evolve?
How does plasticity affect population persistence under changing environments?
How does plasticity drive evolutionary innovation and speciation?
How does plasticity affect the evolution of other species within a community?

initial forays into ecological genomics include
Evans and Wheeler 2000; Renn et al. 2008;
McCairns and Bernatchez 2010; De Boer et al.
2011; Richards et al. 2012; Schwartz and
Bronikowski 2013).

Although plasticity involves a single
genotype, genomic tools are essential for
understanding the molecular basis for how
alternative phenotypes may be produced. Given
the goal of linking patterns of phenotypic and
genotypic variation to patterns of environmental
variation, testing the predicted evolutionary
consequences and patterns of plasticity will
be necessary to understand community-level
processes driven by plasticity, and to provide
evidence for the fitness consequences of plastic
variation in evolving populations. In this review
we identify questions and hypotheses about

the role of phenotypic plasticity in adaptive
evolution and speciation that can be tested with
an ecological genomics framework, illustrating
how such integrated approaches will enable a
depth of insight into ecological and evolutionary
questions we would not have considered asking
in the twentieth century.

5.2 Genomics and Plasticity

5.2.1 Why Genomics?

Given that genotypically identical individuals can
produce different phenotypes under different en-
vironmental conditions, it might seem strange
to approach plasticity from a genomic perspec-
tive. After all, a phenotype cannot be explained
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Fig. 5.2 Some examples of phenotypic plasticity. (a)
Genetically-identical clones of Daphnia produce mor-
phological defenses (right) in the presence of predator
kairomones. (b) Sea urchin larvae raised under different
pH display morphological plasticity (top) at a pH of
7.0, but resist such change at higher pH. This robustness
to acidity is due to underlying transcriptional plasticity
(bottom) that upregulates biomineralization genes at low
pH. At a pH of 7, however, this upregulation disappears.
(c) Slijper’s (1942a, b) two-legged goat learned to walk
upright on its hindlimbs, resulting in numerous plastic
changes to other phenotypes. (a) Shows the morphology
of a regular goat, (b) shows the morphology of the
two-legged goat, for (a) hindlimb skeletal structure; (b)
pelvic musculature, showing the elongated gluteal tongue
(gt) and tendon reinforcements (t); (c) thoracic skeleton,
showing a transverse, horizontal, and ventral view (left
to right); (d) pelvic bones, showing the kangaroo-like

ischium (i) of the two-legged goat. (d) Transcriptional
plasticity in killifish for the HMGB1 gene (black) with
fluctuating temperature (grey) (Figure (a) Reproduced
from Laforsch and Tollrian (2010), image kindly provided
by C. Laforsch. Published with kind permission of © El-
sevier Inc. 2010. All Rights Reserved) (Figure (b) Repro-
duced from Martin et al. (2011; doi:10.1242/jeb.051169).
Published with kind permission of © The Company of
Biologists Ltd. 2011. All Rights Reserved) (Figure (c)
Reproduced from West-Eberhard (2003; Fig. 3.13, p. 53)
with kind permission of Oxford University Press after
Slijper (1942a, b). Published with kind permission of
© Koninklijke Nederlandse Akademie Wetenschappen
1942. All Rights Reserved) (Figure (d) Reproduced from
Podrabsky and Somero (2004; rightmost box of Fig. 4E).
Published with kind permission of © The Company of
Biologists Ltd. 2004. All Rights Reserved)

solely through a genetic “blueprint”. Along with
genes, offspring also inherit epigenetic modifica-
tions (Hackett et al. 2013), the internal cellular
environment of the gamete/embryo (including
lipids, polysaccharides, free nucleotides, tran-
scripts, mitochondria, symbionts, and minerals)
(West-Eberhard 2003), the external environment

of the developing embryo (Refsnider and Janzen
2012), and/or the environment in which juve-
niles are reared (Dawkins 1976; Rossitter 1996).
Each of these components is important in shap-
ing the phenotype. Each of these components
also has the capacity to influence an individual’s
fitness. And each of these may be passed on in

http://dx.doi.org/10.1242/jeb.051169
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Table 5.2 Some causes of phenotypic variation. Definitions are provided in the glossary

Environmental
differences between
two habitats

Phenotypes of two
populations in two habitats

Two populations are
genetically identical
clonal lines

Two populations are
genetically distinct clonal
lines

Distinct and stable Similar Environmental robustness
OR plastic compensation

Environmental and
genetic robustness OR
genetic compensation

Distinct Plasticity Adaptive divergence
Similar and stable Similar Stochastic robustness Genetic robustness

Distinct Developmental noise High penetrance
Differentially
fluctuating

Similar reaction norms Environmental robustness
of plastic trait

Environmental and
genetic robustness of
plastic trait OR genetic
compensation

Distinct reaction norms Lack of environmental
robustness

Adaptive divergence for
plasticity

Similarly fluctuating Similar reaction norms Stochastic robustness of
plastic trait

Genetic robustness of
plastic trait

Distinct reaction norms Developmental noise for
plastic trait

Genotype-by-environment
interaction

a relatively stable form for several generations
(Crews et al. 2012). Furthermore, individuals
can shape their own internal and external en-
vironments, which can have phenotypic effects
(Dawkins 1982). Therefore, how one differenti-
ates between genetic and environmental effects
will depend on one’s starting point; the relation-
ship between genotype and the environment is
more integrated than the term “genomics” im-
plies (West-Eberhard 2003; Moczek 2012). This
integration has led to concepts like phenotypic
accommodation, which questions our ability to
discover genes that are “for” certain phenotypes
(West-Eberhard 2005).

Of course, this does not imply that the gene
is irrelevant, or even equivalent to the actions of
the environment, when it comes to the production
of phenotypic diversity and its association with
fitness. It is the gene that evolves. Selection
operates at the level of the phenotype but acts
on genetic variation (Lande and Arnold 1983).
The environment can produce the effects that
it does because gene products are built by se-
lection in such a way as to be so affected. In-
deed, genomic tools have established a functional
link between gene expression and physiological,
morphological, and behavioral plasticity (Aubin-
Horth and Renn 2009). A genomics and de-
velopmental perspective of plasticity, therefore,

enquires into the mechanistic basis, hierarchical
interactions, genetic architecture, and robustness
of plasticity, while remembering that phenomena
other than plasticity exist (Table 5.2). In the
context of ecological genomics, the integration
of these facets under the predictive framework
of the ecological theory of adaptive divergence
provides a means to move beyond the notion
that plasticity is common in nature and towards
actually understanding (and predicting) its role in
adaptive evolution (Schluter 2000).

5.2.2 The Mechanisms of Plasticity

There are at least two distinct forms of
environmental induction. First, the environment
can force the phenotype by virtue of chemical and
physical laws (passive induction). For instance,
temperature can cause phenotypic changes
through enzyme kinetics and diffusion rates,
while low nutrient availability can impact growth
and morphology. Second, phenotypic change
can be wrought through a complex interaction
between environmental cues, sensors for the cues,
signaling molecules that transfer information
about the environment, and all of the machinery
involved in phenotypic modification (active
induction) (Windig et al. 2003). Understanding
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the actual form of induction will therefore be
key to understanding the causal link between
genotype and phenotype.

The active pathway from cue ! receptor
! signal ! translation of signal ! phenotype
is being elucidated in a few species (Beldade
et al. 2011). For example, predator-secreted cues
(kairomones) are known to induce morphological
defenses in Daphnia species (Fig. 5.2), but little
is known about the structure of the receptors asso-
ciated with these chemical compounds (Peñalva-
Arana et al. 2009; Akkas et al. 2010; Miyakawa
et al. 2010). Activated kairomone receptors
stimulate neural pathways to release hormones
into the hemolymph (Barry 2002; Weiss et al.
2012). These hormones, including juvenile and
insulin signaling hormones (Miyakawa et al.
2010), target polynucleated cells that control
production of the inducible structures (Beaton
and Hebert 1997; Barry 2002; Simon et al. 2011),
resulting in increased transcriptional activity
and post-translational modifications of structural
proteins (Schwarzenberger et al. 2009; reviewed
in Tollrian and Leese 2010). Plasticity, in turn,
comes with a cost to the immune system (Yin
et al. 2011). This summary represents decades
of research in an easily-reared model organism
with a sequenced genome, whose plasticity has
been known since the early 1900s (Woltereck
1909), and yet the number of genes involved,
their function, and their fitness consequences
are only beginning to be determined. Even
less is known of plasticity in ecologically
important non-model species, reinforcing the
significance of ecological genomics as an
approach to understanding the consequences of
plasticity.

Overall, phenotypic plasticity is possible be-
cause of the environmental sensitivity of gene
expression or protein, lipid, and RNA activity,
and/or variation in the levels of environmental
components that are required for the production
of a “normal” phenotype. This environmental
sensitivity, in turn, may be driven by epigenet-
ics (Richards et al. 2010), exploratory behavior
coupled with intra-individual selection (Franken-
huis and Panchanathan 2011; Snell-Rood 2012),
and/or the evolved coordinated response to the

Fig. 5.3 The hierarchy of plasticities (Bradshaw 1965),
including transcriptional and proteomic plasticity, protein
activity plasticity, physiological and morphological plas-
ticity, and behavioral plasticity. Note that in this hierarchy
higher-level reaction norms can affect lower-level reaction
norms, and vice versa, as indicated by the two-directional
arrows. Behavioral plasticity especially can alter the rest
of the hierarchy, as behavioral plasticity can bring organ-
isms into new environments

stimulation of environmental sensors (Tollrian
and Leese 2010). Ecological genomic studies are
revealing that the development of alternative phe-
notypes by a single genotype may be common but
is amazingly complex, involving the interplay of
numerous plastic and non-plastic reaction norms
moving through developmental trajectories (Bel-
dade et al. 2011; Sommer and Ogawa 2011;
Valena and Moczek 2012; Zhou et al. 2012).

5.2.3 Interactions of Reaction
Norms

A major challenge for the ecological genomics
of plasticity will be elucidating the relationship
between reaction norms at all levels of the pheno-
type, from molecular plasticity to physiological
and morphological plasticity, to behavioral plas-
ticity. This interaction is known as the hierarchy
of plasticities (Bradshaw 1965) (Fig. 5.3).
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5.2.3.1 Molecular Plasticity
Gene expression can be measured as a molecular
phenotype (Ranz and Machado 2006) that
responds to the environment (Gracey et al.
2004; Greenberg et al. 2012; Yampolsky et al.
2012). Measuring transcriptional plasticity has
its advantages: thousands of phenotypes can be
measured simultaneously from a small sample,
revealing plastic phenotypes that a priori predic-
tions may not have anticipated. Since transcripts
are gene copies, candidate genes involved in
plasticity can be identified (Pavey et al. 2010).
For instance, Podrabsky and Somero (2005)
subjected killifish to different temperatures
and found a tight negative correlation with
high mobility group box one protein (HMGB1)
transcript abundance, identifying HMGB1 as
a putative global temperature sensor on top
of its previously described roles as regulatory
protein and cytokine (Müller et al. 2001; Vezzoli
et al. 2011) (Fig. 5.2). This hypothesis could not
have been generated without the integration of
transcriptional plasticity.

Proteomic plasticity measures protein
abundance for the entire proteome under different
environmental conditions. Proteomic plasticity
has been well-documented in several organisms,
although the integration of proteomics with
ecological genomics is currently limited (Diz
et al. 2012). As with transcriptional plasticity,
proteomic plasticity can identify potential
candidate genes for plasticity (including some not
found in the transcriptome nor annotated from
the genome; Findlay et al. 2009; Schrimpf et al.
2009), can measure thousands of phenotypes
simultaneously, is closely associated with the
genome, and can uncover unanticipated plastic
phenotypes. Unlike transcript abundance, protein
abundance is one step closer to the expression of
the macrophenotype (Diz et al. 2012).

The importance of transcriptional plasticity
for ecological genomics has been questioned
in light of advances in proteomics, on biological
rather than methodological grounds. For instance,
it has been suggested that the control of
protein production is more essential than the
control of transcript abundance, as it imposes
heavier costs (Malakar and Venkatesh 2012).

However, estimates of the costs of protein
production suggest they are minimal (Stoebel
et al. 2008; Shachrai et al. 2010; Eames and
Kortemme 2012), but may increase with stress
(Vilaprinyo et al. 2010). Furthermore, evidence
for selection against long introns in highly
expressed genes indicates that transcription is
also costly (Castillo-Davis et al. 2002) and can
influence energy reserves and fitness (Wagner
2007; Lang et al. 2009). Altogether, studies that
aim to understand the fitness consequences of
molecular plasticity may shed more light on
the adaptive link between transcript and protein
abundance.

Developmental noise has also been used to
defend a proteomic rather than a transcriptomic
perspective. Genes involved in plasticity tend to
be transcriptionally noisy; a decoupling between
transcript and protein abundance is predicted to
evolve as a strategy to reduce the impact of
transcriptional noise on the phenotype (Raser and
O’Shea 2005; Maier et al. 2011). Indeed, corre-
lations between transcript and protein abundance
tend to be low (Diz et al. 2012), although this
varies with the type of gene and the type of
regulation investigated (Lee et al. 2011; Maier
et al. 2011). However, experiments on yeast have
demonstrated that plasticity is not as noisy as
once thought. There is a negative relationship be-
tween how vital the gene is for cellular functions
and the amount of noise it generates. This has
been achieved through the selection of certain
genetic architectures, with greater noise being as-
sociated with particular chromatin dynamics and
promoter types (Lehner 2010), epigenetic modi-
fications (Viñuelas et al. 2012), and translational
efficiencies (Bajić and Poyatos 2012). Overall,
noise provides a biologically relevant reason why
protein abundance should not be ignored, but
this should not preclude efforts to understand the
ecological genomics of transcriptional plasticity.

Despite noise, transcript abundance tends to
drive protein abundance, linking these two phe-
notypes together in the hierarchy of plasticities.
However, this relationship is in practice difficult
to determine. Plasticity in the expression of
one gene can have pleiotropic effects on other
genes (Zhou et al. 2012), making it difficult
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to determine which plastic phenotypes are
adaptively responding to environmental change,
and which are responding via pleiotropy. Since
pleiotropic genes may be less vital and therefore
more prone to noise, pleiotropy could mask
a positive relationship between transcript and
protein abundance for adaptively plastic genes.
Furthermore, the causal link between transcript
and protein abundance may take several forms,
further diminishing our ability to measure their
relationship. For instance, increased transcript
abundance may maintain protein levels if protein
degradation increases, while a lack of transcrip-
tional plasticity may allow proteomic plasticity
(Beldade et al. 2011). Protein abundance, in
turn, may affect transcript expression in a similar
manner (Tomanek and Somero 2002; Tomanek
2008). Even if transcript and protein abundance
are not correlated, the fitness consequences of
unnecessary plasticity should be of ecological
interest (Lang et al. 2009). In short, to understand
the hierarchy of plasticities, both transcriptional
and proteomic plasticity must be measured for a
single gene, and the relationship between these
reaction norms ascertained through techniques
such as RNA interference, morpholinos, and
methylation (Juliano et al. 2005; Zhou et al.
2007; Wang et al. 2012). If, for instance, protein
abundance changes across environments, what
happens to protein abundance when transcript
production is suppressed across environments in
adult organisms?

Along these lines, other sources of molecular
plasticity such as metabolomics and epigenomics
will become increasingly incorporated into eco-
logical genomics studies (Bossdorf et al. 2008;
Sardans et al. 2011). The epigenome is of special
interest as techniques for sequencing methylated
regions of DNA have only recently been estab-
lished (reviewed in Bock 2012). Recent studies
on plasticity and the epigenome have shown that
epigenetic modifications can produce alternative
phenotypes within a single individual (Herrera
and Bazaga 2012), can plastically prepare off-
spring for uncertain future conditions (Angers
et al. 2010), and can transfer plastic changes
induced in one generation to future generations.
The latter is particularly interesting, as plastic

modifications to the phenotype in one generation
can arise in later generations, even if the later
generations never experience the inducing envi-
ronment (Stern et al. 2012). The effects of the
epigenome on plasticity are context-specific, and
in some systems have been known to limit the
development of alternative phenotypes (Roberts
and Gavery 2012). However, even in such cases
methylation and histone modifications are in-
duced by the environment, and can be measured
as a form of intergenerational plasticity. There are
still many questions to answer regarding the re-
lationship between plasticity and the epigenome,
but epigenetics does seem to be an important
mechanism in at least some forms of plasticity
(Richards et al. 2010; Valena and Moczek 2012).

Proteins may have their own reaction norms
apart from protein abundance. Protein movement,
half-life, and enzyme efficiency are all influenced
by the environment. Their degree of plasticity,
however, is dependent on their amino acid
sequences. Changes to amino acid sequences
can alter reaction norms, increasing or decreasing
plasticity in protein behavior (Powers and Schulte
1998). Finally, interactions between proteins,
genes, non-coding RNA, lipids, etc., can be
influenced by the environment and may affect the
macrophenotype (Hayward et al. 2007; Tomanek
2008; Deredge et al. 2010).

The integration of molecular plasticity in eco-
logical genomics is driven by several questions:
what is the relationship between transcriptional
and proteomic plasticity for particular ecologi-
cally relevant genes? How does this relationship
affect ecologically important traits? Where in the
pathway from gene to protein do mutations that
alter plasticity lie? Comparing gene and protein
sequences for populations with different reaction
norms can begin to address these questions. For
instance, killifish adapted to cooler waters had
an amino acid substitution at site 311 of their
lactate dehydrogenase B enzyme that altered the
kinetic properties of the enzyme relative to warm-
adapted fish (Powers and Schulte 1998). The
complex nature of molecular plasticity will be
sure to challenge researchers attempting to an-
swer these questions for years to come, but the
tools to investigate them are now available.
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5.2.3.2 Hierarchy of Plasticities
Transcriptional studies can discover functional
relationships between molecular plasticity and
physiological, morphological, or behavioral plas-
ticity (e.g. Schwarzenberger et al. 2009; Martin
et al. 2011) (Fig. 5.3). What is less appreciated
is the relationship between phenotypes that resist
environmental change and molecular plasticity.

Non-plastic phenotypes may resist change de-
spite environmental perturbations, and this resis-
tance to the environment may be evolutionarily
important. The production of non-plastic traits
has been analyzed in some organisms across dif-
ferent environments. For instance, in sea urchin
larvae Paracentrotus lividus, morphology was
relatively insensitive to decreasing pH. This non-
plasticity, however, was maintained by transcrip-
tional plasticity for genes involved in biomineral-
ization. At a pH of 7 morphology was disrupted
by pH, and this was associated with a breakdown
of gene expression regulation (Martin et al. 2011)
(Fig. 5.2). This type of study shows the breadth of
reaction norm interactions, and reminds us that
the environment may influence the phenotype
even if plasticity cannot be readily observed (see
plastic compensation).

The highest rung on the plasticity hierarchy is
behavioral plasticity. Although behavioral plas-
ticity is difficult to define (see Glossary), it has
long been expected that behavioral plasticity can
drive plastic changes in other phenotypes, and
may be an important first step in the generation of
phenotypic variation (Price 2003; West-Eberhard
2003). For instance, a goat born with congen-
ital limb defects learned to walk on two legs,
which sparked numerous plastic changes to its
musculature and skeleton (West-Eberhard 2003)
(Fig. 5.2), while stickleback ecotypes may have
evolved morphological differences via behavioral
plasticity in diet acquisition (Wund et al. 2008).
One intriguing recent hypothesis suggests that
exploratory behavior, for cells and for organisms,
is likely an important generator of individual
differences in plasticity. Individuals that stochas-
tically sample the environment before develop-
ing an appropriate phenotype may plastically
respond early in development if the environments
they sample are homogeneous, leading to reduced

environmental sensitivity during later stages of
development. Individuals that stochastically sam-
ple an unpredictably heterogeneous environment,
however, may maintain a propensity for plasticity
in later stages of development (Frankenhuis and
Panchanathan 2011). Thus the hierarchy of plas-
ticities cannot be conceived as an inflexible chain,
but rather every level of the hierarchy can induce
plastic changes at every other level.

5.2.4 Genetic Architecture

Genetic architecture of plasticity is concerned
with the number, placement, and effect size of
genes involved in the development of alternative
phenotypes. Most studies that discuss the genetic
architecture of plasticity have yet to address any
of these subjects. Experimental work has shown
that plasticity can be influenced by single genes
of large effect. For instance, Caenorhabditis
briggsae normally develop into hermaphrodites
across all temperatures, but mutations in the
she-1 gene (such as v49, which produces
an early stop codon, or vDf2, which is a 50
deletion) can lead to the development of XX
females at 25ıC and XX hermaphrodites at
lower temperatures (Guo et al. 2009). Plants
ordinarily exhibit density-dependent plasticity in
stem length, but the transgenic addition of an
oat phytochrome A gene to tobacco induces long
stems even under low densities, while Brassica
rapa mutants for phytochrome B exhibit small
stems even under high densities (Schmitt et al.
1995). Other examples could be given (Beldade
et al. 2011). However, the genetic architecture
of plasticity involves more than comparing
phenotypic differences between mutant lines;
it involves determining the entire complement of
genes involved in plasticity, and these are likely
more numerous than mutational studies could
ever determine.

Given the complex nature of plastic responses,
genes involved in plasticity can include any of
the components of a plastic response, from cue
reception to signal transduction to phenotype
production. This can include protein-coding and
RNA-coding genes, such as regulatory genes and
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genes involved in epigenetic modifications. Com-
parative approaches are ill-prepared to identify
this diversity of genes. Quantitative Trait Loci
(QTL) and expression QTL studies can identify
genomic regions associated with divergent plastic
phenotypes between genotypes, but cannot cap-
ture loci involved in plasticity that lack genetic
or phenotypic variation. Gene expression stud-
ies have identified thousands of genes induced
by a single environmental variable, but it can
be difficult to differentiate between transcripts
that produce the induced macrophenotype and
transcripts that pleiotropically respond to envi-
ronmental change or plastic changes in other
phenotypes (Aubin-Horth and Renn 2009; Fraser
2011). This task is further limited by the lack
of ecological annotation for genes that exhibit
molecular plasticity (Pavey et al. 2012). In short,
standard approaches for quickly ascertaining the
number of genes involved in plasticity (e.g., QTL
analysis, microarrays, RNA-sequencing) cannot
provide basic information regarding the genetic
architecture of plasticity, but can identify those
loci that lead to divergent plastic responses or
those genes whose expression is environmentally
sensitive. To provide a complete picture of the
genetic architecture of plasticity, gene expression
studies need to be extended across multiple tis-
sues and developmental stages under contrasting
environments (Beldade et al. 2011). The tran-
scriptome, proteome, metabolome, epigenome,
etc., and their interactions, must all be consid-
ered, and the relevance of individual genes or
gene networks for the plastic response must be
ascertained through gene silencing methods (ex.
Zhou et al. 2007) or other functional approaches.
The focus of genes under selection, or genes
producing divergent plastic responses, although
important, cannot preclude research on function-
ally important genes that lack variation, or non-
genetic aspects of the organism that are involved
in the production of alternative phenotypes. As
seen in the example of Daphnia given above, this
will take a coordinated effort by a multitude of
researchers with different areas of specialization,
all focused on a single species. Such research is
already under way, and the results are promising
(some recent examples: Bossdorf et al. 2010;

Meister et al. 2011; Greenberg et al. 2012; Srini-
vasan and Brisson 2012).

5.2.5 Robustness of Plasticity

Robustness (often called canalization) tends to
be used to describe phenotypes that resist envi-
ronmental change and are thus non-plastic, but
plasticity itself can be robust to stochastic, envi-
ronmental, and genetic perturbations (Wadding-
ton 1953a, b; Gibson and Wagner 2000; Debat
and David 2001), as adaptations to maintain a
consistent plastic response. Stochastic robustness
occurs whenever the reaction norm is resistant to
developmental noise. Such resistance can occur
via alterations to the surrounding genomic struc-
ture, or by loose causal links between molecular
plasticity and higher levels of plasticity (Raser
and O’Shea 2005; Lehner 2010). Environmen-
tal robustness includes a lack of discontinuous
change in reaction norm shape under unnatural
extreme environments, or the maintenance of
reaction norm shape under one environmental
variable when a second environmental variable is
introduced. For instance, if temperature-induced
plasticity is maintained despite changes in salin-
ity, that reaction norm is robust to salinity. How
environmental robustness for plasticity occurs,
and how species can evolve such robustness,
has never, to our knowledge, been explored. It
is important to remember that robust reaction
norms at one level of the hierarchy may be driven
by non-robust reaction norms at other levels of
the hierarchy. Finally, reaction norms are tested
against diverse genetic backgrounds. Studies of
natural populations have revealed that individual
genotypes often have distinct reaction norms,
indicating a relative lack of genetic robustness
(Landry et al. 2006; Bentz et al. 2011). This
lack of robustness permits evolution. The alleles
generating these changes, however, have rarely
been examined, and the relative degree of ge-
netic or environmental robustness for plasticity
has not been measured. Going forward, reac-
tion norms induced by a single environmental
variable need to be measured when held against
other environmental variables or genotypes, and



5 Integrating Phenotypic Plasticity Within an Ecological Genomics Framework. . . 83

Fig. 5.4 Some important concepts in the evolution of
plasticity are shown for simple linear reaction norms.
Stars and circles represent phenotypic optima within
each environment. Ancestral denotes a stable environ-
ment that the population was initially adapted to. Derived
denotes a novel stable environment that the population
has colonized. Solid lines indicate the reaction norm
of the population prior to colonization, and the dashed
line indicates the reaction norm of the population af-
ter evolving in the derived environment. (a) Plasticity-
Mediated Population Persistence occurs when plasticity
pre-exists and moves the colonizing population towards
its new fitness optimum. It may then evolve under direc-
tional selection to maximize fitness in both environments
(adaptive plasticity). (b) If the derived environment is

stable, the population may evolve the loss of plasticity
(genetic assimilation, dashed line), such that a return
to the ancestral environment would induce no plastic
change. (c) Some environments may induce phenotypic
changes that move the population away from their phe-
notypic optimum (maladaptive plasticity, solid line). Se-
lection may then work to bring the population back to
its optimum (genetic compensation), potentially causing a
loss of plasticity (dashed line). (d) Maladaptive plasticity
may not be detected (plastic compensation, solid line),
if adaptive plasticity in an underlying trait (dash-dotted
line) counteracts maladaptive plasticity on the affected
phenotype (arrow). If the underlying trait was not plastic,
maladaptive plasticity would be evident in the solid line

the role of molecular plasticity in maintaining
a plastic reaction norm against environmental,
genetic, and stochastic perturbations needs to be
measured (e.g., Lehner 2010).

5.3 Evolution and Plasticity

The ecological genomics of plasticity is
concerned not only with the production
of ecologically-relevant traits, but also the
consequences of plasticity for population dif-
ferentiation and evolutionary novelty. Figure 5.4
and the glossary define some important terms
(adaptive plasticity, maladaptive plasticity,
neutral plasticity). We favor fitness-based rather

than historically based definitions of adaptation,
as they avoid unnecessary and often untestable
assumptions. Some recent findings of the
evolutionary significance of plasticity will be
discussed below.

5.3.1 Plasticity and Population
Persistence

Baldwin (1896, 1902) hypothesized that adap-
tive phenotypic plasticity could enable individ-
uals to colonize novel environments (Plasticity-
Mediated Population Persistence – PMPP, Pavey
et al. 2010) (Fig. 5.5). This has recently been
supported by theoretical (Ghalambor et al. 2007;
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Fig. 5.5 Plasticity-Mediated Population Persistence
(PMPP) occurs when plasticity enables colonization of
a novel environment. In this diagram, the likelihood
of persistence across an environmental range is shown
for genotype A and genotype B. This likelihood is
directly related to the abundance of transcript induced
by the environment. Genotype A (dashed line) produces
transcript under a narrow set of environments, and so
can persist in a narrow set of environments. Genotype
B (solid line) can produce transcript under a greater
range of environments. Both genotypes can persist in the
environmental range at which they evolved (black box).
At the edge of Genotype A’s tolerance range (grey box),
both genotypes could colonize, but Genotype B has an
advantage due to its greater level of transcript abundance.
Under extreme environments (open box) Genotype A
cannot successfully colonize, while Genotype B has a
small likelihood of survival (PMPP) (Modified from
Pavey et al. (2010, Fig. 2) with kind permission of © New
York Academy of Sciences 2010. All Rights Reserved)

Thibert-Plante and Hendry 2011) and empirical
(Yeh and Price 2004; Hahn et al. 2012) research.
For example, Daphnia lumholtzi plastically pro-
duce head spines in the presence of predators. Its
invasive success in North America appears to be
mediated by this plasticity: in the presence of na-
tive non-plastic Daphnia pulicaria, D. lumholtzi
is an inferior competitor, but when predators are
introduced D. lumholtzi has a competitive edge
(Engel and Tollrian 2009). Numerous other stud-
ies have implicated plasticity in invasive success,
although it is not always clear if plasticity pre-
existed or evolved after colonization (Bachmann
et al. 2012; Hanshew and Garica 2012; Molina-
Montenegro et al. 2012; Mozdzer and Megoni-
gal 2012; Purchase and Moreau 2012; but see
Matzek 2012), an important distinction to make
when assessing the role of plasticity in population
persistence.

There are predictions regarding the likelihood
of PMPP. For instance, organisms that adjust
their phenotype post-dispersal are more likely to
colonize new environments than individuals that
adjust their phenotype irreversibly pre-dispersal
(Thibert-Plante and Hendry 2011). Post-dispersal
plasticity may also facilitate PMPP by reducing
the genetic swamping of migrants (migration
load), as migrants and their offspring can plasti-
cally adjust to their new surroundings, taking on
the phenotypes of residents and limiting selection
against interbreeding (Thibert-Plante and Hendry
2011).

One underexplored area of PMPP involves
the role of cryptic genetic variation (CGV), a
form of standing genetic variation (SGV). Un-
der normal environmental conditions, individu-
als may exhibit similar phenotypic traits despite
genotypic differences, due to the suppression
of genetic variation via phenotypic capacitors
(Levy and Siegal 2008) or the accumulation of
neutral mutations in unexposed regions of the
reaction norm (Ghalambor et al. 2007). In ei-
ther case, novel environments may expose CGV
in plasticity, increasing heritability for the phe-
notype and thereby permitting rapid evolution.
PMPP will occur for those individuals whose
CGV exhibits plasticity in the adaptive direction.
This has likely occurred in the colonization of
freshwater environments by marine threespine
sticklebacks: freshwater salinities exposed CGV
in body size, resulting in the rapid parallel evo-
lution of smaller body sizes in freshwater pop-
ulations (McGuigan et al. 2011). New genomic
tools have allowed the mechanisms governing
CGV production to be elucidated (Iwasaki et al.
2013), and its evolutionary significance to be
tested. For instance, ribozymes selected for their
ability to bind to a particular substrate were repli-
cated via mutagenic Polymerase Chain Reaction
(PCR) to introduce genetic variation into the
ribozyme population. Following ten generations
of replication, ribozymes were again selected
for their ability to bind to the same substrate,
thereby favoring mutations that had no pheno-
typic effect (CGV). The wild-type and CGV
populations were then introduced to a new sub-
strate. The evolution of enzymatic efficiency in
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the presence of this new substrate was mea-
sured over several generations of moderately-
mutagenic PCR, and ribozymes were genotyped
each generation. CGV enabled more rapid evo-
lution on this new substrate by “pre-adapting”
certain ribozyme genotypes to this new envi-
ronment (Hayden et al. 2011). Future work is
clearly moving away from (albeit important) her-
itability studies, towards tracking the cryptic al-
leles responsible for rapid evolution in novel
environments.

There are at least six potential consequences
of CGV for PMPP under post-dispersal plastic-
ity. First, since selection only favors adaptive
plasticity, the colonizing population will have
reduced genetic diversity at those loci compared
to the ancestral population. This could poten-
tially decrease future evolutionary potential for
that phenotype. Second, CGV could increase the
likelihood of PMPP relative to small or recently
bottlenecked populations that exhibit little CGV
(and therefore exhibit plasticity in the same, pos-
sibly maladaptive, direction). Third, CGV may
increase the likelihood that colonists experience
stabilizing rather than directional selection, as the
random nature of CGV may produce some in-
dividuals with a perfect environment-phenotype
match (Ghalambor et al. 2007). Fourth, founder
effects and drift could play an important role
during PMPP – different colonizing populations
from the same ancestral population could have
different likelihoods of persistence and be sub-
ject to different selection strengths or forms of
selection (stabilizing or directional), depending
on the subset of CGV present among dispersers.
Fifth, CGV could increase the heritability of a
trait under new environments, resulting in rapid
evolution (Neyfakh and Hartl 1993; Chown et al.
2009; McGuigan et al. 2011). Finally, individuals
with different genotypes could produce similar
adaptive phenotypes in the novel environment,
and be selected together. This could increase
their likelihood of reproduction, producing reac-
tion norms comprised of the cryptic alleles from
several individuals. This in turn could produce
new reaction norms, potentially causing genetic
assimilation or increased niche breadth. CGV in
reaction norms are clearly important for adaptive

evolution and must be included in theories of
PMPP and adaptive divergence.

Individual-level differences in plasticity that
permit the PMPP of certain individuals may ex-
ist in the absence of genetic variation. Identical
genotypes that experience different levels of en-
vironmental heterogeneity early in life may have
altered abilities to respond plastically to novel
environments later in life (Frankenhuis and Pan-
chanathan 2011). Exploratory behavior is there-
fore the non-genetic equivalent of CGV. Experi-
ments that actively uncover the alleles generating
CGV, or experimentally account for the prior his-
tory of the organism, are needed to differentiate
between these genetic and non-genetic processes.

The role of maladaptive plasticity in popula-
tion persistence has also been relatively ignored
(Morris and Rogers 2013). Presumably maladap-
tive plasticity would decrease the possibility of
persistence and increase the likelihood of extinc-
tion (plasticity-mediated population extinction,
PMPE). PMPE could occur if the phenotype
is forced away from its optimum (Ghalambor
et al. 2007), or if the environmental context that
favored adaptive plasticity were to change. For
instance, freshwater snails Physella virgata have
evolved adaptive plasticity in shell morphology,
such that in the presence of fish predators they
can produce crush-resistant rotund shells. These
changes come at the cost of reduced fecundity
and increased leech predation, and can be in-
duced by non-predatory sunfish. Snails intro-
duced to ponds containing non-predatory sunfish
may therefore be less likely to persist because of
plasticity (Langerhans and DeWitt 2002). If pop-
ulations are able to persist despite maladaptive
plasticity, this could have some interesting con-
sequences for adaptive divergence (see below).

5.3.2 PMPP and Adaptive
Divergence

Ecological speciation results from a combination
of colonization of distinct environments and
adaptive divergence due to divergent selection.
Ironically, theoretical work has shown that post-
dispersal plasticity facilitates colonization but
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inhibits adaptive divergence (Thibert-Plante and
Hendry 2011), as plasticity enables migrants to
successfully interbreed with residents. Migrant
and resident populations therefore remain pheno-
typically distinct but genetically homogeneous.
Pre-dispersal plasticity, however, is unique in that
divergent selection predates genetic divergence,
as migrants are selected against when competing
with residents. Pre-dispersal plasticity can
therefore facilitate adaptive divergence, but it
reduces the likelihood of colonization (Thibert-
Plante and Hendry 2011).

Divergent selection can occur within a single
environment in the absence of migration, if the
population experiences a fitness minimum. The
theory of adaptive speciation states that popu-
lation size can alter the fitness landscape. Col-
onizing populations may first evolve under di-
rectional selection, allowing population size to
increase over time. As population size increases,
the adaptations that occurred under directional
selection become less favorable. Directional se-
lection therefore moves the population towards a
fitness minimum, at which point individuals on
either side of the minimum experience divergent
selection and follow different evolutionary trajec-
tories (Dieckmann et al. 2004). Given that plas-
ticity can facilitate colonization to new environ-
ments, and that plasticity can occur in response to
demographic changes (Svanbäck et al. 2009), the
role of PMPP in adaptive speciation needs to be
addressed. These sorts of models have opened the
door to many exciting theoretical and empirical
opportunities for researchers testing predictions
about plasticity in cases of ecological or adaptive
divergence.

5.3.3 PMPP and Evolutionary
Rescue

Evolutionary rescue occurs when populations
adapt to stressful environments after a period of
population decline, such that population size
increases. Theoretical work has shown that
plasticity can promote evolutionary rescue by
slowing the rate of population decline, permitting
time for adaptive changes to occur (Chevin et al.
2013).

Fig. 5.6 Reaction norms can evolve in height (a ! c)
or slope (a ! b–e). a (solid line) represents the ini-
tially expressed reaction norm upon colonizing a new
environment. It does not attain the phenotypic optimum
(star), and so is subject to directional selection. The
reaction norm can then evolve to meet the optima in both
environments (d) or overshoot the optima in the ancestral
environment (e). If plasticity is selected against in the
derived environment, plasticity could be lost (d ! c !
b). d could also represent a reaction norm under stabilizing
selection

5.3.4 Adaptive Plasticity
and Adaptive Divergence

Baldwin (1896, 1902) hypothesized that reaction
norms could evolve post-colonization. The like-
lihood and form of such evolution depends on
whether plasticity results in stabilizing (Fig. 5.6d)
or directional (Fig. 5.6a) selection (Ghalambor
et al. 2007). Stabilizing selection occurs when
plasticity brings the phenotype to its fitness max-
imum. It can reduce the likelihood of reaction
norm evolution or lead to the loss of plasticity,
depending on whether plasticity is expressed or
not expressed in the new environment. Direc-
tional selection, which occurs when plasticity
does not bring the phenotype to its fitness max-
imum, could result in the evolution of reaction
norm height or slope (Fig. 5.6). One would expect
an increased slope (Fig. 5.6d, e) if the popula-
tion routinely migrated between its ancestral and
newly-colonized habitat, if the colonized envi-
ronment fluctuated beyond the conditions expe-
rienced in the ancestral environment, or if gene
flow between environments was high (Berrigan
and Scheiner 2003; Crispo 2008), and a de-
creased slope (Fig. 5.6b, c) if the maintenance
of plasticity was costly and the environment was
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stable (see below). Furthermore, polymorphisms
in reaction norms may be maintained by fluctu-
ating environments, if different reaction norms
produce phenotypes that are optimal in contrast-
ing environments. In short, the nature of envi-
ronmental fluctuations in the colonized environ-
ment, the costs to plasticity, the mutations avail-
able to selection, and the strength of selection,
will, among others, determine the form that the
evolved reaction norm takes. Despite this, there
is good evidence that plasticity does evolve, lead-
ing to adaptive differences between populations
(Crispo 2007; McCairns and Bernatchez 2010;
Pfennig et al. 2010; Schwander and Leimar 2011;
Svanbäck and Schluter 2012).

5.3.5 Genetic Assimilation
and Adaptive Divergence

Plasticity can generate dramatic phenotypic di-
vergence, as seen in the case of a two-legged
goat whose musculature changed rapidly upon
assuming a bipedal form of locomotion (Slijper
1942a, b). West-Eberhard (2003, 2005) proposed
that such phenotypic divergence can come under
genetic control. That is, genetic changes could
occur that result in the loss of adaptive plasticity,
canalizing one possible phenotype across envi-
ronments. This genetic assimilation (Waddington
1953a, b) (Fig. 5.4) is expected to evolve if the
environment remains stable, and: (1) plasticity is
costly to maintain when it is not required; (2)
neutral mutations accumulate in the unexpressed
portion of the reaction norm, such that plasticity
is lost in other environments; (3) hybridization
is permitted due to plasticity, but hybrids incur
some fitness cost (genetic assimilation via rein-
forcement); or (4) selection reduces the environ-
mental threshold required to induce the pheno-
typic change (Waddington 1956; West-Eberhard
2003). Differentiating between the causes of ge-
netic assimilation has proven difficult, and some
possibilities may not even be plausible. For ex-
ample, could costs to plasticity be reduced rather
than plasticity itself (DeWitt et al. 1998)?

Genetic assimilation has important conse-
quences for ecological genomics. The flexible

stem model of evolution (West-Eberhard 2003;
Pfennig et al. 2010), in which a plastic ancestral
population births phenotypically divergent non-
plastic populations, predicts that population
phenotypes may not always be built from the
“ground up”, but may reflect canalized ends
of the same reaction norm. Day et al. (1994)
tested plasticity for trophic morphology on
benthic and limnetic sticklebacks from Paxton
Lake, British Columbia, fed on a “benthic”
diet of worms or a “limnetic” diet of plankton.
Limnetics, which have a more diverse diet,
exhibited significantly greater plasticity in gill
raker length than did benthics. Intriguingly,
when fish were fed the diet of their contrasting
ecotype, plasticity partially moved them in the
direction of that ecotype, suggesting that benthic
and limnetic individuals were derived from
a plastic ancestor. Wund et al. (2008, 2012)
complemented this work by comparing diet-
induced plasticity in marine, solitary limnetic,
and solitary benthic sticklebacks. The marine
ancestor was highly plastic, producing a benthic
or limnetic morphology depending on the food
source (but see Svanbäck and Schluter 2012), but
the solitary populations were also plastic. This
leads to the intriguing possibility that plasticity
was not costly in derived populations, but was
reduced in benthic-limnetic species pairs via
reinforcement. At the moment this is simply
speculation, but the flexible stem model allows
such hypotheses to be generated and tested.
Phylogenetic studies lend further support to the
reality of genetic assimilation (Schwander and
Leimar 2011).

5.3.6 Maladaptive Plasticity
and Adaptive Divergence

Non-plasticity may evolve for reasons other than
genetic assimilation. For instance, adaptive plas-
ticity could become costly if other environmental
variables were to change. Populations of Daphnia
melanica plastically adjust their melanin produc-
tion with depth as an adaptation to ultraviolet ra-
diation. This plasticity makes Daphnia visible to
predators at shallow depths. Populations recently
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exposed to predators have rapidly evolved the
loss of melanin production plasticity (Scoville
and Pfrender 2010). Non-plasticity could also
evolve if novel environments were to move the
phenotype away from its optimum (maladap-
tive plasticity). Selection can work via muta-
tion to overcome maladaptive plasticity, such that
populations that originally exhibited maladaptive
plasticity can produce the same phenotype as
their ancestors through a novel developmental
pathway (Fig. 5.4). This has been called genetic
compensation (or cryptic evolution) and has been
demonstrated in Kokanee salmon (Oncorhynchus
nerka) (Grether 2005; Fitzpatrick 2012). Genetic
compensation may produce a non-plastic reaction
norm but it does not need to (Grether 2005),
and may explain phenomena like countergradi-
ent variation (Conover and Schultz 1995). Ge-
netic compensation can be distinguished from
genetic assimilation, in that the pathway of ge-
netic assimilation is phenotypic divergence be-
tween populations via adaptive plasticity ! ge-
netic divergence ! phenotypic divergence via
loss of plasticity, while the pathway of genetic
compensation is phenotypic divergence between
populations via maladaptive plasticity ! genetic
divergence ! phenotypic similarity in divergent
environments.

Maladaptive plasticity may be overcome in the
absence of novel genetic input. Plastic compen-
sation (Morris and Rogers 2013) (Fig. 5.4), de-
fined as adaptive plasticity overcoming maladap-
tive plasticity, is likely a common phenomenon
that has been underrepresented in discussions
of maladaptive plasticity. In plastic compensa-
tion, a phenotype that should express maladaptive
plasticity does not, or does so transiently, due
to an adaptive plastic response in some other
phenotype. Plastic compensation may therefore
prevent maladaptive plasticity from being iden-
tified. Plastic compensation likely comes with
a cost. For instance, in the brittlestar Amphiura
filiformis, the ability to regenerate limbs (the
otherwise maladaptively plastic phenotype) was
maintained despite decreasing pH. However, this
could only be maintained at low pH by digesting
muscle tissue for energy (the cost) to presum-
ably fuel increased rates of biomineralization
(the adaptively plastic phenotype) (Wood et al.

2008). The pathway of plastic compensation can
be described as phenotypic divergence between
populations via maladaptive plasticity ! phe-
notypic similarity between populations for the
otherwise maladaptively plastic phenotype via
adaptive plasticity in some other phenotype !
possible genetic divergence to reduce costs. If
plastic compensation occurs immediately, the ini-
tial step (phenotypic divergence via maladaptive
plasticity) may never be observed. A key test
of plastic compensation involves the inhibition
or deletion of the adaptively plastic phenotype,
which should lead to the expression of maladap-
tive plasticity.

Intriguingly, plastic compensation may be
maintained across generations via heritable epi-
genetic modifications that keep the compensating
phenotype induced even in the absence of the
environmental inducer (Stern et al. 2012). This
could be considered the epigenetic form of
genetic assimilation, in which a once-plastic
phenotype becomes constitutively produced
across environments for several generations, a
phenomenon known as epigenetic assimilation
(Sollars et al. 2003; Ruden et al. 2005).

5.3.7 Plasticity and Reproductive
Isolation

The final component of ecological speciation is
reproductive isolation. Fitzpatrick (2012) help-
fully reminds us that plasticity may result in
reproductive isolation prior to adaptive diver-
gence, if plasticity occurs pre-dispersal. If indi-
viduals follow a basic rule such as “breed only
with individuals that are phenotypically similar
to conspecifics,” there should be little reproduc-
tion between genetically identical but phenotyp-
ically distinct populations. The opposite, how-
ever, that plasticity may confound measures of
reproductive isolation, has been rarely noted (but
see Crispo et al. 2011). For instance, reproduc-
tively isolated populations may colonize the same
environment, inducing similar plastic changes
that reduce the phenotypic differences between
them. If reproductive barriers are pre-zygotic,
these plastic changes could alter reproductive be-
havior and increase hybridization. Environmental
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disturbance can also affect reproductive isola-
tion. In Lake Victorian haplochromine cichlids,
increased turbidity has been shown to reduce
reproductive isolation between species, largely
because the cues females use to find preferred
mates can only be detected under broad spectrum
light (Seehausen et al. 1997, 2008). Mate choice
behavior is therefore plastic; measures of repro-
ductive isolation in common garden experiments
may not reflect actual levels of reproductive iso-
lation. For cichlids, any measure of reproduc-
tive isolation performed in clear laboratory wa-
ters would overestimate the degree of reproduc-
tive isolation experienced under murkier natural
conditions.

5.3.8 Summary

Ecological genomics approaches are vital for
understanding the multitudinous consequences of
phenotypic plasticity for evolutionary biology.
Understanding how populations differ in their
molecular reaction norms, and how this gen-
erates macrophenotypic divergence across envi-
ronments; ascertaining the direction of plasticity
evolution through phylogenetic studies; identify-
ing the alleles that generate reaction norm differ-
ences and the alleles that contribute to CGV; test-
ing different molecular strategies for persisting
in novel environments; mapping alternative de-
velopmental pathways that produce similar phe-
notypes in different environments; and above all
determining how alternative plastic phenotypes
are generated, and how these pathways are altered
in derived populations and species; all require
an ecological genomics framework if we wish to
move from conjecture and modelling to testing
these ideas in nature.

5.4 Ecology of Plasticity

Phenotypic plasticity involves the environmentally-
sensitive production of a phenotype, and
therefore the ecological conditions experienced
by the organism, both abiotic and biotic
(including conspecifics), must be measured

and incorporated into the ecological genomics
of plasticity. Just as plasticity will not evolve
without genetic variation, it also cannot evolve
without certain environmental conditions.
Demography, which can be influenced by the
environment, also has consequences for the
evolution of plasticity. Furthermore, plasticity in
one organism has ecological and evolutionary
consequences for other members within the
community, thereby giving a role for plasticity in
community and ecosystem processes. Finally,
unnatural environments, often eschewed by
ecologists, can shed important light on the
mechanisms and evolutionary consequences of
plasticity. Altogether, current research reveals
the importance of integrating ecology into the
ecological genomics of plasticity.

5.4.1 Plasticity and the Environment

Plasticity is expected to evolve under predictably
varying environments (Berrigan and Scheiner
2003). If the environment does not vary, plasticity
is not expected to evolve. If the environment
varies in an unpredictable manner, bet-hedging
strategies may evolve (Starrfelt and Kokko 2012).
Predictable variation alone is not sufficient:
for active induction, environments must also
produce reliable cues for the environmental
change, cues that can be detected by the
organism and translated into a phenotypic
response (Berrigan and Scheiner 2003). Reliable
cues must then permit adequate time between
the reception of the cue and the production
of the plastic phenotype. If environmental
change outpaces phenotypic change, or if the
time-lag between cue reception and phenotype
production is too long, non-plastic strategies
may be favored (Padilla and Adolph 1996).
These models show the importance of generating
precise measurements of the environments
experienced by organisms. This is easier said
than done, as motile organisms may reduce
the temporal environmental variation that they
experience by moving throughout a spatially
heterogeneous landscape. Thus environmental
metrics taken at a single site may not measure
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the environment as experienced by an organism.
Basic ecological measures are sorely needed for
many species to test the relationship between
environmental heterogeneity and plasticity
evolution.

5.4.2 Plasticity and Demography

Environmental change can influence plasticity
directly, as shown above, but it can also influ-
ence plasticity by affecting population migra-
tion and abundance. Environments which favor
gene flow between subpopulations, for instance,
are predicted to favor the evolution of plasticity
(Crispo 2008). Population abundance can influ-
ence plasticity in at least four ways. (1) Large
populations, which have greater opportunities for
mutations, are more likely to harbor SGV, which
can favor PMPP. (2) Large populations are also
more likely to evolve beneficial mutations that
positively affect reaction norms and reduce the
costs of plasticity (Stern 2010). (3) Small pop-
ulations produce fewer mutations and therefore
are more likely to evolve pleiotropic and costly
reaction norms (Stern 2010). (4) Population size
can alter fitness landscapes, with individuals ex-
periencing reduced fitness as the population in-
creases (Dieckmann et al. 2004). If populations
routinely experience fluctuations in population
size, plasticity may evolve to reduce the effect
of population size on fitness. For instance, mod-
els have shown that population fluctuations due
to predator–prey dynamics facilitates the evo-
lution of plasticity rather than adaptive specia-
tion (Svanbäck et al. 2009). The challenge for
researchers in the next few years will be to
incorporate increasingly more complex popula-
tion dynamics into their study of the ecological
genomics of plasticity.

5.4.3 Plasticity and Community
Genetics

Community genetics is an emerging subdiscipline
within ecological genomics (Fig. 5.1). It

involves studying how certain genotypes affect
the distribution, abundance, and evolution of
other genotypes within a community, and
what genes underlie heritable community traits
(Whitham et al. 2008; Hersch-Green et al. 2011).
Community genetics of plasticity has received
increased interest over the last several years
(Rowntree et al. 2011; Tétard-Jones et al. 2011),
particularly as plasticity’s role in community
ecology has been documented (Agrawal 2001;
Fordyce 2006) (Fig. 5.7). Plasticity can, among
other things, drive selection in one species to
overcome plastic changes in another species
(ex. induced plant defenses and herbivore
tolerance – Mithöfer and Boland 2012); induce
plastic changes in another species (ex. parasite
modifications of host phenotypes, or behavioral
plasticity during competition – Dawkins 1982;
Grangier and Lester 2012); cause coevolution
of reciprocal plasticity between two or more
species (antagonistically or mutualistically –
Reimer and Tedengren 1996; Agrawal 2001;
Freeman et al. 2009); alter the composition or
abundance of other species within the community
(ex. irreversible barnacle plasticity affects mussel
and algal abundance – Raimondi et al. 2000,
Fig. 5.7); determine community composition
via dominant plasticity (Ashton et al. 2010) or
limits to plasticity (ex. homeostatic mechanisms
limit species distributions latitudinally – France
1992; Molina-Montenegro and Naya 2012);
affect community interactions under changing
climates, by altering species in such a way that
their interactions are maintained (Cresswell and
McCleery 2003; Charmantier et al. 2008) or
disrupted (Post and Forchhammer 2008); can
place novel selection pressures on species that
exist in communities invaded by plastic species
(Strauss et al. 2006; Lankau 2012); and can
alter fitness landscapes, such that plastic resident
organisms reduce the likelihood of successful
colonization by plastic invasive species (Peacor
et al. 2006).

These multitudinous interactions between
plastic genotypes and other members of the
community have led to recent studies on
plasticity from a community genetics perspective
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Fig. 5.7 Plasticity can affect the community in numerous
ways. This example shows the direct (solid lines) and
indirect (dashed lines) positive and negative interactions
between four species of an intertidal community, that
are influenced by plasticity in one species. (a) Whelks
pass over young barnacles that are too small to consume.
The barnacles, in response, plastically develop a bent
morphology that inhibits whelk predation. Since mussels
utilize empty barnacle shells for space, their abundance
is negatively affected. Encrusting algae, which compete

with mussels for space, increase in density. (b) Whelks
pass over adult barnacles that developed in the absence
of whelks. They consume the barnacle, leaving behind
an empty shell that can be colonized by mussels. The
mussels outcompete encrusting algae, such that algal den-
sity declines while mussel density increases (Reproduced
from Raimondi et al. (2000, Fig. 2). Published with kind
permission of © John Wiley and Sons 2003. All Rights
Reserved)

(Schweitzer et al. 2008; Utsumi 2011). Experi-
mental work is limited, but a recent study likely
foreshadows things to come: the interactions
between barley, aphids, and rhizobacteria were
measured, along with barley and aphid plasticity
across rhizobacterial environments. QTL for
barley and aphid plasticity were mapped on
to the barley genome, thus identifying gene
regions in one species that influenced plasticity
in another species, as mediated by a third species

(Tétard-Jones et al. 2011). Predictions regarding
the role of plasticity in community genetics are
few, but recent modeling work suggests that
plasticity may facilitate community stability
in tritrophic systems to a greater extent than
genetic variation (Kovach-Orr and Fussmann
2012). Community genetics is ripe for studies
on phenotypic plasticity, but requires nuanced
predictions and experimental data before patterns
can be ascertained.
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5.4.4 Plasticity Under Unnatural
Ecological Conditions

Although the ecological genomics of adaptive
plasticity emphasizes the need to study ecolog-
ically relevant traits under natural conditions,
there are several reasons why one would want
to study plasticity under non-natural conditions.
(1) Subjecting multiple populations to an extreme
environment that only a subset of populations
has colonized could elucidate the mechanisms
that have enabled survival in the extreme envi-
ronment. For instance, one could find that pop-
ulations not adapted to these extreme environ-
ments may nevertheless plastically adjust to sur-
vive in these new environments, or that stress-
induced plasticity is only present in non-native
populations, motivating research into how that
stress was overcome. (2) Subjecting organisms
to unrealistically extreme environments can al-
low the study of symmorphosis. (3) Unnatural
environments may allow researchers to predict
how organisms will respond to future environ-
mental change (Reekie et al. 1994; Martin et al.
2011). For instance, exposing congeneric marine
species to elevated temperatures revealed that
cold-adapted marine organisms live well below
their maximum thermal tolerance, while warm
adapted marine organisms are negatively affected
by very small increases in temperature (Somero
2005, 2010). (4) Studying plasticity using a single
manipulated environmental variable is an impor-
tant first step in elucidating how a particular
environmental variable influences the phenotype.
Once the production of that phenotype by that
variable is understood, multienvironmental vari-
ables can be used to determine the influence
of environmental interactions on plasticity. In
other words, decomposing the environment into
its different variables is an important, albeit un-
natural, means of learning about plasticity. (5)
Subjecting organisms to unnatural environments
may allow researchers to uncover how different
reaction norms interact to produce the pheno-
type. Sea urchins subjected to natural pH ex-
hibited plastic compensation in morphology via
transcript abundance. Under extremely unnatu-
ral acidities, transcriptional activity broke down

and morphological plasticity was induced (Mar-
tin et al. 2011) (Fig. 5.2). Without the unnatural
environment, however, the link between tran-
script abundance and morphological plasticity
would not have been made.

5.4.5 Summary

The environment both shapes plasticity, and is
shaped by plasticity, particularly when that envi-
ronment consists of other genes. The next several
years will likely see an increase in the use of
genomic tools to test key predictions about the
types of mutations that occur in large versus small
populations, or the sorts of plastic genes that
shape community structure. However, the use of
genomics will be limited without precise mea-
sures of the ecological conditions experienced by
natural populations.

5.5 Fitness of Plasticity

The adaptive or maladaptive nature of plasticity
implies fitness consequences for plasticity. Fit-
ness consequences of plasticity can be assessed
both indirectly and directly under an ecological
genomics framework.

5.5.1 Indirect

Indirect methods for assessing the fitness
consequences of plasticity involve everything
from modelling the possibility of plasticity
evolution to discovering patterns for plasticity
among taxa. Plasticity models generally compare
plastic and non-plastic phenotypes under distinct
stable or fluctuating environments. There are
three main types of models (Scheiner 1993):
optimality models, which provide cost-benefit
analyses of plasticity (Stearns and Koella 1986);
quantitative genetic models, which assess the
evolution of plasticity given certain selection
regimes and genetic variances/covariances
for plastic traits (Via and Lande 1985); and
gametic models, which assess the consequences
of pleiotropy, epistasis, or linkage on the
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evolution of plasticity (De Jong 1990). Recent
theoretical work has involved the evolution of
plasticity given dispersal rates (Scheiner and
Holt 2012; Scheiner et al. 2012), colonization
events (Thibert-Plante and Hendry 2011), spatial
heterogeneity (Chevin and Lande 2011), and
an environment that contains genes (Wolf et al.
2003), and the consequences of plasticity for
demography (Chevin et al. 2013). Although
models are only as good as their assumptions,
they have led to several testable predictions
about the requirements for plasticity evolution,
including the presence of genetic variation, high
gene flow, low costs, and a predictable and
reliable environmental cue (Crispo 2008).

Studies on natural populations can also
provide indirect evidence for the fitness conse-
quences of plasticity. For instance, phylogenetic
analyses have shown that plastic traits can arise
or become assimilated within a clade (Schwander
and Leimar 2011). If this occurs in parallel
within a clade, it suggests positive fitness for
plasticity or its loss. Finding the ecological
relevance of an induced phenotype can also
indirectly test the adaptive nature of plasticity,
particularly if the induced phenotype is difficult
to produce. For instance, the induced defense
morphology of Daphnia is clearly relevant to the
environment that induces it, requiring receptors
for predator abundance and the coordinated
action of numerous underlying phenotypes. The
fact that such a system evolved in association
with this environment implies its positive fitness
consequences. Finally, comparisons of plasticity
that involve multiple populations adapted to
different environmental regimes can provide
indirect support for the adaptive nature of
plasticity or non-plasticity. Three such patterns
include: (1) Positive correlations between the
degree of plasticity exhibited by a population
and the extent of environmental heterogeneity
experienced by that population. For instance,
the climatic variability hypothesis suggests that
plants and ectotherms at high latitudes should
exhibit greater temperature-induced plasticity
for tolerance and acclimation phenotypes, than
populations that reside at lower latitudes. This is
because temperature fluctuations are greater at

higher latitudes, requiring an increased capacity
to maintain homeostasis. Evidence for this
hypothesis has been found (Compton et al. 2007;
Sunday et al. 2011; Molina-Montenegro and
Naya 2012). (2) The parallel evolved loss or gain
of plasticity from a known ancestral population.
For instance, tiger snakes (Notechis scutatus)
from mainland Australia feed on relatively small
prey, while island colonists consume larger prey.
This dietary switch is facilitated by ancestral
plasticity in head shape. Head shape plasticity
has subsequently been lost in older colonized
populations, due to costs associated with the
production of smaller heads (Aubret et al. 2004;
Aubret and Shine 2009, 2010). (3) Finally,
patterns at a genomic level can be assessed. For
instance, plasticity was hypothesized to buffer
against the effects of selection, resulting in higher
rates of evolution for genes whose expression
was environmentally sensitive. Leichty et al.
(2012) used microarrays to assess genes involved
in the production of environmentally-induced
morphs of tadpoles. Using 454 sequencing,
they then sequenced “biased” (plastic) and
“unbiased” (non-plastic) genes, and compared
rates of evolution between these genes for
multiple plastic and non-plastic amphibian
species. Contrary to expectations, they found that
plastic genes had higher substitution rates even
in non-plastic species, leading to the intriguing
hypothesis that non-essential genes in non-plastic
species may rapidly accumulate mutations. This
rapid evolution then becomes a precondition
for the evolution of plasticity, permitting the
co-option of these non-essential genes for
novel plastic functions under heterogeneous
environments (Leichty et al. 2012). Although
selection on these plastic genes was not assessed,
the repeatability of these patterns in other taxa
suggests that plasticity can have positive fitness
effects (Hunt et al. 2011).

5.5.2 Direct

Direct methods for assessing the fitness conse-
quences of plasticity involve comparisons of fit-
ness between plastic and non-plastic genotypes.
This can be assessed in several ways.
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5.5.2.1 Estimates of Fitness in Natural
Populations

Long-standing field studies can provide measures
of plasticity for individuals, and can measure
heritability, fitness, and selection for those plastic
phenotypes. Seasonal plasticity in bighorn sheep
mass was measured over a 25 year span in both
parents and offspring, and was found to have a
genetic basis. Selection was measured for sum-
mer and winter mass changes, and revealed that
plastic individuals had a higher fitness coming
out of the winter than less plastic individuals
(Pelletier et al. 2007; see also Nussey et al.
2005). Although field studies provide compelling
examples of selection under ecologically relevant
conditions, true differences in plasticity are dif-
ficult to measure due to limited environmental
control.

5.5.2.2 Common-Garden/Mesocosm
Experiments

Genotypes that differ in their degree of plasticity
can be raised in several (often reciprocal) com-
mon gardens or mesocosms that manipulate some
environmental variable, such that plastic changes
are induced between common gardens. The fit-
ness of each plastic and non-plastic genotype
can be assessed for each environment (Griffith
and Sultan 2012; Matesanz et al. 2012). These
genotypes can occur as polymorphisms within
a population or between populations, or can be
the result of genetic manipulation. For instance,
plant genotypes that exhibited plasticity in stem
length in response to conspecific density had
consistently high fitness at low and high densi-
ties, whereas plant genotypes that could produce
only long or only short stems had high fitness
only at specific densities (Schmitt et al. 1995).
Morphologically plastic and non-plastic species
of Daphnia were raised together and apart in the
presence and absence of predators. The plastic
species had higher fitness in the presence of
predators, but lower fitness in the absence of
predators when competing with the non-plastic
species. This reduced fitness in the plastic species
was not measured when species were raised apart
(Engel and Tollrian 2009).

5.5.2.3 Experimental Evolution
Artificial selection experiments, in which plas-
ticity is selected by researchers (Scheiner and
Lyman 1991; Scheiner 2002; Kelly et al. 2006),
or compared between domestic and wild lin-
eages (Morris et al. 2011; Debes et al. 2012;
Solberg et al. 2013), increases our confidence
that plasticity is heritable and can evolve. Ex-
perimental evolution studies, in which genotypes
freely evolve under controlled conditions, have
shown that plasticity can evolve when it benefits
the organism rather than the researcher (Garland
and Kelly 2006). For instance, viruses raised in
a combination of single-infection and coinfec-
tion conditions experimentally evolved greater
plasticity than viruses raised in single-infection
conditions alone, and this increased plasticity
conferred greater fitness under both environments
(Leggett et al. 2013). Plasticity has also been
shown to evolve in silico for digital organisms
(Clune et al. 2007). A genomics approach to
the experimental evolution of plasticity would
ideally track both the phenotypic and genetic
changes that occur under various forms of en-
vironmental change to address questions regard-
ing the rules of plasticity evolution, including
the types of genes or chromatin structures in-
volved, the importance of pleiotropy, the nature
of parallel plasticity evolution, etc. (Bell 2010;
Dettman et al. 2012).

5.5.2.4 F2 Selection Experiments
It can be difficult in practice to determine if
fitness differences between plastic and non-
plastic genotypes are due to plasticity or to
other phenotypic differences. For instance, in
comparisons between the fitness of invasive
plants and their ancestral counterparts, plastic
tetraploids had greater fitness than less-plastic
diploids, but non-plastic phenotypes affected
by tetraploidy could have conferred this fitness
benefit (Hahn et al. 2012 – but see their plausible
explanation for why this was not the case).
If distinct populations can be hybridized, this
difficulty can be circumvented. Recombination
in the gametes of F1 hybrids results in F2
hybrids with chromosomes that vary in their
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distribution of parental alleles. Unless plastic
and non-plastic traits are tightly linked, F2
individuals should vary randomly with respect
to these phenotypes. F2 individuals could then
be measured for their degree of plasticity
relative to the parental populations, and fitness
assessed in multiple environments. If plasticity
does confer a fitness benefit apart from non-
plastic traits, then the phenotypic background
for the plastic phenotype should not matter.
This method relies on a number of practical
considerations (plasticity must be measurable in
individuals – that is, plasticity must be reversible)
and assumptions (no relationship between plastic
and non-plastic traits, no linkage). To our
knowledge such an F2 experiment has not been
employed.

5.5.2.5 Genomics and Fitness
Novel genomic techniques have increased our
ability to detect and measure plastic differences
between populations. For instance, researchers
can now use gene expression tools (quantitative
reverse transcriptase PCR, microarrays, RNA-
Sequencing, etc.) in association with common
garden experiments to associate experimentally-
manipulated transcript abundance with fitness
(Rest et al. 2013), measure gene expression
for fitness-related traits (Zhou et al. 2012), or
compare populations for gene expression profiles
(Levine et al. 2011). Gene sequencing can
identify alleles associated with fitness-related
differences in plasticity (Powers and Schulte
1998), while QTL mapping using microsatellites
or Single Nucleotide Polymorphisms can identify
regions of the genome associated with divergent
plasticities (Ungerer et al. 2003; Gerald et al.
2006; Gutteling et al. 2007; Tétard-Jones et al.
2011). F2 selection experiments could provide
compelling associations between genotype,
phenotype, and fitness, if QTLs for plasticity
can be shown to be associated with F2 survival
or fecundity in a common garden. Finally, a
genomics perspective permits us to ask questions
regarding which genes and genomic structures
are likely to facilitate the evolution of adaptive
plasticity (Leichty et al. 2012).

5.5.3 Summary

One cannot assume a priori that plasticity confers
a fitness advantage relative to non-plastic indi-
viduals. Indirect evidence supports the adaptive
nature of both plasticity and non-plasticity, but di-
rect measures of fitness offer the most compelling
results. This direct evidence has revealed that
plasticity may increase fitness under all environ-
ments, a subset of environments, or can decrease
fitness across environments. Ecological knowl-
edge of the study organism is required to make
predictions that can differentiate between these
alternatives. Just as ecology cannot be ignored,
so the underlying genome cannot be ignored, as
plasticity will only evolve if genetic variation is
present. Future work in the ecological genomics
of plasticity will involve identifying alleles that
confer fitness advantages in plastic or non-plastic
organisms, and determining the genomic archi-
tectures that constrain or encourage the evolution
of plasticity.

5.6 Conclusion

Phenotypic plasticity research has undergone a
renaissance of sorts in developmental, ecologi-
cal, and evolutionary biology. Integrating these
disciplines with novel genomic tools has allowed
researchers to test key predictions regarding the
production of plasticity (e.g. the importance of
transcriptional vs. proteomic plasticity), the evo-
lution of plasticity (e.g. plasticity as a leader or a
follower in evolution), the ecological significance
of plasticity (e.g. plasticity genes involved in her-
itable community traits), and the fitness of plas-
ticity (e.g. relaxed selection as a precondition for
adaptive plasticity). Furthermore, the ecological
genomics of plasticity has emphasized the com-
plexity and difficulty of elucidating the complete
developmental, evolutionary, and ecological story
for a single phenotype, even in well-known and
well-studied species. Theoretical work currently
outpaces data, but the tide is changing. Genomic
tools are enabling researchers to understand the
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significance of plasticity like never before, and
the incoming data should stimulate research for
years to come.
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Glossary: Some Definitions
of Important Terms

Adaptive plasticity The production of alterna-
tive phenotypes (continuous or discrete) by
the same genotype across some environmental
variable, such that there is a better match be-
tween the organism and its environment (Bel-
dade et al. 2011). Alleles that confer plasticity
are more likely to spread through a population
relative to competing alleles that do not confer
plasticity.

Behavioural plasticity Environmentally-induced
alternative behaviors displayed by a single
genotype. Behavioral plasticity is difficult to
define. Does an organism display behavioral
plasticity if it switches from grazing when
there are no predators to predator avoidance
when predators are present? Or should
behavioral plasticity be restricted to a
single behavior type (i.e., different foraging
tactics for different foods, or different
predator avoidance strategies for different
predators)? Or is behavior only plastic if
one particular behavioral trait is expressed
differently when the same environmental
variable in manipulated, such as different
foraging strategies for a single food under
different light conditions, or different predator
avoidance strategies for a single predator
under different conspecific densities? One’s
definition will determine the magnitude of
the relationship one finds between behavioral
plasticity and other reaction norms.

Canalization See Robustness.
Community genetics The study of how genes

within a community shape the phenotypes and
evolution of other members of the community,
and the identification of genes that contribute
to heritable community traits.

Cryptic genetic variation The subset of stand-
ing genetic variation that exists in a population
but does not affect the phenotype or per-
formance under normal environmental condi-
tions. Upon exposure to a novel environment,
this genetic variation produces novel pheno-
typic variation, and may facilitate adaptation.

Developmental noise The production of alter-
native phenotypes by a single genotype under
identical environmental conditions (Raser and
O’Shea 2005) due to molecular stochasticity
in the birth and death rates of transcripts, the
effects of low-abundance regulatory proteins,
the stickiness of proteins, and random fluctua-
tions in promoter behavior (Raser and O’Shea
2005; Brettner and Masel 2012; Singh et al.
2012).

Dominant plasticity In niche complementarity,
occurs when a superior competitor with high
resource use plasticity alters the resources it
uses depending on the competitive environ-
ment.

Ecological speciation A theory of speciation in
which adaptive phenotypic and genetic diver-
gence, contributing to reproductive isolation,
is due to divergent selection (Nosil 2012).

Environmental robustness (environmental
canalization) The production of a stable
reaction norm despite environmental per-
turbations. Non-plastic reaction norms are
canalized against at least one environmental
variable. A plastic reaction norm can be
environmentally canalized if: (1) the reaction
norm does not exhibit discontinuous change
under extreme environments, or (2) the
reaction norm maintains its height and slope
in the presence of a second environmental
variable.

Epigenetics The study of environmentally-
induced, sometimes heritable modifications to
the phenotype, caused by mechanisms other
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than changes to the underlying DNA sequence
(i.e., DNA methylation, histone modification,
etc.).

Epigenome The entire suite of epigenetic mod-
ifications that have occurred in a particular
cell, tissue, developmental stage, or organism,
including the number and placement of methy-
lated sites, the number and nature of histone
modifications, etc.

Flexible stem A model of adaptive phenotypic
divergence whereby an initially plastic ances-
tral population diverges into two populations
residing in distinct environments, such that
each population expresses opposing ends of
a reaction norm. These phenotypes become
genetically assimilated, such that plasticity is
lost and phenotypic divergence is maintained
(West-Eberhard 2003; Wund et al. 2008).

Gene expression The context-dependent pro-
duction of gene product, including pre-
mRNA, mRNA, microRNA, and protein.
Context can include cell type, tissue type,
genotype, developmental stage, time, and
environment.

Genetic assimilation The evolved loss of adap-
tive phenotypic plasticity, such that environ-
mental induction is no longer necessary for
the production of the phenotype (Waddington
1953a, b).

Genetic compensation The evolved loss of
maladaptive phenotypic plasticity, resulting
in phenotypic similarity (cryptic evolution)
between populations living in regular and
novel environments (Grether 2005).

Genetic robustness (genetic robustness) The
production of a stable reaction norm despite
different genetic backgrounds (Gibson
and Wagner 2000). Genotypically distinct
individuals that display the same plastic or
non-plastic reaction norm are genetically
canalized against the alleles that differentiate
them. A lack of genetic robustness can be
evidenced by changes to the slope or height of
the reaction norm.

Hierarchy of plasticities The production of a
plastic or non-plastic macrophenotype due to
interactions between numerous underlying re-
action norms (Bradshaw 1965).

Macrophenotype The visible manifestation of
numerous underlying phenotypes, sometimes
referred to as the “end phenotype” (Beldade
et al. 2011).

Maladaptive plasticity The production of alter-
native phenotypes (continuous or discrete) by
the same genotype across some environmental
variable, such that the match between organ-
ism and environment is reduced (Ghalambor
et al. 2007).

Model organism Any non-human species that
has been readily cultured or raised over many
generations in a laboratory setting, for which
genomic tools have been developed and ap-
plied, and that is used to answer biologi-
cal questions that can be applied to other
species. Examples: Arabidopsis, Drosophila,
Daphnia, Mus. The ideal model species for
ecological genomics has locally adapted pop-
ulations, characterized phenotypic and genetic
variation, a sequenced genome, a known phy-
logeny, and is studied by a large community of
researchers (Feder and Mitchell-Olds 2003).

Molecular phenotype Measures of context-
specific gene expression or protein behavior
(Ranz and Machado 2006; Pavey et al. 2010).

Molecular plasticity A form of phenotypic
plasticity that focuses on environmentally-
sensitive gene expression or protein behavior
(plasticity in the molecular phenotype).

Neutral plasticity The production of alternative
phenotypes (continuous or discrete) by the
same genotype across some environmental
variable, that does not contribute positively or
negatively to fitness.

Non-model organism Any species that has not
been readily incorporated into biological re-
search in the last several decades. Basic bio-
logical information, including genomic infor-
mation, is often lacking for these organisms,
although genomic tools may be developed and
used.

Non-plasticity A reaction norm with a slope of
zero. Sometimes referred to as environmental
robustness (Gibson and Wagner 2000). Non-
plasticity may be adaptive, maladaptive, or
neutral, relative to competing alleles that con-
fer plasticity.
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Phenotypic accommodation A source of
adaptive phenotypic novelty, in which a
genetically- or environmentally-induced
change to a phenotype during development
is accommodated through plastic changes in
other phenotypes (West-Eberhard 2005).

Phenotypic capacitor Any phenotype that can
suppress phenotypic variation that would oth-
erwise be expressed via developmental noise,
microenvironmental variation, and genotypic
variation (Queitsch et al. 2002; Levy and
Siegal 2008).

Phenotypic plasticity The environmentally sen-
sitive production of alternative phenotypes
by a single genotype (DeWitt and Scheiner
2003).

Plastic compensation The production of phe-
notypic similarity between populations living
in regular and novel environments, due to
plasticity in some compensating phenotype.
Without plasticity in the compensating phe-
notype, maladaptive plasticity would generate
phenotypic divergence between populations.
Usually comes with a cost to some other
phenotype and may mask the existence of mal-
adaptive plasticity (Morris and Rogers 2013).

Plasticity-mediated population extinction
(PMPE) The unsuccessful colonization of a
new environment due to phenotypic plasticity
induced by the new environment (Morris and
Rogers 2013).

Plasticity-mediated population persistence
(PMPP) The successful colonization of a
new environment due to phenotypic plasticity
induced by the new environment (Baldwin
1896; Pavey et al. 2010).

Proteome The full complement of proteins
present within a particular context (see gene
expression).

Proteomic plasticity A form of molecular
plasticity that focuses on environmentally-
sensitive protein abundance.

Reaction norm A function of all possible phe-
notypic states across some environmental gra-
dient.

Robustness (Canalization) The production of a
stable reaction norm despite genetic, envi-
ronmental, or stochastic perturbations. Both

plastic and non-plastic reaction norms can
display robustness (Waddington 1953a, b).

Symmorphosis The theory that biological
structures match their functional require-
ments, without unnecessarily exceeding those
requirements. This includes the idea that the
components of a system will not exceed in
possible performance their weakest unit.

Standing genetic variation (SGV) Genetic
variation that exists at a single locus in natural
populations (Barrett and Schluter 2008).
One form of SGV, cryptic genetic variation
(CGV), is not apparent until exposed by novel
environments (Schlichting 2008).

Stochastic robustness (Stochastic robustness)
The production of a stable reaction norm
despite stochasticity (developmental noise)
in transcript abundance, protein activity, etc.

Transcriptional plasticity A form of molecu-
lar plasticity that focuses on environmentally-
sensitive mRNA transcript abundance.

Transcriptome The full complement of mRNA
present within a particular context (see gene
expression).
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