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Rethinking phenotypic plasticity and its consequences
for individuals, populations and species

A Forsman

Much research has been devoted to identify the conditions under which selection favours flexible individuals or genotypes that
are able to modify their growth, development and behaviour in response to environmental cues, to unravel the mechanisms of
plasticity and to explore its influence on patterns of diversity among individuals, populations and species. The consequences of
developmental plasticity and phenotypic flexibility for the performance and ecological success of populations and species have
attracted a comparatively limited but currently growing interest. Here, I re-emphasize that an increased understanding of the
roles of plasticity in these contexts requires a ‘whole organism’ (rather than ‘single trait’) approach, taking into consideration
that organisms are integrated complex phenotypes. I further argue that plasticity and genetic polymorphism should be analysed
and discussed within a common framework. I summarize predictions from theory on how phenotypic variation stemming from
developmental plasticity and phenotypic flexibility may affect different aspects of population-level performance. I argue that it is
important to distinguish between effects associated with greater interindividual phenotypic variation resulting from plasticity, and
effects mediated by variation among individuals in the capacity to express plasticity and flexibility as such. Finally, I claim that
rigorous testing of predictions requires methods that allow for quantifying and comparing whole organism plasticity, as well as
the ability to experimentally manipulate the level of and capacity for developmental plasticity and phenotypic flexibility
independent of genetic variation.
Heredity (2015) 115, 276–284; doi:10.1038/hdy.2014.92; published online 8 October 2014

INTRODUCTION

The focus of this review is ‘whole organism’ (rather than ‘single trait’)
plasticity, how it may affect the ecological success of individuals,
populations and species, and how to rigorously test predictions from
theory regarding its consequences. Knowledge of the causes, mechan-
istic underpinnings and consequences of phenotypic plasticity and the
capacity of a genotype to produce different phenotypes in response to
environmental variation is crucial for a better understanding of the
evolution and maintenance of biodiversity (Bradshaw, 1965; Sultan,
2000; Agrawal, 2001; Pigliucci, 2001; Meyers and Bull, 2002; Bolnick
et al., 2003; Booth and Grime, 2003; Sultan, 2004; Miner et al., 2005;
Pigliucci, 2005; Gray and McKinnon, 2007; Whitlock et al., 2007;
Forsman et al., 2008; Naeem et al., 2009; Whitman and Agrawal, 2009;
Pfennig et al., 2010; Reed et al., 2010; te Beest et al., 2011; Violle et al.,
2012; Wund, 2012; Snell-Rood, 2013). From having been considered
primarily as nuisance in evolutionary biology, plasticity research has
grown tremendously (Scheiner and DeWitt, 2004), from o10 papers
published per year before 1983 to nearly 1300 papers in 2013
(Figure 1). To what extent has this growing attention, appreciation
of the potential importance of plasticity and increased scientific output
been accompanied by a similar increase in our understanding and
knowledge of the causes and consequences of plasticity?
Much research has been devoted to unravel how plasticity may

influence and contribute to diversity among individuals, populations
and species. Key questions in this area include, but are not limited to:

Does plasticity promote or hinder evolution and speciation? Why does
plasticity vary among populations and species? Is plasticity adaptive?
What are the costs of plasticity? Do genes typically act as ‘leaders’ or
‘followers’ in evolution? What is the relative contribution of plasticity
versus evolution (via modifications of allele frequencies) to population
differentiation? What are the ecological conditions that promote the
evolution and maintenance of plasticity? Some issues, such as the
genetic underpinnings of plasticity and gene-by-environment interac-
tions, have been settled or superseded by new questions and
approaches (Pigliucci, 2005). Plasticity can be considered at the level
of genes, individuals, and populations (see, for example, Carroll and
Corneli, 1995; Colbourne et al., 1997; Pigliucci et al., 2003; Nussey
et al., 2007; Chun, 2011; Brommer, 2013; Araya-Ajoy and Dinge-
manse, 2014), but there are also studies based on comparisons of
plasticity among species (see, for example, Thaler and Karban, 1997;
Pigliucci et al., 1999; Pollard et al., 2001; Davidson et al., 2011). Here, I
focus primarily on the consequences for individuals and populations
of whole organism developmental plasticity and phenotypic flexibility.
An enhanced knowledge of the population-level consequences of
interindividual genetic and phenotypic variation may increase our
ability to understand the ecological dynamics of natural populations,
and ultimately to develop more informed management plans for
protection and restoration of threatened species and biodiversity
(Kendall and Fox, 2002; Frankham et al., 2010; Wennersten and
Forsman, 2012).
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FROM CAUSES TO POPULATION-LEVEL CONSEQUENCES OF

PLASTICITY

In recent years, there has been an increased interest in the questions of
how interindividual variation and plasticity influence the performance
and ecological success of individuals, populations and species (Sultan,
2000; Agrawal, 2001; Pigliucci, 2001; Bolnick et al., 2003; Miner et al.,
2005; Forsman et al., 2008; Hughes et al., 2008; Chevin et al., 2010;
Pfennig et al., 2010; Violle et al., 2012; Wennersten and Forsman,
2012). Overall, theoretical models agree that phenotypically and
genetically more variable populations are predicted to be associated
with broader niches, reduced intraspecific competition, increased
productivity and population growth rate, decreased vulnerability to
environmental changes, dampened fluctuations in population size,
increased establishment success, increased invasiveness, larger distri-
bution ranges, decreased extinction risk and increased rate of
speciation as compared with less variable populations (reviewed by
Forsman et al., 2008; Wennersten and Forsman, 2012 and references
therein). Wennersten and Forsman (2012) systematically evaluate
whether the consequences of interindividual variation are likely to
be similar or different depending on the nature of the source of
variation. Despite some exceptions with regard to temporal and spatial
scales, the population-level consequences listed above are, at first
glance, largely similar regardless of whether the variation stems from
genetic polymorphism (allelic variation at coding loci), plasticity or
randomized phenotype switching (see Table 1 in Wennersten and
Forsman, 2012).
The overall agreement with regard to consequences is in part

illusory, because the mechanisms that mediate the consequences of
plasticity versus polymorphism are sometimes different (for a discus-
sion and examples see Wennersten and Forsman, 2012). Furthermore,
predictions are sometimes similar because models on the conse-
quences of plasticity build in part on the assumption that there are
heritable differences among genotypes in norms of reaction (how the
phenotypic expression of genotypes change along an environmental
gradient), in which case the distinction between genetic polymorphism
and plasticity is debatable (West-Eberhard, 2003; Leimar, 2009;
Shuster, 2010; Wennersten and Forsman, 2012). The consequences
of plasticity for the ecological success of populations and individuals
may also differ depending on whether one is concerned with variation
among individuals in the capacity to express plasticity, or with

interindividual phenotypic variation resulting from induced responses
(which could also arise in the absence of genetic variation for plasticity
if individuals utilize different microhabitats).
Developing, summarizing and comparing theoretical models and

their predictions (see, for instance, Table 1 in Wennersten and
Forsman, 2012) are necessary and important tasks. Given the
development during the past decades, the time is now ripe for
empirical evidence to catch up with theoretical predictions concerning
the consequences of plasticity. This is challenging, because, as argued
below, to empirically evaluate the predicted consequences (and other
issues) of plasticity requires methods allowing for quantifying and
comparing ‘single trait’ as well as ‘whole organism’ plasticity. In
addition, I claim that rigorous testing of predictions requires that we
can experimentally manipulate the levels of or the capacity for
plasticity.

WHAT IS PLASTICITY?

As pointed out by others, the concept of phenotypic plasticity is
deceptively simple, and it has been defined in numerous ways by
different authors (see, for instance, Box 1 in Whitman and Agrawal,
2009). One apparent form of intraindividual plasticity, common to
most if not all multicellular organisms, is the pronounced phenotypic
differentiation among cells found in different organs and types of
tissue (Sánchez Alvarado and Yamanaka, 2014). Cells that comprise
blood, bone, nerve and muscle within a single individual are
phenotypically extremely different, despite that they share an identical
(at least close to) set of genes and alleles. Such induced differentiation
has previously been discussed from a plasticity perspective within the
domains of ecology and evolutionary biology (see, for example, Sarà,
1996; Newman and Müller, 2000; Schlichting, 2003).
Plasticity is oftentimes defined as the ability of a single genotype to

exhibit a range of different phenotypes in response to variation in the
environment. The term phenotypic plasticity is used in studies that
concern and report on phenomena that are in fact rather different,

Figure 1 Trends in research output on plasticity. Figure shows number of
publications per year up to December 2013. Figure is based on data
extracted from a topic search for ‘phenotypic plasticity’ OR ‘developmental
plasticity’ OR ‘phenotypic flexibility’ OR ‘behavio*ral plasticity’ conducted on
21 March 2014 from ISI Web of Science. The literature search yielded
11 822 papers published between 1967 and December 2013. More than
1000 papers are review articles.

Table 1 List of plasticity-related terms and concepts, arranged

in the order they appear in the text

Phenotypic plasticity

Gene by environment interaction

Developmental plasticity

Phenotypic flexibility

Norms of reaction

Induced responses

Intraindividual plasticity

Induced differentiation

Active plasticity

Passive plasticity

Inducible defences

Phenotypic flexibility

Reaction norms

Maternal effects

Cross generational plasticity

Reversible changes within individuals

Labile traits

Behavioural plasticity

Activational plasticity

Irreversible developmental plasticity

Window of sensitivity

Multivariate trait plasticity

The list is nonexhaustive, and additional terms and concepts can be found in the plasticity
literature.
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and alternative terms are sometimes used for one and the same
phenomenon (Piersma and Drent, 2003; Whitman and Agrawal, 2009;
Stamps and Groothuis, 2010; Brommer, 2013; Snell-Rood, 2013). The
same or similar concepts are sometimes also used for different
phenotypic dimensions, such as morphology, physiology, life history
and behaviour, and for situations when the phenotype changes in
response to variation in either the external or the internal environ-
ment. On one hand, the tendency to apply the same concept to
different types of context-dependent phenotypic variation can be
justified on the grounds that science may benefit from unifying,
common theoretical frameworks. On the other hand, it is sometimes
justified to use different concepts. Given the rich terminology
(Table 1), however, authors should take great care to clarify how
they interpret and use the plasticity concept and related terms to avoid
misunderstandings, because people vary in what they think plasticity is
and what it is not.

Active versus passive plasticity
One distinction worth mentioning in this context is that between
active and passive plasticity (Scheiner, 2006; Kurashige and Callahan,
2007; Whitman and Agrawal, 2009), because there might be differ-
ences in the way that these two aspects of plasticity affect the ecological
success of individuals and populations. Active plasticity is used for
predominantly anticipatory, and often highly integrated, phenotypic
changes in response to some environmental cue or signal, and reflect
modifications of developmental pathways and regulatory genes. In
active plasticity, such as in the case of wing-length polymorphism in
some species of insects (Roff and Fairbairn, 2007; Schwander and
Leimar, 2011), the magnitude of the induced phenotypic response(s) is
not necessarily correlated with the strength of the environmental
signal (Scheiner, 2006). However, graded responses are also relatively
common for active plasticity. For example, the magnitude of inducible
defences in prey may increase as the number of predators, or the
amount of cue produced by predators, increases. Passive plasticity, on
the other hand, may stem from direct environmental influences on
chemical, physiological and developmental processes, and is generally
not considered anticipatory, but a mere consequence of the environ-
ment, such as stunted growth owing to low resource levels. In the case
of passive plasticity, when the environment acts directly on the
expression of the trait, phenotypic changes are often proportional to
environmental differences (Scheiner, 2006). Active phenotypic plasti-
cities are often (unlike ‘truly’ passive plasticities) considered adaptive,
but the distinction between the two is not always clearcut (Scheiner,
2006; Whitman and Agrawal, 2009).

Developmental plasticity versus phenotypic flexibility
The term ‘developmental plasticity’ is used by many researchers who
focus on irreversible phenotypic variation in traits of individuals (or
genotypes) that result from environmentally induced modifications of
development and growth. Some traits remain largely fixed after
maturity, such as structural body size in some unitary organisms,
the number of vertebrae in limbed vertebrates and various morpho-
logical defence structures induced by the presence of predators.
Reaction norms (or norms of reaction) that describe the association
linking the phenotypic expression of genotypes to an environmental
gradient, and genotype by environment interactions that refer to the
differential phenotypic responses of alternative genotypes, are key
components in this field (Stearns, 1989; Roff, 1997; Lynch and Walsh,
1998; Pigliucci, 2001; West-Eberhard, 2003). Developmental plasticity
is not restricted to traits that display quantitative variation, and it can
result in discrete phenotypic classes that represent developmental

threshold responses regulated by complex mechanisms including
polygenic effects and shifts induced by continuously distributed
underlying cues (Stearns, 1989). A candidate example is wing
polymorphism, the co-occurrence of flight-capable individuals that
possess fully developed functional wings and flightless individuals with
only partially developed or no wings that in some insect species seems
to be regulated by juvenile hormone titres (Zera, 2003; Roff and
Fairbairn, 2007; Schwander and Leimar, 2011). Plasticity can also
involve mechanisms that operate between or across generations. In
quantitative genetics and evolutionary biology, when the environment
responsible for the induced phenotypic response consist of the
(female) parent, the developmental plasticity is usually referred to as
maternal effects (Roff, 1997; Mousseau and Fox, 1998) or cross
generational plasticity.
The term ‘phenotypic flexibility’ seems to be used primarily by

researchers who focus on intraindividual plasticity, that is, reversible
changes within individuals of labile, context-dependent physiological,
morphological and life-history traits (Piersma and Drent, 2003).
Examples include metabolic and endocrine switches, shifts in the sizes
of body parts and organ systems in relation to reproductive condition
and metabolic demand, changes in colour patterns in relation to
seasonality, changes within individuals among years in the timing of
reproductive activities in response to weather conditions and changes
in number of eggs or offspring between sequential reproductive events.
Phenotypic flexibility is also applied to changes in behavioural traits
(Dingemanse et al., 2010; Stamps and Groothuis, 2010; Tuomainen
and Candolin, 2011), for instance, as a result of learning and
experience or adjustments depending on the presence or absence of
predators, and encompasses both developmental behavioural plasticity
and activational plasticity (for a thorough discussion see Snell-Rood,
2013). Despite the flexible nature of many behavioural traits, there is
also a tendency of individuals to display consistency through time. In
the behavioural plasticity literature, there is a growing interest in the
causes and consequences of such consistency within individuals and
repeatable variation among individuals, often referred to as animal
personalities or ‘behavioural syndromes’, for instance in the form of
shyness versus boldness in different types of behaviour and across
environmental contexts (Stamps and Groothuis, 2010; Brommer,
2013; Araya-Ajoy and Dingemanse, 2014).

Is plasticity distinct from genetic polymorphism?
There are still articles published (including some of my own) that
contain phrasings and arguments along the lines of genetics versus
plasticity that might suggest that the authors do not consider plasticity
a property of the genotype. There are probably examples of
intraindividual reversible phenotypic flexibility and behavioural plas-
ticity that are only loosely connected to genetics. Plasticity is not
equivalent to genetic polymorphism, and their evolutionary dynamics
can differ considerably (Day and Bonduriansky, 2011; Frank, 2011;
Saito et al., 2013). However, irreversible developmental plasticity is not
fundamentally different from genetic determinism, except for the
environment dependence of the expression of the phenotypic state,
and they are best interpreted and analysed within a common,
quantitative genetics, framework (Agrawal, 2001; Pigliucci, 2001;
West-Eberhard, 2003; Jablonka and Lamb, 2006; Leimar et al., 2006;
Day and Bonduriansky, 2011; Wennersten and Forsman, 2012). Most
phenotypic traits display a certain amount of plasticity, and plasticity
includes genetic components (Stearns, 1989; Pigliucci, 1996, 2001;
Pigliucci and Preston, 2004). Indeed, the existence of crossing norms
of reaction, such that different genotypes display different phenotypic
responses to environmental change, reflects an underlying genetic
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polymorphism (Stearns, 1989; Pigliucci, 2001; West-Eberhard, 2003).
This means that population-level consequences of plasticity predicted
by theory are largely mediated by the same mechanisms as are those of
genetic polymorphisms (for exceptions see Wennersten and Forsman,
2012).

WHAT IS A TRAIT?

Not all types of traits can be straightforwardly assigned to either of the
above categories of plasticity. For instance, the size and shape of
antlers in mammals of the family Cervidae, such as deer, is an example
of irreversible developmental plasticity, but new antlers are grown each
year, and the antlers of an individual can change in both size and
shape among years. Similarly, the size and colouration of feathers in
birds remain largely fixed after feathers are fully grown, but can
change within individuals between moults. This raises the question of
whether the antlers of a deer, the plumage of a bird or aspects of
behavioural and life-history characters as expressed on different
occasions by the same individual should be considered as one or as
different traits. One way to address such intraindividual plasticity is to
quantify, compare and model individual reaction norms based on
longitudinal data (Nussey et al., 2007; Araya-Ajoy and Dingemanse,
2014). In modular organisms, phenotypic responses to environmental
cues can be differentiated and restricted to certain body compart-
ments, such as size and shape of leaves subjected to sun-exposed
versus shaded environments (Pigliucci et al., 1999, 2003), and aerial
versus aquatic leaves in some plants (Bruni et al., 1996; Sultan, 2003).
Interestingly, this enables the individual to be a generalist, and may be
of particular importance for sessile organisms that cannot choose or
move to a more suitable environment.
As another case in point, consider the plethora of factors that

influence growth rate and body size in snakes (Figure 2). Snakes have
indeterminate growth, meaning that they continue to grow more or
less throughout life, although at a rate that decreases with increasing
body size and age, and with males or females growing larger adult
body sizes depending on species (Shine, 1991). Their growth rates are
flexible and influenced by the internal environment, including genetic
makeup and number of vertebrae (Lindell et al., 1993; Shine, 2000), as
well as by the external environment, for instance in the form of prey
availability (Forsman and Lindell, 1996; Lindell and Forsman, 1996;
Forsman, 1996b). Unlike vertebrate taxa with limbs, snakes display

considerable variation in the number of vertebrae, both among species
and among individuals within populations (Arnold, 1988; Lindell
et al., 1993; Lindell, 1994). Vertebral number reflects the combined
effects of heritable (additive) genetic variation and developmental
plasticity in response to temperature conditions during early embryo-
nic development, and unlike growth rate and body size it does not
change during the rest of the life of the individual (Arnold, 1988;
Lindell et al., 1993; Shine, 2000 and references therein). Because
snakes are gape-limited predators that swallow their prey in one piece,
their foraging success depends on body size (Forsman and Lindell,
1993; Forsman, 1996a).
Through its effect on locomotor capacity and speed (Arnold and

Bennett, 1988), there is also potential for vertebral number to
indirectly influence foraging success and growth rate. Snakes are
ectothermic, and their growth rates depend strongly on body
temperature, as do virtually all aspects of their physiology and
behaviour, including foraging activities (Huey and Kingsolver, 1989).
Body temperature of snakes is in turn influenced by behavioural
thermoregulation mediated via shifts in bodily postures and shuttling
between microhabitats; examples of reversible phenotypic flexibility
and behavioural plasticity (Stevenson, 1985b; Forsman, 1995). Body
temperature of snakes and other ectothermic organisms is also
influenced by external weather conditions, and by body colouration
and body size, all of which affect the rate at which solar radiation is
converted into body heat as well as equilibrium body temperature
(Stevenson, 1985a; Forsman, 1995; Forsman et al., 2002; Ahnesjö and
Forsman, 2006; Karpestam et al., 2012). This example illustrates that
to apply the plasticity concept(s) to single ‘traits’ (for example, body
size) as a means to increase our understanding of organismal design
and differentiation among individuals and populations can be a
daunting endeavour (Figure 2).

FROM SINGLE TRAITS TO A WHOLE ORGANISM PERSPECTIVE

It can be argued that ‘traits’ do not really exist, except as mental
constructions to aid communication (Fristrup, 2001). Indeed, indivi-
duals are developmentally, functionally and phenotypically integrated
complex units (Olson and Miller, 1958; Schlichting and Pigliucci,
1998; Pigliucci and Preston, 2004; Valladares et al., 2007; Piersma and
van Gils, 2011). Within an individual, homeostasis, canalization or the
absence of plasticity (or a flat reaction norm for a genotype) in a focal

Figure 2 Interdependence among phenotypic dimensions, plasticity, flexibility and environmental influences jointly affect body size in snakes. Schematic
representation of the many ways by which different phenotypic dimensions interact and are influenced by internal and external environmental factors and
how they may jointly contribute to within- and among-individual variation in growth rate and body size of snakes. This example illustrates that individuals are
complex integrated units that cannot be decomposed into a suite of independent ‘traits’, and that variation in a given phenotypic dimension can be
influenced by combinations of both genes, irreversible developmental plasticity and by reversible phenotypic flexibility in response to changes along different
environmental factors. See text for details.
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trait must reflect some sort of buffering mechanism and plasticity in
some other trait(s) (Pigliucci and Preston, 2004; Whitman and
Agrawal, 2009). Such buffering can be mediated by a flexibility of
physiological processes, developmental pathways and by behavioural
adjustments (Figure 2). Although developmental plasticity and phe-
notypic flexibility can enable individuals to change their phenotype
according to the environment, mobile organisms may also have the
opportunity to change their environment according to phenotype by
means of matching habitat choice (Edelaar et al., 2008; Karpestam
et al., 2012). This raises the questions of whether it is meaningful and
possible from a whole organism perspective to classify individuals,
populations or species as being either plastic or non-plastic
If one takes into consideration the entire integrated suite of

physiological, behavioural, morphological and life-history phenotypic
dimensions, it can be argued that there is no such thing as a non-
plastic individual, because lack of or low levels of plasticity in one trait
is generally compensated for or made possible by higher plasticity or
flexibility along some other phenotypic dimension(s). This realization
is important when it comes to making comparisons, evaluating
hypotheses and testing predictions pertaining to the fitness conse-
quences of plasticity for individuals and populations. To avoid
misunderstandings, any inferences and conclusions with regard to
causes and consequences of plasticity should be restricted to the
particular phenotypic dimension(s), aspects of plasticity and environ-
mental cues(s) that have been investigated, and not extended to
general statements regarding plasticity.

COMPARING LEVELS OF PLASTICITY AMONG INDIVIDUALS,

POPULATIONS AND SPECIES

Multicellular organisms are complex combinations of phenotypic
properties that display more or less plasticity (Bradshaw, 1965;
Sultan, 2000; Pigliucci, 2001; Schlichting, 2003; West-Eberhard,
2003; Pigliucci and Preston, 2004; Araya-Ajoy and Dingemanse,
2014). One should therefore not expect plasticity to be correlated
across phenotypic dimensions or environments. A given genotype may
show a plastic response (a non-flat reaction norm) of one or some
particular dimension(s) of the phenotype in response to a certain
environmental factor, whereas other phenotypic dimensions are not
affected by the same environmental factor. Similarly, a given genotype
or phenotypic dimension may display plasticity in response to changes
along the gradient of one environmental factor, whereas changes along
other environmental gradients do not affect the expression of the same
genotype nor influence its associated phenotypic variability (Valladares
et al., 2007). Conclusions regarding the consequences of plasticity
responses and gene by environment interactions therefore depend on
the choice of trait(s) as well as on the choice of environmental
covariate(s) (Valladares et al., 2007; Brommer, 2013). Assessments of
plasticity are typically focussed on traits with established or a priori
functional significance and how they respond to changes along some
ecologically important environmental gradient. Consequently, there is
a risk with a reductionist approach that we might arrive at a biased
view of, and perhaps even overestimate, the importance of plasticity.
To improve our understanding of the evolutionary dynamics of
plasticity and its consequences, it is necessary to also identify those
environmental factors that do not elicit plastic responses, as well as the
ecological settings under which plasticity is less beneficial.
A plastic response in a given phenotypic dimension can be

demonstrated experimentally. However, to reliably classify genotypes,
populations or species as being non-plastic is complicated because it is
impossible to determine with certainty that observable phenotypic
variation among individuals is not influenced at all by responses to any

environmental cues. This is because the population or species under
investigation may potentially show plasticity in response to environ-
mental cue(s) that have not yet been investigated, or have a restricted
window of sensitivity not yet tested (Pigliucci, 2001; West-Eberhard,
2003). Furthermore, the outcome of plasticity experiments conducted
under laboratory conditions may not accurately reflect the role of
plasticity under different and usually more complex and challenging
circumstances in the wild (Nussey et al., 2007; Valladares et al., 2007;
Fox and Reed, 2010). It may not be possible to reliably compare and
rank individuals, populations or species with regard to some overall
level of or capacity for whole organism plasticity. However, compar-
isons can be done at the level of specific phenotypic dimensions and
with regard to how they respond to changes along the gradient of one
or a few specified environmental factors. In lieu of estimates of whole
organism plasticity, multiple phenotypic dimensions can be examined,
modelled and compared simultaneously by either using multivariate
statistical analysis or using composite measures of plasticity based on
averages across traits or dimension reducing techniques (such as
principal component analysis) as a means to inform about differences
in the nature and magnitude of plasticity among individuals, popula-
tions and species (see, for example, Carroll and Corneli, 1995;
Pigliucci et al., 1999; Pollard et al., 2001; Nussey et al., 2007; Chun,
2011; Davidson et al., 2011; Araya-Ajoy and Dingemanse, 2014).

HOW CAN HYPOTHESES AND PREDICTIONS REGARDING

CONSEQUENCES OF PLASTICITY BE TESTED?

To put the predictions about plasticity to empirical tests, we must be
able to quantify, compare and ultimately manipulate the level of and
capacity to express plasticity. This is true not only for the proposed
population-level consequences (Wennersten and Forsman, 2012); the
need to quantify, compare and manipulate plasticity also applies if we
want to investigate, for example, whether plasticity influences fitness,
whether it is adaptive and whether it is costly (Tonsor et al., 2013).

Associations based on observational data may be informative but
do not reveal causation
Indications of costs or benefits of plasticity might be gained from
comparisons of performance of different genotypes or between
populations subjected to different environmental conditions (Wund,
2012). Similarly, associations of variation in single- or multivariate
trait plasticity with changes along environmental gradients can inform
about which factors and conditions might promote the evolution of
induced phenotypic variation. It is also possible to test for associations
of plasticity with fitness in the wild, but this requires tedious analyses,
and interpretation of results is not straight forward (Nussey et al.,
2007; Brommer, 2013). For instance, Araya-Ajoy and Dingemanse
(2014) proposed an analytical approach that allows for studying (co)
variation in labile behavioural character complexes both within and
among individuals using multivariate mixed-effects models. Their
approach resembles to some extent the one put forward by Nussey
et al. (2007) for quantifying, comparing and partitioning variation
among individuals and populations in reaction norms of labile life-
history traits based on longitudinal data from natural populations.
Comparisons among populations that inhabit different environments
may help identify potential drivers of plasticity evolution and suggest
how plasticity can contribute to evolutionary differentiation within
species (see, for example, Carroll and Corneli, 1995; Pollard et al.,
2001; Nunes et al., 2013). On a larger scale, phylogeny-based
comparative analyses can be used to infer about the role of plasticity
for evolutionary diversification among species and for speciation (see,
for example, Colbourne et al., 1997; Thaler and Karban, 1997;
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Pigliucci et al., 1999; Price et al., 2003; Pfennig et al., 2010; Schwander
and Leimar, 2011). However, with a whole organism perspective on
plasticity (that is, acknowledging that homeostasis in one particular
phenotypic dimension is mediated by plasticity or flexibility in other
dimension(s)), it is difficult to envisage how to perform such
comparisons and demonstrate such associations—let alone to establish
causation.

How to manipulate plasticity in order to establish causation?
Studies based on observational approaches can offer important
insights, generate hypothesis and testable predictions and uncover
patterns and associations in accordance or disagreement with predic-
tions. However, demonstrating causal relationships and mechanisms
linking either variation in the capacity for plasticity itself or plasticity-
induced phenotypic variation to aspects of individual or population
fitness is complicated because it requires experimental manipulation,
replication and controlled comparisons (Forsman, 2014).
To experimentally manipulate the level of or capacity for plasticity

seems very challenging, at least if one aims to test for effects of the
capacity to express plasticity or flexibility (independent of genetic
variation), and if one is concerned with whole organism rather than
single trait plasticity. Artificial selection or genetic engineering might
be used to increase or reduce levels of plasticity-induced phenotypic
variation (Krebs and Feder, 1998; Feder, 1999). However, interpreta-
tion of such manipulation studies is not straight forward, because of
the potential for pleiotropy and epistasis (Lynch and Walsh, 1998),
and because changes in plasticity of the focal trait may be accom-
panied by increased or decreased plasticity in buffering traits.
Phenotypic engineering based on hormonal treatments offers another
possibility to experimentally manipulate the phenotypic expression of
plastic and flexible traits (Sinervo and Huey, 1990; Ketterson et al.,
1996), but again interpretation of results is complicated because
hormones can have a multitude of cascading and interacting effects
on organismal functioning. To test for effects and consequences of
plasticity based on comparisons between experimental treatments that
consist of unmanipulated individuals with naturally high versus low
plasticity is equally problematic, because differences in plasticity
between treatments would not be independent of genetic variation.
Chevin et al. (2013) provide a discussion and offer suggestions on the
related issue of experimental evolution of plasticity.

POPULATION-LEVEL CONSEQUENCES OF PLASTICITY

REVISITED

In view of what has been said above, is there any rigorous evidence in
support of the predictions (Table 1 in Wennersten and Forsman, 2012
and references therein) that plasticity should promote the ecological
and evolutionary success of populations and species? It is important in
this context to distinguish between effects mediated by variation in the
capacity to express plasticity and flexibility versus consequences
associated with a higher (or lower) level of interindividual phenotypic
variation resulting from plasticity.
The buffering effect of plasticity-induced phenotypic variation

against environmental change should apply primarily to labile or
flexible traits, and to fine-grained environments where the changes are
predictable (Wennersten and Forsman, 2012). Recent reviews and
discussions of behavioural flexibility are largely in accordance with this
prediction (Tuomainen and Candolin, 2011; Snell-Rood, 2013), but
the evidence is based almost exclusively on observational data and
theoretical modelling. For instance, Vedder et al. (2013) report on a
quantitative assessment of the importance of plasticity in adaptation to
climate change based on a long-term population study of wild great

tits (Parus major) and conclude that the most important way that birds
can cope with climate change is their evolved ability to adjust their
behaviour and seasonal timing of reproductive activities depending on
spring temperature and abundance of a critical food resource, with
extinction risk being 500 times higher in the absence of plasticity.
Modelling approaches suggest that developmental variability and
learning can enhance nonheritable phenotypic variation and, by
smoothening of multipeaked landscapes that relate genotypes to
fitness, this can in principle affect both the course and the rate of
evolution to a fitness peak, and it can do so in changing as well as in
‘fixed’ environments (see, for example, Ghalambor et al., 2007; Frank,
2011; Saito et al., 2013). However, although plasticity can accelerate
evolutionary rate, there are indications that it may decrease the average
fitness (Saito et al., 2013).
In the case of developmental plasticity, it has been stated that it may

enhance establishment success, promote invasiveness, decrease vulner-
ability to environmental change and reduce extinction risk because it
allows for individuals (or their progeny) to develop phenotypes that
are well suited to novel conditions without first undergoing local
genetic adaptation through natural selection (see, for example, Sultan,
2000; Pfennig et al., 2010). Forsman (2014) reported on the results of
a meta-analysis of experimental manipulation studies of plants and
animals, demonstrating that greater genetic and phenotypic variation
among individuals included in founder groups contribute to increased
establishment success, but that study did not aim to evaluate the
effects of plasticity on establishment. The reason for this exclusion was
that, to my knowledge, there are as yet no studies that have
experimentally manipulated the capacity for plasticity to investigate
whether and how this might affect establishment and population
persistence. In contrast, Davidson et al. (2011) reported on the results
of a meta-analysis that indicate that invasive plant species display
higher phenotypic plasticity compared with co-occurring, closely
related, noninvasive species. They used for their comparisons both
separate traits and a composite measure of species plasticity based on
means across different traits. On a larger scale, it has been suggested
that plasticity promotes evolutionary diversification and speciation
(Price et al., 2003; West-Eberhard, 2003; Pfennig and McGee, 2010;
Pfennig et al., 2010; Pigliucci, 2010), but again experimental evidence
seems to be lacking.
The role of plasticity in some contexts should be contingent upon

the spatial and temporal scales of environmental heterogeneity and
change, relative to the dispersal capacity and generation time of the
organisms (Levins, 1968; Frank and Slatkin, 1990; Saito et al., 2013). It
is conceivable that if there is a substantial time lag between exposure to
the environmental cue and the expression of the induced response,
selection may drive the population to extinction before the appropriate
phenotype has been realized (Wennersten and Forsman, 2012). Costs
associated with such time lags are likely to be manifest most strongly
for irreversible developmental plasticity when the induced change is
not realized until the next generation. This hypothesis could poten-
tially be evaluated experimentally by first using a split-brood design,
exposing half of the siblings to a range of environmental conditions to
increase the level of interindividual phenotypic variation, and the other
half to homogeneous conditions, and then comparing the establish-
ment success, population dynamics and persistence of phenotypically
highly variable versus less variable founder groups. This would not
answer the question of whether the capacity for plasticity buffers
against environmental change, but would indicate whether standing
phenotypic variation resulting from plasticity promotes ecological
success of populations.
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Whether or not plasticity is beneficial for fitness of individuals and
viability of populations is also contingent on how reliably the cues
predict future environmental conditions and selective regimes. For
instance, Reed et al. (2010) presented results of a stochastic individual-
based model and found that demographic consequences of plasticity
depend in a complex, nonadditive way on the reliability of environ-
mental cues and the magnitude of environmental fluctuations. When
environmental variation was highly unpredictable, strong plasticity
increased rather than decreased extinction risk (Reed et al., 2010). See
also Chevin et al. (2013) for a discussion of this issue.
Taken together, it seems that plasticity may either promote or

impair ecological success of populations, depending on environmental
conditions. However, firm evidence to this effect based on experi-
mental manipulation approaches is lacking. Solving the problem of
how to manipulate the capacity for developmental plasticity and
flexibility is a daunting task, but it is crucial for continued scientific
progress and to further our understanding of the many ways by which
environmental heterogeneity and change may influence the evolution
of genetic and phenotypic diversity at different levels of biological
organization on one hand, and to investigate how plasticity affects the
ecological success on the other hand.

CONCLUSIONS AND FUTURE DIRECTIONS

� Plasticity research has grown tremendously, from o10 papers
published per year before 1983 to nearly 1300 papers in 2013.
There has been an increased interest in the questions of how
interindividual variation and plasticity influences the performance
and ecological success of individuals, populations and species.

� Our understanding of causes and consequences of plasticity and its
role in generating and maintaining phenotypic complexity and
diversity is hampered by imprecise definitions, hypothesis and
predictions, and a tendency to consider observational case studies
as evidence in support of predictions and confirmation of theory.
Authors should take great care to clarify how they interpret and use
plasticity and related terms.

� Within an individual, homeostasis, canalization or the absence of
plasticity (a flat reaction norm) in a focal trait must be compensated
for by higher plasticity or flexibility along some other phenotypic
dimension(s); it can thus be argued that there is no such thing as a
non-plastic individual.

� Inferences and conclusions with regard to causes and consequences
of plasticity should be restricted to the particular phenotypic
dimension(s), aspects of plasticity and environmental cues(s) that
have been investigated, and not extended to general statements
regarding plasticity as such, unless a whole organism approach
is used.

� The consequences of plasticity may differ depending on whether
one is concerned with effects mediated by variation among
individuals in the capacity to express plasticity and flexibility, or
with effects driven by greater interindividual phenotypic variation
resulting from induced responses (in which case there need be no
genetic variation in plasticity).

� To put predictions to empirical tests, we must be able to quantify
and compare the nature and magnitude of plasticity among
individuals, populations and species. In the wait of estimates of
whole organism plasticity, multiple phenotypic dimensions can be
examined, modelled and compared using multivariate statistical
analysis or by using composite measures of plasticity based on
averages across traits or dimension reducing techniques.

� To improve our understanding of the evolutionary dynamics of
plasticity and its consequences, and to avoid overestimating its
importance, it is necessary to identify also those phenotypic
dimensions that are less likely to express plasticity or flexibility,
those environmental factors that do not elicit plastic responses as
well as the ecological settings under which plasticity is less beneficial.

� Past and current research, based on theoretical modelling and
observational data, indicates that plasticity may either promote or
impair ecological success of populations, depending on environ-
mental conditions. However, firm evidence to this effect is lacking.

� To demonstrate causal relationships and mechanisms linking
plasticity variation to aspects of individual or population fitness
requires methods allowing for experimental manipulation, replica-
tion and controlled comparisons. It is also important to distinguish
between effects mediated by variation in the capacity to express
plasticity and flexibility, as opposed to effects mediated by a higher
(or lower) level of interindividual phenotypic variation resulting
from plasticity (in which case there need be no genetic variation in
plasticity).

� Whether and how standing phenotypic variation resulting from
plasticity influences aspects of ecological success of populations can
be experimentally investigated by first using a split-brood design to
increase and decrease interindividual phenotypic variation and then
comparing for instance establishment success, population dynamics
and persistence of phenotypically highly variable versus less variable
groups.

� To experimentally demonstrate that interindividual genetic and
phenotypic variation affects ecological success of populations and
species is tedious, but feasible (Hughes et al., 2008; Wennersten and
Forsman, 2012; Forsman, 2014). However, to disentangle any effects
of whole organism plasticity from effects owing to genetic variation,
and to rigorously investigate how variation in the capacity to express
plasticity affects fitness of individuals and on the ecological success
of populations and species, requires experimental approaches yet to
be discovered. S/he who finds a solution to this problem will have a
key to considerable future scientific advance. Let the quest for this
Holy Grail begin!
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