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Phenotypic plasticity is frequently assumed to be an adaptive mechanism by
which organisms cope with rapid changes in their environment, such as
shifts in temperature regimes owing to climate change. However, despite
this adaptive assumption, the nature of selection on plasticity within popu-
lations is still poorly documented. Here, we performed a systematic review
and meta-analysis of estimates of selection on thermal plasticity. Although
there is a large literature on thermal plasticity, we found very few studies
that estimated coefficients of selection on measures of plasticity. Those that
did do not provide strong support for selection on plasticity, with the majority
of estimates of directional selection on plasticity being weak and non-significant,
and no evidence for selection on plasticity overall. Although further estimates
are clearly needed before general conclusions can be drawn, at present there is
not clear empirical support for any assumption that plasticity in response to
temperature is under selection. We present a multivariate mixed model
approach for robust estimation of selection on plasticity and demonstrate
how it can be implemented. Finally, we highlight the need to consider the
environments, traits and conditions under which plasticity is (or is not)
likely to be under selection, if we are to understand phenotypic responses
to rapid environmental change.

This article is part of the theme issue “The role of plasticity in phenotypic
adaptation to rapid environmental change’.

1. Introduction

Rapid changes to the global climate in the Anthropocene are generating similarly
rapid responses in phenotypic traits of many taxa [1], much of which may be driven
by phenotypic plasticity: the change in the expression of phenotype by a given gen-
otype as the environment it experiences changes [2]. Once simply regarded as
random noise [3,4], phenotypic plasticity and its contribution to evolutionary
dynamics are now the focus of a continually expanding research area [5—-8] that
aims to determine how both wild and domestic populations of plants and animals
might respond to environmental change (e.g. [9-11]). However, the nature of selec-
tion on phenotypic plasticity in response to changing environmental conditions in
general, and to changing climate in particular, is less well understood. Here, we use
a systematic review of published studies on plasticity in response to temperature to
assess the evidence to date for quantitative selection on thermal plasticity.

If phenotypic plasticity (hereafter ‘plasticity’) improves a genotype’s fitness
when environmental change occurs, it can be considered to be adaptive [2,12]
(studies of phenotypic plasticity abound with diverse terminology, hence we
set out the definitions we use here in table 1). This enticing concept has propa-
gated a frequent ‘adaptationist’ assumption (see [2,13]) that any observed
plasticity should be adaptive. However, as we discuss below, plasticity could
obviously also be non-adaptive, in other words not related to fitness, or even
maladaptive, whereby it reduces fitness [2,14,15]. Determining whether plasticity
is likely to be adaptive or not requires an understanding of the patterns of selec-
tion acting on it—namely whether variation in plasticity is related to variation in
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Table 1. Definitions of terms used in studies of plasticity and selection on plasticity.

term definition (as used here)

phenotype

genotype

fitness

global fitness
(phenotypic) plasticity

reaction norm

acclimation

canalization

genotype X environment
interactions (G x E)

adaptive plasticity

non-adaptive plasticity
maladaptive plasticity
selection

the observed realization of a single or multiple traits (characteristics) of an individual organism, resulting from both
genetic and environmental influences

the realization of genetic differences among individuals of a species, which could be variation in a particular gene,
nucleotide, or genome region (this could constitute an individual, clone, family, or line)

the contribution of an individual or genotype to the gene pool of subsequent generations. In practical terms, one of the
best measures of an individual’s fitness may be the number of surviving offspring produced through an organism'’s
entire life ('lifetime reproductive success’, LRS), but fitness is often assessed by components of LRS such as survival or
fecundity rates

the fitness of a genotype averaged or summed across the range of environments experienced

the ability of a single genotype to express different phenotypes under different environmental conditions. Often measured
as the slope of a regression of the phenotypic trait across environments. Property of a reaction norm when the
reaction norm slope is non-zero

describes the shape or form of the phenotypic response to environment: the value of the trait as a function of the
environmental variable

plasticity that encompasses short term physiological changes in response to a changed environment

weak or no phenotypic response to environmental variation (i.e. lack of plasticity in a trait)

interactions between genotypes and the environment determine the phenotype such that reaction norm slopes vary
among genotypes

the scenario when a plastic response to the environment results in higher fitness than if a genotype maintains a
constant phenotype across environments

the scenario when a genotype shows a plastic response to the environment but this does not affect fitness

the scenario when a genotype shows a plastic response to the environment and this results in a decrease in fitness

the primary mechanism leading to adaptive evolution. Measured as the covariance between a phenotypic trait (or

plasticity) and fitness
directional selection

selection that changes the mean trait value, typically measured as the covariance between trait and fitness (selection

differential, S), or the linear slope of the regression of fitness on the trait (selection gradient, 3)

stabilizing selection
selection on plasticity

selection that favours intermediate values of a trait, typically measured as the quadratic selection gradient (1)
an association between phenotypic plasticity (slope of the reaction norm) and fitness, i.e. selection on the response

rather than the value of the phenotypic trait itself

fitness [2,16—20]. However, despite the long-standing realiz-
ation that the adaptive nature of plasticity may be complex
and the burgeoning interest in the role that plasticity plays in
eco-evolutionary dynamics, understanding the nature of selec-
tion on plasticity across contexts is still a challenging and open
research area [2,5,6,8].

Here, we examine the strength of the evidence for selec-
tion on phenotypic plasticity, with a particular focus on
phenotypic responses to varying temperatures. While anthropo-
genic environmental change involves many abiotic factors (e.g.
water availability, CO,, extreme or aseasonal weather events)
that might affect phenotypic traits, temperature is arguably the
most prominent variable to be shifting under the changing
climate [21-23], and certainly one of the most important environ-
mental parameters determining fundamental life-history rates or
reproduction and survival, as well as distributions and dispersal
of biota [24]. Shifts in the mean, variability, and extremes of temp-
eratures around the globe are affecting the phenotypic responses
of diverse species and threatening the stability and persistence of
terrestrial and aquatic ecosystems from the tropics to the poles
[25-31]. Experimental studies on plasticity and acclimation

often therefore assess changes in organism phenotype and per-
formance across temperatures to determine whether ‘at risk’
populations are likely to be able to respond to predicted rates of
climate change within their lifetimes [32-34]. The obvious need
to understand species’ responses to global temperature changes
and the accelerating research interest in phenotypic plasticity gen-
erates a clear need to understand whether plasticity in response to
temperature change is under selection.

Our aims with this review are therefore threefold. We con-
sider: (i) the assumptions and assessment of whether plasticity
is under selection; (ii) a review of published literature of
empirical estimates of the nature of selection on phenotypic
plasticity to temperature; and (iii) methods and statistical
approaches to guide future estimation of selection on plasticity.

2. The assessment of selection on plasticity
(a) The spectrum of the adaptive nature of plasticity

There is good evidence for adaptive benefits of plasticity in
some traits. Classic examples include the development of
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defensive structures in the presence of predators, which
increases survival probability (e.g. protuberance of dorsal
spines in water fleas Daphnia pulex [35] and increased shell
thickness in the freshwater snail Physa acuta [36]), or plasticity
in the growth of plants to avoid conspecific shading (e.g. in the
orange jewelweed Impatiens capensis, in which more elongated
plants have higher fitness at high density, whereas shorter
plants have higher fitness at low density [37]). An example of
selection for increased plasticity in response to temperature is
found in an Australian herb, the waxy bluebell Wahlenbergia
ceracea, in which low-elevation populations (which experience
warmer and more variable temperatures than those at high
elevations) have greater plasticity in height in response to
growth temperature, which results in a greater number of
seed capsules [38]. In this system, increased plasticity in
height allows the plants to optimize growth habit and light
interception based on the relative suitability of the conditions
they experience. The term ‘acclimation’ is often used to refer
to plasticity that encompasses short term physiological
changes in response to a changed environment and there is a
large body of work on acclimation testing whether these
responses are likely to be adaptive [26,39-42]. For example,
in the snow gum Eucalyptus pauciflora, alteration of pigment
complexes in response to cold improves recovery of photosyn-
thetic performance in spring [43], and hence is most likely
adaptive. Similarly, reversible alteration of gut morphology
in response to seasonal variation in food availability in labora-
tory mice Mus musculus and white rats Rattus norvegicus leads
to better energy balance over the course of the year [44].

However, there are other situations where a change in phe-
notype may not represent an adaptive response, or may even
be maladaptive, for example when competition (e.g. in cases
of density-dependent population regulation) or resource limit-
ation hinder development and reproduction [6,1545,46]. As an
extreme generic example, reduced food availability will prob-
ably result in loss of individual condition, and hence lower
rates of both survival and fecundity. Such a change in pheno-
type is in line with the standard definition of plasticity
(table 1), but is unlikely to be adaptive: what may be con-
sidered as plasticity to an evolutionary biologist could be
seen as density-dependence by a population ecologist. The
likelihood of plastic responses being maladaptive may also
increase when the environment to which an individual is
exposed differs markedly from that in which its ancestors
evolved [47], as could occur when the environment changes
rapidly. For example, exposing high elevation genotypes of
the alpine herbs W. ceracea (see above) and Campanula thyrsoides
to warm conditions typical of lower elevation sites elicits
phenotypic and phenological shifts, but is accompanied by
significant fitness reductions [38,48].

Further, both costs and limits of plasticity may constrain its
dynamics [6,15,49-52]. Even adaptive plastic responses may
come with costs. Costs may be owing to maintaining the
‘machinery’ that confers the ability to be plastic or the costs
of producing a plastic response (so that the plastic genotype
has lower global fitness over multiple environments). Plasticity
may also incur costs if it results in the ‘wrong’ phenotype being
produced in a new environment [49,50]. Limits refer to devel-
opmental, physiological, temporal, and ecological constraints
on the expression of plasticity beyond limits to the expression
of the phenotype itself, which includes trade-offs between
linked traits. But while costs and limits are frequently invoked
in theoretical models of plasticity (e.g. [9,53]) and when

anticipating species’ responses to climate change [54], detect- n

ing the highly variable constraints on plasticity remains a
significant challenge [6,15,55].

As the above examples illustrate, the fitness implications of
plasticity may range from maladaptive through to adaptive,
but conclusions as to where along this spectrum a given scen-
ario falls requires more than just subjective inference of likely
benefits. If there is variation in plasticity among individuals
within a population, then a quantitative analysis of selection
on plasticity in a population at a given time can provide valu-
able insights into its adaptive nature. For plasticity to be
under selection requires variation in plasticity (e.g. in reaction
norm slopes; see table 1) to be related to variation in fitness
[2,16-20]. Natural selection can only directly ‘see’ phenotypic
trait values that are expressed in a given environment (individ-
ual points on a reaction norm), rather than the plasticity itself
(reaction norm slope)—Dbut selection on plasticity will summar-
ize the net effect of selection on the change in trait values
expressed, which will reflect combined benefits and costs of
plasticity [6]. A genotype’s average trait value (reaction norm
intercept) and trait plasticity (reaction norm slope) can indeed
be strongly correlated, and when this is the case, plasticity
may be under indirect selection when the trait value is under
selection [18,49,50]. As we outline below, these processes can
be investigated within the statistical framework of a Lande-
Arnold [56] selection analysis. Thus, overall selection on plasticity
will be determined by selection on the expressed trait values
themselves combined across the continuum of environments
[9,56—59]. While any such analysis of current selection obviously
cannot provide a full picture of the pressures that have shaped
plasticity in the past, it can indicate the current nature of selection:
evidence that selection favours increased plasticity might
indicate adaptive benefits to plasticity, whereas evidence against
plasticity would indicate the opposite.

(b) Perspectives on plasticity from previous meta-
analyses

To date, several meta-analyses have aimed to evaluate the spec-
trum of the adaptive nature of plasticity, and have largely
indicated that plasticity cannot always (and indeed not necess-
arily often) affect fitness or be considered as an adaptive
response [55,60—-62]. These meta-analyses each took different
approaches. Acasuso-Rivero et al. [60] compared estimates of
coefficient of variation of trait expression across environments
of life-history (close to fitness) versus non-life-history (further
from fitness) traits, and concluded that both categories of
traits are similarly plastic. By contrast, Davidson ef al. [61]
assessed the relationship between plasticity and fitness proxies
in invasive versus non-invasive plant species, and concluded
that although invasive species are generally more plastic, the
plasticity itself did not confer a fitness benefit. Palacio-Lopez
et al’s [62] meta-analysis focused on reciprocal transplant
experiments and found that about one-third of all trait
responses appeared to be adaptive, where plants could alter
their phenotype to match the non-resident environment.

To our knowledge, the only assessment to date of estimates
of selection on plasticity has been van Buskirk & Steiner’s [55]
review of selection gradient coefficients for the effect of plas-
ticity on fitness. They found 27 studies that contained suitable
data from which they were able to estimate selection gradients
on plasticity. Their analysis showed, remarkably, exactly
equal frequency of positive and negative selection gradient

G8LO8LOT “VLE § 20S Y 'subil ‘iyd  qisi/jeunol/bio buiysigndAianosiefos



coefficients (262 positive, 262 negative and 12 zero-slope) of fit-
ness against trait plasticity across environments. This is
obviously precisely the expected outcome of regressing a
random variable against fitness. However, of the 27 studies in
[55], only three related to temperature. As it is now 10 years
since this review, and given the increased interest in the effects
of warming temperatures on biological populations, we aimed
here to determine whether additional empirical studies had
been conducted or could be identified. Hence, we performed
a systematic review and meta-analysis that explicitly targeted
selection on plasticity in the context of rapid climate change,
to address the following question: is there evidence for selection
on plasticity in response to temperature?

(c) Quantifying selection on plasticity

Analysis of selection on plasticity requires estimation of the
association between a genotype’s plasticity and its fitness.
There are many different methods to quantify and model plas-
ticity [63—65]. The simplest conceptual method is to regress the
phenotypic trait value against the environments in which it
was measured to visualize a reaction norm, the slope of
which provides a measure of plasticity for each genotype or
individual. A selection analysis then typically tests for associ-
ations between these measures of plasticity and a genotype’s
overall (‘global’) fitness, measured across the different environ-
ments experienced. Measuring fitness across individuals’
entire lifetimes is challenging but not impossible: for example,
lifetime reproductive success (LRS) has been measured for
several wild animal populations [66]. In cases where fitness is
not readily measured directly (e.g. in long-lived trees), then
components of fitness such as fecundity in animals, or
number of seeds produced or survival of seedlings in one
season in plants, may be suitable substitutes as proximal fitness
estimates [67].

Selection on plasticity can then be estimated from the
regression of global fitness (either the average or summed fit-
ness across all environments) on the respective plasticity
values (e.g. [15,68,69]). This approach is effectively a selection
gradient analysis on reaction norms [56,70,71], from which
the direction and strength of selection on plasticity can be
assessed by the relationship between global fitness and
plasticity of the different genotypes. However, it has the disad-
vantage of requiring a two-step approach (first extracting
estimates of plasticity, and second associating them with fitness,
but typically without accounting for the error inherent in the
first step [72]). In §4 below, we consider alternative approaches
that circumvent this problem. Given the potential for corre-
lations between a genotype’s average trait value (the elevation
or intercept of their reaction norm) and their plasticity (the
slope of the reaction norm [49,73]), it is also important to separ-
ate direct selection on slopes from selection acting indirectly
through associations with trait value. This is most efficiently
dealt with by estimating selection gradients from an analysis
that also considers genotypes’ intercepts [49,55].

Care also needs to be taken in interpretation of the resulting
selection gradients given their dependence on the average
direction of plasticity. We set out the alternative, potentially
confusing, scenarios in figure 1. Importantly, when the average
reaction norm slope (e.g. of the trait against temperature
regression) is positive (figure 1a), then if plasticity is under posi-
tive selection, the most plastic genotypes will have higher
fitness and the selection gradient will be positive (figure 1b).

Likewise, a selection gradient around zero is a lack of selection
on plasticity (figure 1c), and a negative selection gradient is
negative selection against plasticity (figure 1d). However,
when the reaction norm slope (e.g. of the trait against tempera-
ture regression) is on average negative (figure le), then the
converse is true: a negative selection gradient on reaction
norm slopes indicates plasticity is selected to increase
(figure 1f), selection gradient around zero is again lack of selec-
tion on plasticity, and finally a positive selection gradient
indicates plasticity is selected to decrease (figure 1g). These
issues are pertinent to the meta-analysis we present below.

As an alternative to the reaction norm approach of describ-
ing the shape of the phenotypic response across multiple
environments, plasticity can also be modelled with a ‘charac-
ter-state’ approach, which considers the phenotypic values
expressed in each discrete environment as different traits [70].
In the same way that changes in variance across environments
in a character-state model are equivalent to variance in the
slope of reaction norms [74,75], selection on reaction norm
slopes (via a covariance between slope and fitness) will gener-
ate changes in selection across environments (i.e. changes in the
covariance between trait and fitness in each environment
[76,77]). As such, the abundance of evidence of selection
on phenotypic traits changing with time and environments
[78,79] can arguably be taken as indirect selection on plasticity,
and one which evolutionary theory predicts will shape the
evolution of adaptive plasticity [9]. However, such patterns
could also be driven by changes in the variance in fitness
between environments and so could occur without the var-
iance in reaction norm slopes that is required for selection on
plasticity. The character-state inference also provides no
indication of the nature of selection on reaction norms.

3. Review of the evidence for selection on
thermal plasticity

(a) Motivation and literature search

We conducted a systematic review of the literature, with the
aim of identifying empirical studies that have quantitatively
assessed the nature of selection on plasticity across environ-
mental gradients that have a temperature basis. To this end,
we employed the PRISMA framework [80] by searching the
Web of Science with the following search terms: topic: (selection
near/3 plasticity or selection near/3 reaction norm or selection
near/3 genotype near/1 environment or selection near/3 G x E
or selection near/3 ‘GxE’) and topic: (temperature or thermal
or ‘climate change’ or ‘climate-change’ or ‘global warming’ or
‘warming world’ or heat or hot or cold) in July 2018. The Boolean
operator ‘near/n’ allows 1 words to appear between the topic
words (e.g. ‘selection near /3 plasticity’ will capture phrase var-
iants such as selection on/for/of thermal/phenotypic
plasticity). Our search was thus explicitly targeted at those
studies that investigated selection on plasticity.

Our initial search resulted in 139 articles. We then
screened the titles and abstracts of these articles to determine
which met all of the following five criteria: (i) analysed
empirical data; (ii) included a measure of trait plasticity;
(iii) included a measure or proxy of thermal environment;
(iv) reported a measure of fitness or some component or
close proxy of fitness (reproduction or survival), and finally;
(v) assessed the relationship between the trait plasticity across
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Figure 1. Interpretation of selection on plasticity will be dependent on the direction of average plasticity. The two halves of the figure represent the contrasting
scenarios of positive (top half, panels (a—d)) or negative (bottom half, panels (e—h)) plasticity in a trait in response to temperature, and the corresponding
selection analysis when plasticity is selected to increase, stay constant, or decrease. The scenarios on the right side of the figure (b—d; f—h) illustrate how fitness
changes with plasticity. Note that for simplicity we do not include variation between genotypes in average trait values here. by, b, and b, are the slopes of the three
genotypes’ reaction norms, and (3 is the selection gradient from the regression of fitness (w) on slope values. (a) The scenario where the average slope of the plastic
response is positive (e.g. the trait increases with increasing temperature), illustrated by three genotypes that vary in reaction norm slope (b,) of phenotypic trait (x)
across a continuous gradient of temperatures (¢). The large arrow with yellow-red gradient indicates least to most plasticity, here and elsewhere. (b) Where plasticity
is positive and selected to increase, the genotype with the greatest plasticity across temperatures (yellow; b, = +2) has the highest fitness (w). Here, the linear
selection gradient coefficient for the fitness ~ plasticity relationship is positive (8 > 0). (c) Where plasticity is selected to stay constant, plasticity does not affect
fitness (all genotypes have equal fitness) and the selection gradient is zero (8 = 0). (d) Where plasticity is positive but selected to decrease, the genotype with the
least trait plasticity across temperatures (black; by = 0) has the highest fitness and the selection gradient is negative (3 << 0). (e) The converse scenario to that
described in (a); here, the reaction slope of plasticity is negative (e.g. the trait value declines with increasing temperature). (f) Where plasticity is negative and
selected to increase, the genotype with the greatest plasticity across temperatures (yellow; b, = —2) has the highest fitness and the selection gradient is negative
(B < 0). (g) The same outcome as the scenario described in (c) above (B = 0). (h) Where plasticity is negative but selected to decrease, the genotype with the
least plasticity across temperature (black; by = 0) has the highest fitness and the selection gradient is positive (8 > 0).

G8LO8LOT “VLE § 20S Y 'subil ‘iyd  qisi/jeunol/bio buiysigndAianosiefos H



thermal environment and the fitness component. Screening at
this level reduced the number of articles that matched these
criteria to 47. We found five papers that presented data that
were eligible for qualitative assessment in that they contained
estimates of selection coefficients on one or more measures
of plasticity, and three additional papers from previously
known sources. From each study, we extracted the following
details: class and species of study organism, type of selection
(e.g. directional, stabilizing), type of data collection (e.g.
laboratory or field, wild population or transplant), type of
environmental gradient (e.g. temperature, year as temperature
proxy), plastic phenotypic trait, sample size, the type of analy-
sis, selection gradient coefficient and associated standard error,
whether the selection gradient was standardized (only standar-
dized gradients with errors could be compared in the
meta-analysis) and whether it was reported as significant
(p <0.05 in the original study). Where the average slope of
the reaction norm between the trait and environment was nega-
tive (figure 1e), we reversed the sign of the selection coefficient
so that a positive B indicated selection for steeper reaction
norms (more plastic genotypes) and a negative 3 slope indi-
cated selection for less steep reaction norms (less plastic
genotypes). We also recorded relevant details on the context
of the study and the authors’ interpretation of their findings.

(b) Qualitative systematic review summary

The eight studies that explicitly tested for selection on
plasticity [38,68,81-86] are summarized in table 2. These con-
tained a total of 42 estimates of selection coefficients: 39
examples of tests for directional selection and two of stabiliz-
ing selection across two major taxa across four species of
plants and three species of birds. All the studies on birds
were field studies and the thermal environments of these
studies were all indirect substitutions for temperature (e.g. a
climate index, or year). The phenotypic traits that were quan-
tified for plasticity were either size (e.g. plant height) or
growth in the plant studies, or phenology (e.g. laying date)
in the bird studies. All of the size-based traits in plants had
a positive correlation with environment (e.g. plant height
increased as temperature increased), whereas all phenological
traits in birds had a negative correlation with thermal
environment (i.e. laying date occurred earlier in the year as
temperature increased). Fitness measures were all close
proxies for reproduction and three studies used measures of
LRS (‘total’ fitness).

Across the eight studies, there were 19 negative, one zero
and 20 positive linear selection coefficients (table 2). Of these,
there were two significant negative coefficients (indicating
selection for less steep reaction norms and less plasticity, in
flowering time of Arabidopsis [68] and Wahlenbergia [38]),
and seven significant positive coefficients (indicating selec-
tion for steeper reaction norms and more plasticity, again in
Arabidopsis flowering time [82], and also in Wahlenbergia
height, rosette diameter, and leaf number [38], and breeding
time in collared flycatchers [83] and great tits [84]). There
were two nonlinear selection coefficients, of which one was
significant and indicated stabilizing selection on plasticity
(favouring intermediate plasticity, in breeding time of
common guillemots [85]). We therefore have evidence for
three different types of selection on plasticity from a relatively
small sample of significant coefficients, and fourfold more
examples finding no evidence of any selection on plasticity

(i.e. non-significant selection gradients). The two estimates n

in opposing directions on Arabidopsis flowering time high-
light just how inconsistent the pattern of selection on
plasticity can be, although considerable spatial, temporal
and genetic differences between the sources of lines used in
the two studies could obviously also be contributing to this
difference [68,82]. We also note that the two collared fly-
catcher estimates [83] involve measures of fitness that are
highly correlated, so do not represent independent points.

Our findings are therefore qualitatively congruent with
previous reviews (especially van Buskirk & Steiner [55])
that plasticity is apparently inconsequential for fitness more
often than not. To quantitatively test this assertion, we then
conducted a meta-analysis on that subset of these studies
with suitable coefficients.

(c) Meta-analysis of directional selection on plasticity in
response to temperature

The dataset used for the qualitative systematic review was
subset to those studies that reported estimates of standar-
dized linear directional selection gradients and their
associated standard errors, so that the selection gradient coef-
ficient 8 could be used as the measure of effect size (following
[87]). This reduced dataset contained 22 standardized selec-
tion gradients across four species from five studies: two on
plants [68,81] and three on birds [83-85]. All five studies
also had included trait means (or intercepts) in their models
of fitness ~ plasticity, to account for correlation between the
trait mean and plasticity [49]. We conducted a multi-level
meta-analysis using the metafor package [88] in R v. 3.5.1
[89]. Random effects of study and observation within study
were included in the analysis to control for potential non-
independence of data and to estimate residual variance [90].
All estimates are means with 95% confidence intervals (CI)
and measurement error variance was the squared selection
coefficient standard error as in [87]. We further quantified
heterogeneity between selection gradients by calculating
modified I? statistics for multi-level models (the ratio of true
heterogeneity to the total variance including sampling error
[90,91]): I2.. . ... Tepresents variation between studies and
2., represents variation within studies.

The mean standardized selection gradient coefficients () of
all included studies were weakly positive (figure 2), however
there was no evidence for selection on plasticity (Bmean = 0.06
(—0.02t00.1395% CI), p = 0.136). Heterogeneity between selec-
tion gradients was low by conventional standards [91] both
between and within studies (12, cen = 18-8%, 12,4 = 9-8%).
The overall weak positive selection gradient from these 22 esti-
mates of plasticity comprising both size and phenology
related traits across thermal environments supports the null
model: plasticity is not under significant directional selection.
It is also worth noting that—as predicted by theory [49]—
there was evidence for stronger directional selection on the
mean trait value (intercept) rather than plasticity (slope) in sev-
eral of the studies in our review [83—85]. In Brommer et al. [83],
the expected evolutionary response of the population of collared
flycatchers to increased mean annual temperature would be ear-
lier laying dates (stronger selection on the intercept), but no
substantial change in laying date plasticity (weaker selection
on reaction norm slopes).

However, we recognize that this is a very small sample
from which to interpret anything (other than the distinct
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Table 2. (Continued.)
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%Indicates mutant lines of A. thaliana (see [68] for further details).

®Year substituted for temperature where temperature increases significantly over time (see [84] for further details).

need for additional data); therefore, we do so with caution. n

The unambiguous outcome of our meta-analysis is that we
require more direct tests for selection on plasticity in response
to climate change from more taxonomic groups to evaluate
these patterns if we are to posit any sort of informed con-
clusion about selection on thermal plasticity. Quantifying
selection on plasticity is clearly challenging, but in the hope
of encouraging more studies, we conclude by setting out
recent developments in relevant statistical methods.

4. A multivariate mixed model approach to
analysing selection on plasticity

We outlined above common approaches taken to assess selec-
tion on plasticity, but these are not without their problems.
Several issues with the analysis of plasticity have been
raised in recent years, including, but not limited to, the pro-
blems of multi-step analyses, misleading conclusions when
other covariates such as mean trait values are not included
[49,72], the oversimplification of reaction norms across just
two environments [64], and consideration of only single
traits rather than multivariate phenotypes [92]. In this final
section, we outline a mixed model approach to analysing
selection on plasticity that avoids these potential drawbacks.

The inference of selection on plasticity requires measures of
individual plasticity and individual fitness. As outlined above,
in the case of a linear reaction norm, a straightforward approach
to estimate selection on a plastic response is to regress a
genotype’s global fitness against the slope of plasticity
(e.g. figure 1b) using selection gradient analyses [38,56,68].
The simplest implementation of this approach is to use linear
regressions for each individual of trait ~ environment to provide
estimates of the linear slope of plasticity (reaction norm slope;
figure 1a), which can then be standardized and used as predictor
variables for modelling individual fitness in a separate model:
fitness ~ slope of plasticity (e.g. figure 1b). Random regression
mixed models can also provide estimates of plasticity slopes
from best linear unbiased predictors, and fitness can then be
regressed on these to estimate the selection gradient on plas-
ticity. With both approaches, reaction norm intercepts
(elevations) also need to be fitted to account for correlated selec-
tion [49]. However, both methods require two steps of models
and thereby an undesirable reliance on statistics-on-statistics’
[72,93]. Deriving estimates of selection on plasticity in this
way neglects the uncertainty associated with estimates of plas-
ticity, which could generate misleading levels of statistical
confidence [93].

These potential pitfalls can be avoided by using multi-
variate random regression mixed models of trait and fitness,
such that selection is assessed directly from estimates of the
covariance of fitness with reaction norm slopes within a
single model [73,93]. First, consider a random regression
mixed model to model the variation between individuals in
their change of the trait x across environments, with x;; being
the measurement of each individual  at time j in environment ¢;:

Xij =y T 5+ (indy;) + (tj:indx,i) + (Sx,,‘]'), (4.1)

where w, is the mean of trait x, t is the mean-centred environ-
mental covariate such as temperature, parentheses indicate
random effects, ind,; is the random intercept and ¢;: ind, ; is the
random slope for individual i, and &, ; is a residual term. This
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Figure 2. Forest plot showing among-study heterogeneity in mean standardized linear selection gradient coefficients (/3) of fitness in relation to trait thermal
plasticity. Number of selection gradients reported for each study is shown by n and by the relative size of the data points, species used in the study are represented
by silhouettes, and mean estimates are shown +95% confidence intervals (Cls). The 95% Cls are calculated from the metafor model and do not match with
standard error estimates from each individual study. The overall meta-analysis Bpean + 95% Cls is represented by the dashed black vertical line and grey
shaded area, and the solid red vertical line is centred at 3 = 0 (no selection on plasticity). These studies collectively indicate no evidence for significant selection

on thermal plasticity. (Online version in colour.)

model has the associated individual-level variance—covariance
matrix:

0';25 Oy x~t
7
Oy x~t 0}2(~t
where o2 estimates the between-individual variance in x, o> _,

estimates the between-individual variance in the slopes of
individuals’ reaction norms of x against ¢, and oy, is the
intercept—slope covariance. Note that this model assumes a
linear relationship between x and ¢, but can be extended to
higher-order nonlinear models (such as quadratic functions)
by the addition of further terms into equation (4.1) and the cor-
responding variance—covariance matrix. Scaling x to unit
standard deviation will generate standardized estimates
of the selection coefficients outlined below, and will also
facilitate convergence.

Selection on both trait values and plasticity can then be
assessed from the covariance of individuals’ intercepts and
slopes with their fitness, by extending to a bivariate model
that also includes fitness:

Wi = My, + (indw,i), (42)

where w,, is the mean of the fitness measure w. Here, because
fitness is measured only once per individual, the individual-
level random effect ind,,; is the deviation of individual i’s
relative fitness from the mean: this is effectively a residual
term in the model, but is also equivalent to an individual-
level effect for fitness. It is this individual-level fitness term
whose covariance with the trait’s reaction norm we want to
assess. Doing so involves fitting equations (4.1) and (4.2)
together in a bivariate model and considering the resulting
individual-level variance—covariance matrix:

U% Oy, x~t Ox,w
Pind = Oy x~t Ofwt Ox~tw | (43)
Ox,w Ox~tw w

where o2, is the variance in relative fitness w, o, ., gives the
covariance between the reaction norm intercept and w, and
Ox~tw is the covariance between the reaction norm slope
and w. The two covariances g4, and gyx~;, can thus be trea-
ted as a vector S of two selection differentials. Multivariate
mixed models of this form can be implemented in software

packages such as ASReml [94] or MCMCglmm [95] in R
[89]. The approach has been used in analyses of selection
on tolerance to parasite infection in a feral sheep Ovis aries
population [96], and of selection on growth rates in swordtail
fish Xiphophorus birchmanni [97], and maternal ageing in red
deer Cervus elaphus [98]. It has also been used to assess selec-
tion on plasticity of clutch size in Ural owls, Strix uralensis
[93], but, to our knowledge, has not yet been used more
widely for analyses of selection on plasticity. However,
with recent emphasis on the benefits of using random
regression mixed models for the analysis of plasticity
[64,72], we hope that this may change.

The selection differentials in S represent the total selection
on reaction norm intercepts and slopes, incorporating both
direct and indirect selection. These can then be transformed
to give a vector of selection gradients B on intercepts and
slope, via B = P, 1S, where P, is the 2 x 2 variance—covari-
ance matrix for intercept and slopes of x (i.e. a subset of
Pina). The selection gradients in B are then the direct selection
on intercept and slope respectively, correcting for the covari-
ance between them [56]. Where relatedness information is
available for individuals, such analyses can also be extended
to consider the additive genetic components of the relevant
variances and covariances [99]. To our knowledge, adding
additive genetic components of (co)variance to a multivariate
model random regression model with fitness has not yet been
attempted. It offers promising potential, but the demands on
the data in doing so will be substantial.

On a technical note, analyses of fitness are rarely straight-
forward. Selection differentials or gradients should be
calculated using relative fitness (absolute fitness divided by
the population mean [56]), and models are typically fitted
assuming Gaussian errors; see [93,96] for examples for selec-
tion on reaction norms. However, where the fitness measure
follows a non-Gaussian distribution, as is typically the case
with skewed distributions of fitness, a generalized linear
mixed model (GLMM) of absolute fitness will be preferable
[95,100]. The resulting covariances returned by the model
will then be between the trait on the data scale and fitness on
a ‘latent’ (link-function) scale. These estimates need to be trans-
formed if data-scale estimates of selection are required [101].
However, in the case of a GLMM with a log-link function



(e.g. Poisson, over-dispersed Poisson, or negative binomial
distribution), it is possible to exploit the fact that the latent-
scale covariance with absolute fitness is equivalent to the
data-scale covariance of relative fitness [102]: consequently,
and conveniently, the covariance components of Pj,q on the
latent scale can simply be treated as selection differentials S.
By extension, estimates of B as indicated above will also
provide data-scale selection gradients.

The mixed model framework also offers a powerful means
of extension beyond equations (4.1) and (4.2). In an ideal exper-
iment or analysis, the range of environments would have at
least three levels that go beyond historical averages, so that
the assumption of linear reaction norms can be directly
tested, and if required, nonlinear, higher-order reaction norm
components can be estimated [64]. The models outlined
above can also be extended to include reaction norms in
response to more than one environmental variable (say t;
and t), such that equation (4.1) would contain random
regression terms of (t, ;: ind,;) and (t2;: ind, ), and Pjnq would
be a 4 x 4 matrix with additional terms of 0§Nt2 and oy x~t,.
For example, the models used by Hayward et al. [96] contain
random regressions of sheep weight on both parasite load
and age. It is also possible to consider an additional response
variable y, so that the model becomes an analysis of the
random regressions of both x and y and their relationship
with fitness—although, again, data demands will be high. In
the electronic supplementary material for this paper, we set
out the implementation of a bivariate model in MCMCglmm
[95] with R code and an example dataset, with the aim of
encouraging use of this approach.

5. Condlusion and future directions

A search of the Web of Science on topic: (temperature or thermal)
and topic: (plasticity or acclimation) refined to biologically-
relevant categories returns more than 4400 articles in the last
5 years alone. How is it that the literature abounds with studies
reporting responses to temperature, with adaptive interpret-
ation for a wide array of traits across diverse organisms, and
yet there are so few quantitative tests of whether thermal plas-
ticity is under selection? Quantifying selection on plasticity in
heterogeneous environments is clearly challenging, but its con-
tribution to our understanding of the role of plasticity in
response to rapid environmental change will be substantial.
We have outlined here the reasons why phenotypic plas-
ticity may not always be adaptive, and why analysis of the
selection on plasticity can inform our understanding of the
adaptive nature of plasticity. We have also shown that there
appear to be very few published estimates of selection on plas-
ticity across thermal environments. Those few selection
estimates for plasticity in response to temperature support
the equivocal evidence for the adaptive nature of, or for selec-
tion on, plasticity found by other generalized meta-analyses
that considered a wide range of environmental types. How-
ever, given we found only a handful of studies that examine
this question, we consider it premature to conclude that there
is no selection on plasticity in response to temperature. We
are also very aware that our systematic review may have
failed to identify all published estimates of selection coeffi-
cients. Despite the various challenges inherent in estimating
these parameters, they will be invaluable for basic and applied
fields as rapid environmental change continues to drive mean

annual temperatures upwards and increase the frequency of
extreme temperature and weather events.

Global patterns of advancement in spring events (earlier
onset of reproductive-related traits or behaviours) have been
documented for decades across diverse species and geographi-
cal regions [103,104]. Shifts in phenology owing to plasticity
may be beneficial for individuals to respond to variation in
their present environment across time, but this plasticity does
not seem to alter fitness in a substantial way that selection
could act on this variation. The lack of substantial evidence
for selection on plasticity in response to thermal environments
does not necessarily mean that plasticity plays no role in
evolutionary responses to environmental change.

The evolutionary dynamics of wild populations in
response to current environmental changes will reflect the
interplay between genetic and environmental variation and
phenotypic plasticity, among other factors. Although selection
may have previously favoured plasticity, it may not be suffi-
cient to match environmental conditions that have large
inter-annual variation because optimal reaction norms (and
selection on them) are inconsistent across time and space
[105]. For example, in the bush brown butterfly Bicyclus
anynana, when previously consistent signals for wet-dry
seasonal transitions are disrupted by climate stochasticity,
plasticity that was once adaptive for optimizing growth and be-
haviour to match resource availability may no longer confer
fitness benefits because of a mismatch between phenotype
and the altered environment [106]. Environmental conditions
that natural populations are exposed to are obviously not
static, and crucially, extreme climatic events (e.g. heatwaves,
frosts, droughts) are now occurring more frequently and with
greater intensity or duration [107]. Although incorporating
thermal variation and extreme events as treatments in exper-
imental designs can be challenging [108], these dimensions of
environmental stochasticity can have a disproportionate
impact on selection and the evolution of plasticity relative to
shifts in mean environmental conditions [109-111]. Thus,
empirical studies that estimate selection on plasticity in
response to climate variability and extreme events will be
especially valuable. These data are required if we are to discern
the conditions under which plasticity is adaptive or not,
and for which taxa, phenotypic traits, environments, and con-
texts selection operates on plasticity. A key objective now is to
apply appropriate statistical models to obtain robust estimates
of selection on plasticity, as these will be fundamental to
understand and predict phenotypic responses to rapid
environmental change. For now, thousands of articles on ther-
mal plasticity notwithstanding, the trail of selection on thermal
plasticity remains fairly cold.
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