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•  Background  Plastic responses of plants to the environment are ubiquitous. Phenotypic plasticity occurs in 
many forms and at many biological scales, and its adaptive value depends on the specific environment and inter-
actions with other plant traits and organisms. Even though plasticity is the norm rather than the exception, its com-
plex nature has been a challenge in characterizing the expression of plasticity, its adaptive value for fitness and the 
environmental cues that regulate its expression.
•  Scope  This review discusses the characterization and costs of plasticity and approaches, considerations, and 
promising research directions in studying plasticity. Phenotypic plasticity is genetically controlled and heritable; 
however, little is known about how organisms perceive, interpret and respond to environmental cues, and the genes 
and pathways associated with plasticity. Not every genotype is plastic for every trait, and plasticity is not infinite, 
suggesting trade-offs, costs and limits to expression of plasticity. The timing, specificity and duration of plasticity 
are critical to their adaptive value for plant fitness.
•  Conclusions  There are many research opportunities to advance our understanding of plant phenotypic plas-
ticity. New methodology and technological breakthroughs enable the study of phenotypic responses across bio-
logical scales and in multiple environments. Understanding the mechanisms of plasticity and how the expression 
of specific phenotypes influences fitness in many environmental ranges would benefit many areas of plant science 
ranging from basic research to applied breeding for crop improvement.
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INTRODUCTION

The sessile nature of plants requires them to respond effectively 
to their constantly changing environment. Plants have developed 
highly sophisticated and efficient strategies to avoid, tolerate and 
adapt to challenges of unfavourable growth conditions, diseases, 
herbivores and other abiotic and biotic stresses. These plastic re-
sponses are found across all taxa and are a defining feature of life 
(Nijhout, 2003). All organisms can modify their phenotype or in-
ternal physiology to maintain a stable equilibrium (Sultan, 2015). 
These responses can vary in duration and magnitude and involve 
changes in morphology, resource allocation, anatomy, physi-
ology or development. Plastic responses range from conspicuous 
changes in leaf area to subtle changes in gene or transporter ex-
pression and often are not (directly) visible to the naked eye.

All organisms are plastic because one or more of their traits 
respond to the environment. However, given that nature is typ-
ically a heterogeneous environment, why is not every organism 
plastic for many traits, and why are not most or all species 
adapted to a broader range of environments? Many species dis-
play a range of plastic responses across a range of phenotypic 
traits at different scales; however, adaptive plastic responses are 
limited and dependent on the trait and environment. Challenges 
in measuring, characterizing and interpreting plastic responses 

and their costs and limits have hindered our understanding of 
adaptive and maladaptive plastic responses and to what extent 
they have evolved or become fixed.

Many existing reviews focus on phenotypic plasticity and de-
scribe terminology, molecular mechanisms, and the role and in-
fluence of plasticity in evolution and selection (e.g. Sultan, 2000; 
Givnish, 2002; Grime and Mackey, 2002; Novoplansky, 2002; 
Sachs, 2002; Schlichting and Smith, 2002; West-Eberhard, 2003; 
Nicotra et al., 2010; Kelly et al., 2012; Pfennig, 2021). This re-
view highlights emerging ideas and approaches in plasticity re-
search and their application in plant science. The field of plasticity 
is broad, and transdisciplinary ideas and approaches are needed 
to understand plant growth and development. First, the charac-
teristics and descriptors of phenotypic plasticity in plants are 
addressed. I argue the need to use more precise descriptors to de-
scribe plastic responses when working across biological scales on 
a wide range of species. Next, I draw attention to the importance of 
reliable environmental cues for the adaptive value of phenotypic 
plasticity. In addition, I address the costs of plasticity and how 
these costs fit into the cost–benefit paradigm of expressing plas-
ticity. Finally, I focus on promising approaches and new research 
directions in studying phenotypic plasticity. Phenotypic plasticity 
is a broad field of research; however, linking approaches and ideas 
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across species, systems and disciplines can benefit many domains 
of plant science ranging from basic research to crop breeding.

CHARACTERISTICS OF PLASTICITY

There is a wide range of terminology used to describe phenotypic 
plasticity. The literature contains several definitions of plasticity, 
which centre around the key theme of phenotypic responses of an 
organism associated with different environments (Stearns, 1989; 
Piersma and Drent, 2003; West-Eberhard, 2003). However, the 
concept of plasticity is deceptively simple. The word ‘plasti-
city’ can be confusing as it does not refer to any obvious char-
acteristic of living organisms. A species or genotype cannot be 
characterized as entirely plastic. While the type, duration and 
degree of plastic responses are a property of genotypes, in most 
plants, plasticity is expressed at the level of modular subunits 
(i.e. semi-autonomous structural and functional components of 
plants including leaves, roots and individual meristems) (De 
Kroon et al., 2005). For a specific genotype, an individual trait 
may have a plastic response to a specific environment, but a can-
alized response (i.e. a phenotype expressed consistently across 
a specified environmental range) to other environmental factors 
or factor levels, and it may express plasticity in some traits but 
not others. Phenotypic plasticity is a response to fine-grained 
heterogeneity at a structural or physiological level rather than 
the functional individual (De Kroon et al., 2005). These local-
ized modular responses have been described in many studies, 
including local proliferation of lateral root growth in response 
to a nutrient patch (Drew et al., 1975), the development of more 
and larger buds on tree branches grown in sunny patches when 
compared to shaded patches, or in shade conditions the devel-
opment of leaves with morphological and physiological prop-
erties that enhance light capture and photosynthetic efficiency 
(Sprugel et al., 1991). However, modules can be interconnected, 
and communication between modules also may influence plastic 
expression. For example, communication between modules (e.g. 
via hormones) may enhance or reduce local plastic effects and 

increase or decrease the differences between integrated modules 
exposed to different environmental conditions (De Kroon et al., 
2005). Many examples of integration of modules in response 
to environmental cues are provided in the literature and are ap-
parent in roots, branches, leaves and other organs (e.g. Sprugel 
et al., 1991; Robinson, 1994; Grime and Mackey, 2002). 
Furthermore, canalization is also important to consider as the 
canalization of a specific trait in the face of environmental cues 
often requires plastic expression in another trait. The measure-
ment of phenotypic plasticity on a whole plant scale is the sum 
of all the environmentally induced modular responses and inter-
action effects between modules (De Kroon et al., 2005).

The quantification and interpretation of plastic responses can 
be considered on a broad range of biological scales ranging from 
genes, traits and even between species (e.g. Carroll and Corneli, 
1991; Thaler and Pages, 1996; Karban and Nagasaka, 2004; 
Nussey et al., 2007; Lachowiec et al., 2016). Therefore, several 
characteristics can be used to describe specific phenotypic re-
sponses. The timing, duration, adaptive value, inheritance and 
other factors (described below) can describe and define specific 
responses (Table 1). Many of these factors are not exclusive, 
and often several can be used to define responses to a specific 
trait, genotype and environment combination. It is important to 
note that the biological scale on which plastic responses should 
be measured is an ongoing source of ambiguity and discussion 
in the literature. Here, plasticity refers to responses at all scales, 
from genes and proteins to morphological changes in organs.

Adaptive and maladaptive plasticity

Many plastic responses increase the organism’s fitness, a phe-
nomenon known as adaptive plasticity. There are numerous ex-
amples of adaptive plastic responses, including reduced root 
secondary growth in common bean as a response to phosphorus 
stress (Strock et al., 2018) or a faster rate of stomatal closure 
in response to drought (Wu et al., 2021). However, the adap-
tive value of plastic responses is dependent on the environment, 

Table 1.  Characteristics of phenotypic plasticity. Table modified from Pfennig (2021).

Canalized or plastic trait 
(general) 

Canalized: consistent phenotype across an environmental 
range 

Plastic: phenotypic response to an environmental cue 

Short or long duration Short duration, labile: the trait can change in response to the 
environment

Long duration, fixed: the phenotype cannot change once 
established

Active or passive Active: a ‘switch’ occurs in the metabolic or developmental 
system; anticipatory; autoregulatory morphogenesis

Passive: trait responds by a general shift; dependent 
morphogenesis; responses measured on allocation traits or 
plant age; typically due to resource limitations

Instantaneous or delayed Instantaneous: phenotypic response to the environmental 
signal occurs instantly

Delayed: there is a time lag between environmental signal and 
phenotypic response

Genetic vs. non-genetic 
inheritance

Genetic: inherited traits are passed from parent to offspring 
according to Mendelian genetics

Non-genetic: involves the influence of ancestors on descendants 
that are not mediated by genetic allele transmission

Continuous or  
discrete

Continuous: trait can be described as a reaction norm and 
displays a range of phenotypes rather than discrete

Categorical: trait exists in two or more discrete forms

Reversible or irreversible Reversible: phenotypic change reversed upon exposure to non-
inducing environment

Irreversible: phenotypic change remains fixed upon exposure 
to non-inducing environment following an inducing 
environment

Adaptive or maladaptive Adaptive: enhances fitness of the individual Maladaptive: does not enhance fitness of the individual

Cryptic or limited Cryptic: the plastic response of the trait is not expressed in the 
range of conditions in the ancestral environment

Limited: small range of plasticity expressed in the ancestral 
environment
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trait and its interaction with other traits. For example, re-
duced secondary growth in common bean may also promote 
more arbuscular mycorrhizal associations compared to roots 
with greater secondary growth, thereby additively increasing 
its adaptive value under phosphorus stress. However, reduced 
secondary growth may not be adaptive in all environments and 
for instance may increase the plants’ susceptibility to infest-
ation by pathogens and diseases (Strock et al., 2018; Strock and 
Lynch, 2020). Therefore, the interpretation of adaptive plastic 
responses must be carefully considered. A recent meta-analysis 
estimated that approximately one-third of studies potentially 
misinterpret plastic traits associated with adaptive or functional 
responses (Bonser, 2021). In addition, several other meta-
analyses indicated that plasticity does not always affect fit-
ness, nor is it always adaptive (Van Buskirk and Steiner, 2009; 
Davidson et al., 2011; Palacio-López et al., 2015; Acasuso-
rivero et al., 2019). Plasticity in functional or fitness traits does 
not indicate an adaptive response. Distinguishing the interpret-
ation of plasticity in functional or physiological traits versus 
performance traits is essential (Bonser, 2021).

Many authors imply that plastic responses are inherently adap-
tive (emphasizing how past selection events shaped these re-
sponses); however, not all plastic responses are adaptive in all 
environments, particularly in fluctuating environments with mul-
tiple, simultaneous dynamic stresses. Fluctuating and unpredict-
able environments may deem once adaptive plasticity maladaptive 
as new, unpredictable environments cause mismatches between 
the phenotype and environment. For example, lateral root prolif-
eration in response to nutrient patches may be an adaptive strategy 
for enhanced nitrogen acquisition (Mi et al., 2010); however, if the 
nitrate moves faster through the soil profile than roots proliferate, 
this response may be deemed maladaptive (Schneider and Lynch, 
2020). The adaptive value of plastic responses for plant fitness is 
trait-specific and depends on several environmental factors.

Active and passive plasticity

Active plasticity is generally anticipatory, highly integrated, 
and results in responses to an environmental signal that may 
involve modification in developmental pathways or regulatory 
genes (Forsman, 2015). In contrast, passive plasticity (i.e. ap-
parent plasticity) may result from resource limitations, allom-
etry or ontogeny and is generally not anticipatory but a mere 
consequence of the environment (Weiner, 2004; Forsman, 
2015) (Table 1). For example, in environments with low soil 
nitrogen availability, generally, above- and below-ground bio-
mass and the quantity and quality of reproductive organs will 
be reduced due to nitrogen limitation (Naegle et al., 2005). 
However, this reduced growth in response to the environment is 
a type of passive plasticity as it is a consequence of inevitable 
resource limits and physical conditions.

In addition, many species alter their biomass allocation pat-
terns during ontogeny, and often traits have strong allometric 
associations. Therefore, environmental factors influencing 
development or growth rates may also influence biomass 
partitioning and allometry. Depending on the developmental 
stage, environmental cues may trigger qualitatively and quanti-
tatively different responses, termed ‘ontogenetic contingency’ 
(Diggle, 1994; Watson et al., 1995). For example, not all floral 

primordia are plastic within inflorescences of Solanum hirtum, 
an andromonoecious woody perennial. Only flowers developing 
at the distal positions in each inflorescence have the ability to 
be plastic by altering gynoecial development; primordia initi-
ated at basal positions are invariably hermaphrodite. Therefore, 
plasticity at the flower level varies ontogenetically with the de-
velopment of new inflorescences (Diggle, 1994).

Another example is demonstrated by changes in root to shoot 
ratios. Changes in root to shoot ratios are associated with nu-
trient deficiencies (Poorter and Nagel, 2000; Ho et al., 2005), 
soil compaction (Atwell, 1993), drought (Huang and Fry, 1998) 
and other abiotic stresses. Changes in root to shoot ratios are 
often explained by the functional equilibrium theory, or the allo-
cation of biomass to roots or shoots depending on the availability 
of above- or below-ground resources to prioritize and optimize 
the acquisition of resources in a manner that maximizes plant 
growth (Poorter and Nagel, 2000). For example, increases in 
root to shoot ratios in response to low nitrogen availability typic-
ally occur as long as the availability of assimilates is not limiting 
(Ericsson, 1995). In conditions of nutrient limitation, large 
amounts of carbon may be allocated to root growth to obtain the 
most limiting resource, which may be considered an adaptive re-
sponse (Poorter and Nagel, 2000). However, younger or smaller 
plants generally have a greater root to shoot ratio, and ontogeny 
may explain this plastic response if we consider these plants to 
have reduced growth rates or lag developmentally. Independent 
of environmental conditions, there may be a pre-defined root 
to shoot ratio for each plant size. Therefore, the root to shoot 
ratios may reflect the smaller plant size, a form of passive plasti-
city, and not an adaptive response to stress (Correa et al., 2019). 
Plastic responses and phenotypic expression pathways are gov-
erned by developmental and phylogenetic constraints and nat-
ural selection, and therefore the expression of a phenotype in a 
specific environment may reflect both active plastic responses 
and developmentally inevitable aspects of plant growth (Sultan 
and Stearns, 2005; Martin and Isaac, 2021).

Plasticity of short and long duration

Plastic responses can also vary in duration, ranging from 
more permanent responses (i.e. long-duration plasticity) to 
physiological plasticity (i.e. short-duration plasticity). Short-
duration plasticity may enable plants to respond to temporally 
variable aspects of the environment, including light intensity or 
water and nitrate availability. For example, aquaporin expres-
sion can fluctuate rapidly due to water availability (Zargar et 
al., 2017). In contrast, plasticity of a longer duration may in-
volve changes due to morphological or developmental plasti-
city. For example, the number and size of cells in the root cortex 
are established near the growing root apex, and the potential 
for change in many mature tissues is limited. However, the 
threshold between short- and long-duration plasticity in many 
cases is unclear and varies by trait, genotype and species.

Reversible or irreversible plasticity

Reversible (i.e. phenotypic flexibility) and irreversible 
plastic responses also describe plasticity of variable duration 
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that can change along the growing apices upon stress release. 
A short-term stress exposure may induce a plastic response for 
the lifetime of the plant (whether or not the stress continues) 
(i.e. irreversible), or the plastic response may no longer be ac-
tively developed when the stress is released (i.e. reversible). 
For example, soil hypoxia or increased penetration resistance 
reduced root elongation in pea and wheat. However, upon 
stress release, pea roots were able to recover, and the elong-
ation rate was accelerated upon stress release, demonstrating 
reversible plasticity. Wheat exhibited an irreversible plastic re-
sponse, and the elongation rate remained retarded after stress 
release (Sjulgård et al., 2021). In fluctuating environments, 
it is interesting to measure the direct response to stress and 
how plastic responses change (or do not change) after stress 
release. Genotypic or species variation in reversible and ir-
reversible plasticity of traits may be an important source of 
variation for understanding the adaptive value of plasticity and 
its costs. However, it is important to consider the modularity 
of plants and plastic expression when interpreting the revers-
ibility of plastic responses and other characteristics. For ex-
ample, when wheat roots were no longer exposed to hypoxia 
or increased penetration resistance stress, their root elongation 
rates remained retarded; however, at the plant level, subse-
quent modules may express different plastic responses that 
may be reversible. Presumably, the modular subunits of plants 
can express different types of plastic responses to the same en-
vironmental signals (Table 1).

The term ‘developmental plasticity’ is often used synonym-
ously with irreversible plasticity. However, there are several 
examples of organisms that undergo what is presumed to be 
permanent, irreversible developmental plasticity, but neverthe-
less, specific environmental conditions later in their life cycle 
can revert or modify these plastic responses. Examples docu-
mented in plants are rare (although presumably, they occur), 
but they have been well documented in animals. Developmental 
switching of mouth formation in nematodes, spinal cord or-
ganization in zebrafish and cold tolerance in fruit fly are all 
responses of long or presumed permanent duration that can 
be reverted to their original state much later in development 
(Slotsbo et al., 2016; Werner et al., 2017). These ‘corrected’ or 
‘reverted’ phenotypes differ from truly reversible ones as they 
may not involve a true reversal (backtracking) along a devel-
opmental pathway (Burggren, 2020). Critical developmental 
windows in which traits may be sensitive to environmental 
cues represent an important yet overlooked concept in plasti-
city research.

In the literature, there is discussion on how acclimation fits 
into the current framework of phenotypic plasticity, its assumed 
inherent adaptive value and its synonymous use with revers-
ible plasticity (see references in Woods and Harrison, 2002; 
Deere and Chown, 2006; Fenollosa and Munné-Bosch, 2019; 
Burggren, 2020). Acclimation is often broadly defined as the 
gradual change of an organism in response to its environment 
that is reversible and repeatable in the lifetime of individuals 
(Utz et al., 2014). Acclimation may refer to a type of plasticity 
with a specific duration, timing, scale and quantitative nature. 
However, it is not only defined by its reversibility. Some au-
thors have even differentiated between irreversible ‘develop-
mental acclimation’ and reversible ‘short-term acclimation’ in 
terms of cold hardening responses in insects (Noh et al., 2017). 

Here and throughout the review, examples are provided of ac-
climation under the broader context of plasticity and not only 
defined by its potentially reversible nature.

Instantaneous or delayed plasticity

The response time between an environmental cue and 
phenotypic expression of a plastic response is also important. 
Generally, phenotypes with a shorter lag time (i.e. shorter 
time between the environmental cue and induction of plasti-
city, relative to the environmental variability) are more adap-
tive (in terms of fitness) than responses with a longer lag 
time (Padilla and Adolph, 1996). Delayed adaptive plastic 
responses to a specific environment may no longer be adap-
tive if the environment has changed by the time the organism 
has adjusted its phenotype (Levins, 1968). Lag times between 
the environmental cue and expression of phenotypic plasticity 
have been observed in several species, including the induc-
tion of chemical defences in marine algae or timely stomatal 
closure in response to drought (Van Alstyne, 1988; Harvell 
and Padilla, 1990; Martin-StPaul et al., 2017). Brown algae 
that had been grazed increased their concentrations of poly-
phenolic compounds by ~20 % compared to uninjured plants. 
However, the response time was variable among individuals 
and could take up to 2 weeks after injury (Van Alstyne, 1988). 
The length of the lag time may have large effects on the fitness 
of the plastic response, as longer lag times generally increase 
the probability of mismatches between the environment and 
phenotype.

Continuous and discrete plasticity

Phenotypic plasticity can be expressed both continuously 
and discretely. Plasticity expression on a continuous scale is 
more common than on a discrete scale (i.e. polyphenism). 
Plasticity expressed continuously may enable individuals to 
tune their response to the strength and duration of the en-
vironmental stimulus. For example, stomatal conductance is 
decreased relative to the duration of waterlogging in wheat. 
Wheat plants exposed to waterlogging for a longer duration 
had greater decreases in stomatal conductance compared to 
plants exposed to waterlogging for a short duration (Herzog 
et al., 2016). Examples of discrete plastic responses in plants 
include seasonal forms, alternative reproductive forms and 
heterophylly (i.e. different leaf forms on the same plant) 
(Wells and Pigliucci, 2000). However, in the case of several 
polyphenisms, an individual may express environmental ro-
bustness in a range of environments but, in response to re-
peated environmental cues or different environmental ranges, 
may express plasticity for a specific polyphenism (Bateson 
and Gluckman, 2011). For example, a common polyphenism 
in flowering plants is cleistogamy, the phenomenon where 
the same plant may produce open, cross-pollinated flowers 
as well as highly reduced, closed, self-pollinated (cleistog-
amous) flowers. Cleistogamous flowers are not produced in a 
range of environmental conditions, including large ranges of 
light intensity, but may be induced by specific low levels of 
light (Joly and Schoen, 2021).
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Genetic and non-genetic inheritance of plasticity

A more complex state of plasticity is non-genetic inherit-
ance. In the broadest sense, non-genetic inheritance involves 
the influence of ancestors on descendants that are not mediated 
by genetic allele transmission. A subset of non-genetic inherit-
ance includes parental effects or provisioning. For example, the 
amount and composition of tissues provisioned by the parent 
to the seed often reflect resource availability to the parent and 
subsequent effects on the size or growth rate of the offspring 
(Fenner and Thompson, 2005). Non-genetic inheritance also 
encompasses transgenerational plasticity, which involves non-
genetic transmission of phenotypes induced by a specific envir-
onment (Bell and Hellmann, 2019).

The expression of many phenotypic traits can be influ-
enced by transgenerational plasticity, including morphology 
and fitness-related traits (Bell and Hellmann, 2019). For ex-
ample, in several species, the expression of defensive traits can 
be induced by predator cues in individuals that experience the 
cues directly and in their offspring (Colicchio, 2017). These 
transgenerational plastic responses will often induce effects in 
the offspring (or in some cases grand offspring) that are similar 
to the direct effects induced in the parent (Kathiria et al., 2010). 
However, there are cases in which the direct effect of the envir-
onment on an individual may be different from its effect on its 
offspring (Galloway and Etterson, 2007).

To understand plasticity, we need to better define the re-
sponse, including if the response is active or passive, con-
tinuous or discrete, and adaptive or maladaptive (Table 1). 
Similar terminology and concepts to those described above are 
commonly used in different phenotypic dimensions, including 
morphology, physiology, life history, and when the pheno-
type changes in response to variation or a cue in the external 
or internal environment. This may be a strength, as the field 
of plasticity may benefit from common, unifying theoretical 
frameworks. Given the vast terminology in the field of plas-
ticity (see examples in Nicotra et al., 2010; Forsman, 2015), 
researchers should take care of how they use terminology, char-
acterize plasticity and interpret results, as broad concepts and 
words can be misleading.

ENVIRONMENTAL CUES

Plastic responses involve two stages: assessment and inter-
pretation of environmental cue(s) and the subsequent response 
(West-Eberhard, 2003; Sultan, 2015). Environmental infor-
mation is assessed and the organism must ‘decide’ how to 
use that information to respond, or not respond, to express the 
phenotypes that will most probably yield the highest fitness. 
Organisms that can gather, assess and respond to available in-
formation to evaluate environmental signals accurately should 
have greater fitness. However, how plants assess and process 
environmental information is often overlooked in research, 
probably due to the dynamic complexity of these mechanisms.

Several signal detection and threshold theories suggest how 
organisms detect signals (i.e. relevant information for plant fit-
ness) from noise (i.e. irrelevant information for plant fitness). 
For example, the ‘signal detection theory’ highlights how the 
response threshold (i.e. the threshold at which the organism 
produces one phenotype as opposed to another) should be 

maintained so that the organism is sensitive enough to correctly 
detect and respond to relevant signals, but not too sensitive as 
to respond too frequently to noise (Wiley, 2015). In the ‘accept-
ance threshold theory’, the optimal response may be when the 
signal and noise overlap, but when the benefits of responding to 
the signal outweigh the costs of failing to respond to the signal 
(or incorrectly responding to the noise) (Fig. 1). The ‘accept-
ance threshold’ may shift depending on the benefits and costs 
of these responses (Reeve, 1989; Moczek and Nijhout, 2003). 
For example, once trigger hairs are stimulated on a Venus fly-
trap, it must ‘decide’ whether the encaged object is potential 
food and whether or not it should activate glands to produce 
prey-degrading hydrolases. The trap will close after two trigger 
hairs are stimulated. However, more than three trigger hairs are 
required to be stimulated to produce prey-degrading enzymes. 
The amount of prey-degrading enzymes produced is propor-
tional to the number of mechanical stimulations (Böhm et al., 
2016). The greater number of mechanical stimulations increases 
the likelihood of a large insect encaged whose benefit to the 
Venus flytrap should outweigh the costs associated with pro-
ducing the decomposing enzyme cocktail. However, depending 
on the variability of the environment and the cost–benefit ratio 
of the plastic response, fitness may be maximized by expressing 
an optimal, limited degree of plasticity, which may minimize 
large phenotypic mismatches but avoids the potentially high 
cost of plastic responses (Haaland et al., 2021).

Availability and reliability of environmental cues

Climate change is expected to influence the availability and re-
liability of environmental cues. First, climate change may dis-
rupt the detection of cues by degrading the signal or disturbing 
the organisms’ sensory abilities. This phenomenon is more 
extensively studied in animals when compared to plants. For 
example, eutrophication can impair visual signals for male 
sticklebacks, and their increased investment in courtship be-
haviour can become maladaptive (Lonnstedt et al., 2013). In 
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Fig. 1.  Signal versus noise detection. Genotypes must discriminate between 
relevant (cue) and irrelevant (noise) environmental information. In general, 
there is a threshold value of the strength of the cue (dashed lines) in which the 
organism will express plasticity (in this case, phenotype X or Y) depending on 
if it is perceived as a signal or noise. The optimal location of the threshold shifts 
depending on the costs and benefits of correctly responding to a signal (D), in-
correctly responding to a signal (B), incorrectly responding to noise as a signal 

(C) or correctly not responding to noise (A). Modified from Pfennig (2021).
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addition, dead coral reefs no longer provide predator cues for 
juvenile damefish (Candolin, 2009). In plants, UV radiation 
can damage photosynthetic machinery (Bornman et al., 2019), 
which may alter stomatal conductance and other traits. In cases 
when the environmental cue is still available, the reliability of 
the cue can be influenced if the novel environment is in some 
aspects similar to a known environment, but not correlated 
with the selection environment (i.e. evolutionary or ecological 
traps). In addition, the correlation between the cue and the se-
lective environment may have decreased or even disappeared.

Climate change is simultaneously modifying multiple abi-
otic and biotic factors (e.g. temperature, environmental ranges 
of pests and precipitation patterns) and decoupling linked fac-
tors that trigger important developmental responses (Anderson, 
2016). For example, a decoupling of photoperiod and tem-
perature may trigger phenological transitions and a mismatch 
between current and optimal phenotypes (Etterson and Shaw, 
2001). Warm rains in early spring followed by a major frost 
event can kill germinating seedlings as maternal effects may 
have changed the timing of germination by altering the seed 
size and seed coat (Rodrigo, 2000; Kolesnichenko et al., 2003; 
Lucas et al., 2008). Nutrient stress and higher temperatures may 
result in small seed sizes that disperse far from the maternal 
plant and land in habitats that do not match the maternal envir-
onment (e.g. different soil type) (Ehrlen and Eriksson, 2000; 
Schuler and Orrock, 2012). The leaf development of most tem-
perate tree and shrub species is highly sensitive to temperature, 
and leaf development generally has advanced earlier due to 
climate change and higher temperatures (Polgar and Primack, 
2011). However, these shifts in temperature may provide unre-
liable cues for the initiation of leaf development. For example, 
temperature increases may induce leaf development before 
organisms can fulfil their chilling requirements (Polgar and 
Primack, 2011). The reliability of environmental cues on the 
expression of phenotypic plasticity has the potential to have a 
large impact on the fitness of the organism.

Phenotypic plasticity has been well documented in the 
shifting of phenological, photoperiod and other responses due 
to climate change (e.g. Bradshaw and Holzapfel, 2001; Gordo 
and Sanz, 2006; Byers, 2017). However, the responses of one 
species relative to other species in these shifts are often more 
ecologically important than the absolute plastic response of a 
single species (Westerband et al., 2021). For example, large 
temporal and spatial plastic responses in plants and pollinators 
could potentially cause mismatches for successful pollinations. 
In Japan, flowering times tended to occur earlier over the last 
three decades for four Prunus tree species as development is 
strongly influenced by temperature 30–40 d before flowering. 
However, the appearance of the Pieris rapae butterfly (a proxy 
for potential pollinators) tended to be delayed over the past 
three decades as its appearance is not strongly affected by tem-
perature and its development is most sensitive to temperature 
at around 15 d prior to butterfly appearance. The trends in the 
plant and butterfly phenologies are changing in opposite direc-
tions as they rely on different climatic cues with different tem-
poral trends (Res et al., 2008).

However, changes in environmental cues due to climate 
change can also be beneficial. For example, changes in spruce 
tree phenology and budworm phenology have increased the 
synchrony between their life cycles (Miller-rushing et al., 

2010). In addition, butterflies in the larval stage grow faster and 
survive better on new newly colonized host plants from climate-
driven range expansions (Brachler and Hill, 2007). The degree 
to which plasticity benefits fitness is contingent upon how reli-
able environmental cues predict future environments and selec-
tion regimes. For example, a stochastic individual-based model 
in which phenotypes could respond to a temporally fluctuating 
environmental cue found that plasticity was beneficial when 
environmental variability was present, but environmental cues 
were reliable. However, when there was high environmental 
variation, unpredictable environmental cues reduced the popu-
lation size (Reed et al., 2010). The predictability and reliability 
of environmental cues have huge consequences for the adaptive 
value of plasticity.

Environmental cues are complex

Recently, there have been calls advocating for the creation 
of a coherent and integrative framework for the investigation 
of plasticity in response to more environmental complexity, 
rather than single-factor experiments (Westneat et al., 2019), 
which may influence the reliability and interpretation of envir-
onmental cues (Dore et al., 2018). For example, multiple inte-
grated cues act on biochemical pathways to influence the timing 
of flower opening. The production of a key molecule, COP1, 
involved in oscillating the circadian clock, is inhibited by light-
stimulated photoreceptors, entraining flower opening via light 
cues to particular times of the day (Ma and Yanovsky, 2009). 
However, altering temperatures can also alter the timing of 
flowering opening by affecting a separate timing oscillator in-
dependently of the light oscillator (McClung and Davis, 2010) 
or by influencing temperature-sensitive photoreceptors them-
selves (Ma and Yanovsky, 2009). Additionally, multiple envir-
onmental cues may also be integrated over time. Environmental 
factors may be experienced by an organism differently in time, 
so exposure to one environmental factor may alter the response 
to a subsequent environmental factor (Snell-Rood, 2012). For 
example, velvetleaf seedlings exposed to low red/far-red light 
ratios were less responsive to a second exposure to the same 
environmental cue when compared to seedlings that were not 
earlier exposed (Weinig and Delph, 2001). New insights into 
plastic responses may be gained through studying the role of 
complex environmental cues (i.e. cues comprising multiple, 
distinct sensory components) (Dore et al., 2018). Furthermore, 
when multidimensional plasticity [i.e. plastic response(s) 
from two or more environmental factors] is non-additive, the 
challenge of environmental cue reliability may be multiplied 
(Westneat et al., 2019). The complexity of multiple, dynamic 
environmental cues on the expression of phenotypic plasticity 
and how this influences the cost–benefit paradigm of pheno-
typic expression is a complex but important aspect of pheno-
typic plasticity.

COSTS AND LIMITS OF PLASTICITY

Costs and limits of plasticity may more broadly refer to the 
‘jack of all trades is a master of none’ (Richards et al., 2006). 
If limits and costs to plasticity did not exist, organisms should 
be able to produce infinite plasticity and express the superior 
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phenotype in every environment (Grime and Mackey, 2002). 
Plasticity is beneficial when the organism can express superior 
phenotype–environment matches across more environments 
compared to a fixed phenotype. However, organisms may not 
be able to express this perfect or infinite plasticity because 
of the costs for the ability to be plastic or express the plastic 
phenotype, limits to plastic expression, or inability to reliably 
perceive environmental cues (Schlichting, 1986; Moran, 1992; 
Via et al., 1995; Scheiner, 2003).

The costs of plasticity are defined as the fitness tradeoffs 
associated with plastic responses. In comparison, the limits 
of plasticity are defined when the genotypes with a plastic 
response cannot achieve the same phenotype as a fixed or 
non-plastic genotype (Dewitt et al., 1998). In terms of devel-
opmental processes, the ‘developmental range’ limit is the idea 
that by non-plastic genotypes focusing on a specific fixed trait, 
they may be able to express more extreme trait values and/or 
traits better matched to the specific environment. It was specu-
lated that the developmental range limit was an important limit 
to plasticity as the range of phenotypic expression in response 
to plasticity within species is often smaller when compared to 
trait divergence across species (Dewitt et al., 1998). However, 
the ‘developmental range’ limit has been speculated to be the 
consequence of the maintenance or production costs of plasti-
city (Kleunen and Fischer, 2004). In addition, in plants, there is 
little support for the ‘developmental range’ limit. For example, 
in clonal herbs responding to competition, the most plastic in-
dividuals were the most successful (Kleunen et al., 2000), and 
in plant defence studies, the most plastic individuals express the 
highest defence against herbivores (Morris et al., 2006).

Plastic responses that have a greater cost reduce the likeli-
hood of that response persisting within and across generations 
and favour the fixed average phenotype expression (Schlichting 
and Pigliucci, 1998). However, there is a distinction between the 
costs of an induced plastic response and the cost of the ability 
to potentially express a plastic response (Dewitt et al., 1998). 
Expressing plastic traits themselves can be costly, for example 
upregulating plant chemical defences (Cipollini et al., 2014). 
However, these trait-specific costs, or costs associated with ex-
pressing a trait, may also be experienced by non-plastic geno-
types expressing the same trait. In addition, trait-specific costs 
are often masked by the fitness benefits of the plastic response.

However, the costs associated with the ability to be plastic 
(i.e. the cost of the ability to change phenotypic expression or 
carrying the genetic and/or sensory machinery, not the cost of 
the new phenotype) are often overlooked and are challenging 
to quantify. However, some examples are documented in the 
literature. In radish, the ability of a plant to mount a defence 
induced by predators is costly in terms of lifetime fruit mass 
production (Agrawal et al., 2002). In addition, in Trifolium 
repens, no costs to plasticity in terms of petiole length and leaf 
area were detected when plants were exposed to homogeneous 
shade. However, genotypes grown under high light conditions 
experienced significant costs for the ability to express plasti-
city in petiole length and leaf area when exposed to shade con-
ditions (Weijschede et al., 2006). A meta-analysis of plastic 
responses in plants and animals concluded that the costs for 
the ability to be plastic are small and infrequent but tend to be 
greater in stressful conditions, indicating that the costs increase 
in the context of competition, herbivory or resource limitation 

(Van Buskirk and Steiner, 2009). For example, the cost to mus-
tard plants of adjusting leaf area is typically only present in low 
light (Steinger et al., 2003). However, a simple model of in-
trinsically costly plasticity does not fit well with the huge com-
plexity in which plants adjust in response to abiotic and biotic 
stresses. Therefore, simply identifying negative correlations 
between plasticity and realized fitness may not be sufficient to 
test the existence of costs to plasticity. The analysis must occur 
at many levels and examine the underlying metabolic mechan-
isms and their consequences for whole plant performance and 
adaptation in various environments (Murren et al., 2015).

The ordinary least squares estimator has been a commonly 
used model to estimate the costs of plasticity, but can provide 
poor estimates in the presence of multicollinearity and outliers 
in the data. Recently, a robust ridge estimator model, less af-
fected by multicollinearity and outliers compared to the or-
dinary least squares model, has been proposed to estimate the 
costs of plasticity. The robust ridge estimator detected costs of 
plasticity that were severely and incorrectly underestimated by 
the ordinary least squares estimator (Michimae et al., 2018). 
Evaluating the costs of plastic responses can provide important 
insights into the fitness landscape of a plastic response.

The costs for the ability to be plastic can be incurred via the 
expenditure of energy to gain reliable information about the en-
vironment, through assessing multiple environmental cues, or 
investing resources to improve the assessment of environmental 
cues. This may include when a plastic organism requires sen-
sory and regulatory machinery that an organism expressing a 
fixed phenotype does not. For example, there is a cost asso-
ciated with the sensory machinery that regulates the ethylene 
growth response, the ethylene receptor proteins on the cell 
membrane (Jones, 1994). The cost associated with producing 
the receptor proteins is a cost of plasticity that a fixed phenotype 
insensitive to ethylene may not have to produce. One way of as-
sessing the cost of carrying additional genetic machinery is to 
evaluate the genome size. For example, the repeated evolution 
of aneuploidization and variation in transposable element load 
suggests fitness benefits from removing specific non-coding 
genetic sequences (Hu et al., 2011). However, in most cases, 
the cost of carrying unexpressed genes, regulatory elements or 
sensory machinery may be negligible. For example, in Daphnia 
genotypes that are considered to be specialist (narrow tolerance) 
or plastic (broad tolerance) to salinity tolerance, the analysis of 
the plastic expression of over 900 genes revealed no differences 
in the amount of transcription, protein length or ATP produc-
tion (Latta et al., 2012). The costs of the ability of an organism 
to be plastic in many cases are considered negligible in plants 
(but may be considerable for organisms with brains or sophis-
ticated immune responses) (Murren et al., 2015). Our under-
standing of the compounds, signalling cascades and metabolic 
pathways involved in stress response has grown exponentially 
in recent years. In addition, technological advancements in mo-
lecular methods enable individual traits to be isolated, and their 
fitness determined. Disentangling the costs of the ability to be 
plastic from the costs of the actual expression of the phenotype 
by evaluating molecular machinery and regulation of pheno-
typic plasticity is an important but often overlooked aspect of 
plasticity research.

Additional genetic costs to plastic responses are also im-
portant to consider. Phenotypic plasticity may be expressed 
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because structural genes or gene products are directly affected 
by environmental cues (i.e. allelic sensitivity), or regulatory 
genes are affected by the environment and influence the expres-
sion of structural genes (Via et al., 1995). However, genes asso-
ciated with plastic responses may be linked to genes associated 
with reduced fitness; for example, genes associated with the 
plastic response may have negative pleiotropic effects on other 
traits, or epistasis could cause regulatory loci associated with 
the plastic response to modify other genes (Dewitt et al., 1998; 
Schneider and Lynch, 2020). Pleiotropy, epistasis, linkage and 
other genetic factors in plasticity expression are rarely studied, 
but may often be confounding factors when analysing the influ-
ence of plastic responses on fitness.

The costs of plasticity are not mutually exclusive, and they 
contribute in varying degrees depending on the specific envir-
onment. The costs of plasticity are often difficult to detect and 
measure (see meta-analyses by Kleunen and Fischer, 2004; Van 
Buskirk and Steiner, 2009). Past selection patterns may impede 
our ability to detect the costs of plasticity. Theoretically, there 
should be a strong selection against the costs of plasticity, and 
gradually responses and mechanisms should evolve to reduce 
the costs of plastic responses or evolve to reduce the expression 
of costly plastic responses (Murren et al., 2014).

Furthermore, the cost of canalization may reflect plasti-
city costs, but for a trait not measured or considered (Van 
Tienderen, 1991). For example, individual traits, including spe-
cific leaf area, root length and leaf nitrogen content, may all 
express plasticity to maintain phenology or a stable yield. In 
this case, if yield or phenology is measured, a cost of canal-
ization rather than plasticity may be detected. A meta-analysis 
revealed that in 71 % of cases testing costs of plasticity, costs 
of plasticity and canalization were equally frequent and rela-
tively mild (Van Buskirk and Steiner, 2009), which suggests 
that in many cases we are not measuring the appropriate traits 
as proxies for plastic responses. Many speculate that measuring 
biological complexity more thoroughly, including more com-
plete evaluations of fitness and characterizing diverse cues that 
induce plasticity, may enable us to better understand plasticity 
(Westneat et al., 2019). It is important to consider which traits 
are expected to vary in expression to maintain constant and 
stable fitness-related traits across fluctuating environments.

COST–BENEFIT RATIO

A critical challenge organisms face in heterogeneous environ-
ments is assessing the cost–benefit ratio, or whether or not the 
‘cost’ of expressing a plastic response outweighs its potential 
benefits. Generally, natural selection should favour organisms 
that can express phenotypes with a low cost–benefit ratio (West-
Eberhard, 2003; Sultan, 2015). For example, the cost–benefit 
ratio of how a plant responds to a heterogeneous distribution of 
phosphorus in the soil depends on the size of the nutrient patch 
or how limiting phosphorus is for growth. If the size of the nu-
trient patch is too small, the investment of carbon and nutrient 
resources in tissue construction and maintenance of lateral root 
proliferation may not pay off for the uptake of relatively little 
phosphorus. However, a large nutrient patch may be an environ-
mental signal to induce a plastic response that enhances phos-
phorus capture and, subsequently, plant fitness. In addition, the 

lifetime seed projection of Nicotiana attenuata plants treated 
with jasmonic acid was reduced compared to untreated plants 
when herbivores were absent. However, when treated plants 
were exposed to moderate or high levels of herbivory, the fit-
ness benefits exceeded the cost of jasmonic acid elicitation 
(Baldwin, 1998). The cost–benefit ratio of jasmonic acid elicit-
ation in N. attenuata plants depends on the magnitude and se-
verity of the risk of herbivory.

In natural and agro-ecosystems, plants may be exposed to 
multiple, simultaneous or successive stresses. For example, in 
growth environments with terminal drought, seeds are planted 
in the moist topsoil, but drainage, evaporation and plant water 
uptake results in the topsoil progressively drying and therefore 
becoming harder while resulting in greater water availability 
in deep soil strata (Lynch, 2013; Lynch et al., 2014). Tissue 
construction and maintenance demand significant resources 
(Nielsen et al., 2001). However, the investment of carbon and 
nutrient resources in the construction and maintenance of tis-
sues early in plant growth may limit the opportunity to con-
struct other tissues. For example, in roots, if carbon and nutrient 
resources are invested early in the growth season for root pro-
liferation in the moist topsoil, this limits the opportunity for the 
construction of roots later in the growth season in deeper soil 
strata where softer soils and deep water are likely to be located 
(Schneider and Lynch, 2020). Numerous cost–benefit ratios in 
different environmental scenarios have been studied in the lit-
erature, ranging from mycorrhizal associations, root depth, the 
development of root hairs to leaf shape and size (Koide et al., 
1988; Madsen, 1991; Guswa, 2008; Zhu et al., 2010).

APPROACHES, CONSIDERATIONS AND PROMISING 
RESEARCH DIRECTIONS IN STUDYING PLASTICITY

Typically, plastic responses are quantified experimentally by 
growing a single genotype in two or more different environ-
ments with a contrasting environmental factor (e.g. tempera-
ture, pH, nutrient level, competitor, pests). This experimental 
approach goes back over 75  years (see references in Sarkar, 
2004). Various approaches have been used to study plastic re-
sponses of plants, animals and their interactions. Empirical and 
modelling approaches are most common. However, historical 
records, including herbarium specimens, and long-term field 
observations have also been used (Byers, 2017). Considerations 
in experimental, modelling and statistical approaches are 
needed to test proposed individual- and population-level conse-
quences of plasticity (Wennersten and Forsman, 2012) and the 
influences of plasticity on fitness, its costs and genetic mech-
anisms (Forsman, 2015). However, the quantification and in-
terpretation of phenotypic responses and their evolution are 
often misguided due to limitations and pitfalls of experimental 
designs, statistical tools and analytical approaches. Several ap-
proaches and considerations are highlighted below for studying 
phenotypic plasticity.

Selection of traits and environments to study

Studies of plasticity are typically focused on specific traits 
with established functional significance. However, this poses 
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a risk with a reductionist approach that this biased selection 
may overestimate the importance and adaptive value of plasti-
city. To get a balanced view of the function and value of plas-
ticity and its evolutionary dynamics, it is important to identify 
environmental factors that do not elicit plastic responses and 
environmental conditions in which plasticity may be maladap-
tive or less beneficial (Forsman, 2015; Westerband et al., 2021). 
In addition, considering multiple interacting plastic traits (i.e. 
multivariate plasticity) should also be an essential component of 
plasticity studies. The cause and consequences of these plastic 
interactions between different traits have received relatively 
little attention; however, recently, a new conceptual frame-
work has been proposed to understand why organisms should 
have multiple responses and how these responses can influence 
each other (Nielsen, 2022). Plasticity in one trait may alter the 
phenotype of another trait by changing the cue received by the 
organism or the response to that cue and may result in syner-
gistic, antagonistic, complementary or other effects (Nielsen, 
2022).

Designing treatments requires consideration of temporal and 
spatial distribution of variation in nature. For example, instead 
of varying the factor mean in alternative fixed treatments, it 
may be more ecologically meaningful to vary the timing, dur-
ation, range or periodicity of environmental conditions (Miner 
and Vonesh, 2004). The environmental treatments need to elicit 
plastic responses while simultaneously being controlled with 
enough precision to interpret responses to specific environ-
mental cues (Miner et al., 2005). The environmental cue that in-
duces a plastic response may appear relatively straightforward. 
For example, the amount of photosynthetically active radiation 
has been demonstrated to induce plastic responses (Klem et al., 
2015). However, plastic responses due to the amount of avail-
able photosynthetically active radiation have many nuanced 
aspects, including the distribution of available light, which may 
also influence plasticity (Franklin, 2008; Ballaré, 2009). Canopy 
structure influences the amount and diurnal distribution of light 
in a forest, and diurnal responses to light are often overlooked in 
favour of the total amount. However, Wayne and Bazzaz (1993) 
demonstrated that birch seedlings provided with the same total, 
reduced daily photosynthetically active sunlight had different 
plastic responses depending on whether the light was provided at 
a consistent level throughout the day or very low light with brief 
intervals of full intensity (Wayne and Bazzaz, 1993). Temporal 
treatments can also reveal how rapidly an organism can adjust 
to relevant functional traits, revealing information about timing 
differences and duration of responses between genotypes.

The careful selection of the environment may also reveal 
‘hidden’ plasticity. Plasticity can be expressed in hidden reac-
tion norms or ‘cryptic plasticity’, which occurs when plastic re-
sponses are not expressed in the ancestral environment, but an 
environmental shift reveals potential for a plastic response (Table 
1). In scenarios revealing hidden reaction norms, individuals 
must be subjected to novel environments typically beyond the 
environmental limits to which it is adapted (Fig. 2A). New ap-
proaches, like np2QTL, not only enable the mapping of genetic 
loci associated with plasticity but also enable the estimation and 
testing of the slope and curvature of reaction norms to uncover 
cryptic genetic variation of plastic responses (Ye et al., 2019). 
The selection of the range and severity of environmental factors 
is an important consideration to understand plastic responses.

When an organism integrates multiple environmental factors 
into expressing phenotypic plasticity (i.e. multidimensional 
plasticity), the molecular mechanisms, adaptive value for fit-
ness and its implications for evolution may vary compared to 
plasticity in response to a single environmental factor. For ex-
ample, in Mediterranean oak, precipitation and temperature re-
gimes play an important role in the evolution and expression of 
coordinated multivariate phenotypic plasticity in several mor-
phological traits (Sole-Medina et al., 2022). Multidimensional 
plasticity cannot be interpreted by simply scaling up univariate 
plasticity to more environments as these interactions often re-
sult in unexpected expression of plasticity. A more comprehen-
sive characterization of the complexity of environments that 
induce plasticity may reveal insights into the interaction be-
tween genes and the environment. Multidimensional plasticity 
has been rarely considered in plasticity models and its influence 
on evolution and speciation, yet it may greatly influence the 
nature of speciation and adaptation to environmental change 
(Westneat et al., 2019; Morel-Journel et al., 2020).

Interpretation of plastic responses

The interpretation of plastic responses is important. 
Responses positively associated with fitness are typically func-
tionally adaptive; however, because environmental factors influ-
ence both traits and fitness, these analyses and associations can 
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Fig. 2.  (A) Cryptic genetic variation. In ancestral and familiar environments, 
genotypes 1 and 2 do not display genotype by environment interactions as their 
reaction norms are similar and parallel. However, genotypes 1 and 2 diverge in 
evolutionarily novel environments, demonstrating hidden reaction norms and 
cryptic genetic variation. (B) The norms of reaction for three genotypes in three 
environments. For a specific trait, each genotype is phenotyped in each environ-
ment and these points are joined to form a reaction norm. (3) a genotype varies 
continuously and linearly, (4) a genotype response with a few discrete alterna-
tives (i.e. polyphenism), (5) a genotype is fixed or relatively canalized across 
environments. Genotypes 3, 4 and 5 display genotype by environment inter-
actions as their reaction norms are not parallel. Modified from Sultan (2015).
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be biased (Stinchcombe et al., 2002; Winn, 2004). In scenarios 
where plastic responses are irreversible or can be experimen-
tally augmented, the utility for plant fitness can be tested by 
directly comparing plastic and non-plastic responses within 
environmental treatments (Schmitt et al., 2003). However, 
often plastic responses are interpreted as adaptive based only 
on ecological or functional factors (Bonser, 2021): for ex-
ample, herbivore-induced chemical and structural defences or 
partitioning or structural changes to tissues that help optimize 
a limiting resource (references in Sultan, 2015). We need to 
better understand the fitness landscape of plastic responses (i.e. 
how traits influence performance in several different environ-
ments and combination with several different plant traits). We 
must also understand the conditions that maintain or promote 
plastic responses and distinguish between adaptive, neutral and 
maladaptive responses in regard to fitness.

Selection and evolution of plasticity

The selection on and evolution of phenotypic plasticity has 
been widely studied (see references in Van Tienderen, 1991; 
Arnold et al., 2019b; Sommer, 2020; Pfennig, 2021)). The de-
gree of environmental variation has been shown to influence 
the magnitude and frequency of plastic responses. For example, 
species with high dispersal rates, and therefore greater spa-
tial variation, tend to display greater developmental plasticity 
(Hollander, 2008). However, in many cases, environmental 
variation may explain little to no variation in plasticity and only 
account for or contribute a portion of the evolution of plastic 
responses (Karban and Nagasaka, 2004). A high degree of plas-
ticity is expected to evolve in predictable environments, and 
reduced plasticity is expected to be expressed in environments 
that fluctuate less predictably as these plastic responses may 
not match future selective pressures (Gavrilets and Scheiner, 
1993; Botero et al., 2015; Tufto, 2015). However, a recent 
meta-analysis highlighted the need to more precisely charac-
terize plasticity, as these predicted trends were only true for 
allocation traits (which may be a form of passive plasticity) and 
non-climatic factors were more strongly associated with plasti-
city than climatic factors (Stotz et al., 2021).

Recently the importance of considering adaptive plasticity 
in breeding programmes has been highlighted to address crop 
responses to increasing environmental variability (Larson et 
al., 2014; Sadras and Richards, 2014; Sadras and Denison, 
2016; Lobet et al., 2019; Monforte 2020; Schneider and 
Lynch, 2020). Understanding how plasticity evolved and was 
selected during domestication may provide important insights 
in this context (Larson et al., 2014). The onset of domestica-
tion was accompanied by strong genetic bottlenecks which may 
have influenced the persistence of plasticity (see references 
in Matesanz and Milla, 2018). Several recent studies provide 
mixed evidence and no robust pattern for the effects of domesti-
cation on phenotypic plasticity, which is difficult to interpret as 
it depends on the adaptive value of the individual trait combin-
ations and their interaction with the environment. For example, 
during the selection of modern temperate maize, genomic re-
gions associated with genotype-by-environment interactions 
and plasticity were neither directly nor indirectly selected to in-
crease plant performance and yield stability (Gage et al., 2017). 

However, several genomic loci have been identified that are as-
sociated with plasticity in yield components in maize hybrids, 
and evidence suggests that they may have been selected for 
during the tropical–temperate adaptation process (Liu et al., 
2021). Annual phlox and several rice genotypes showed no dif-
ference in plasticity in root and shoot morphological traits be-
tween wild and domesticated cultivars (Schlichting and Levin, 
1988; Shimizu et al., 2010). Wild barley germplasm exhibited 
greater within-plant root plasticity to soil nutrient concentra-
tion and distribution when compared to domesticated cultivars 
(Grossman and Rice, 2012). In barley, selection against thermal 
clock plasticity occurred during domestication (Prusty et al., 
2021). In a large study involving domesticated and wild chard, 
cabbage, sunflower, tomato, durum wheat, maize and pea, do-
mesticated genotypes outperformed wild genotypes in favour-
able conditions but suffered greater reductions in performance 
in stressful conditions. However, plasticity was expressed in 
wild and domesticated genotypes to similar degrees and varied 
by trait (Matesanz and Milla, 2018). This evidence highlights 
the complex nature of plastic responses and their interaction 
with the environment to produce adaptive responses and the po-
tentially high costs of the expression of plasticity.

Examining plastic responses of wild crop ancestors and 
landraces to stresses they may encounter in their native envir-
onments may provide insight into potentially adaptive plastic 
responses for fitness. For example, several wheat landraces 
may be adapted to dry and hot conditions (Morgounov et al., 
2021). Therefore, plastic responses of these wheat landraces to 
drought and heat may provide insight into potentially adaptive 
plasticity that may not be present in modern cultivars. Modern 
cultivars may not have been subjected to these constraints in 
evaluation and selection in breeding programmes in modern 
agroecosystems. Landraces and wild crop ancestors may be an 
important resource in characterizing plasticity and interpreting 
its adaptive value. In addition, comparing genotypes or popu-
lations adapted to different environments may help identify 
factors driving the evolution of plastic responses and provide 
insight into how plasticity can contribute to evolutionary differ-
entiation within species (e.g. Nunes et al., 2014).

Integrated approaches are needed to study plasticity

In studies focused on plasticity, typically, environmental 
cues are manipulated, and phenotypic responses (morphology, 
metabolic rates, epigenomic modifications, etc.) are measured. 
Interdisciplinary approaches involving molecular genetics, 
physiology and soil science that integrate these layers of plastic 
responses may provide insights into cue perception, transduc-
tion and phenotypic response (Morel-Journel et al., 2020). For 
example, in plant responses to insect herbivores, layered re-
sponses occur at the levels of phytohormone signalling, me-
tabolism, growth rate, epigenetic signatures, metabolites and 
phenology (Schuman and Baldwin, 2016). The study of pheno-
typic plasticity should include research on these different scales 
to understand plant responses to critical environmental cues.

Many aspects of plasticity may be useful to examine in silico. 
Several models have been developed to test the adaptive value 
of plasticity, the importance of reliable environmental cues, 
population persistence, cost–benefit ratios of trait expression, 
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interpretation of different types of phenotypic variation and se-
lection on plasticity (e.g. de Jong, 1995; Hollander, 2008; Reed 
et al., 2010; Wang et al., 2013; Xue and Leibler, 2018; Filipe 
and Kyriazakis, 2019; Klingenberg, 2019; Kellermann et al., 
2020; Scheiner et al., 2020). In addition, an emerging model-
ling approach, ΔTraitSDM (i.e. a species distribution model 
examining phenotypic trait variation), includes phenotypic 
plasticity and local adaptation of fitness-related traits measured 
across geographical scales to enable novel insights into popu-
lation sensitivity to climate change (Benito and Robson, 2019). 
These models will be useful in understanding plasticity across 
biological scales, its molecular mechanisms and adaptive value 
because the complex nature of plasticity across traits and envir-
onmental ranges make many combinations empirically impos-
sible to test.

Genetic and epigenetic approaches and considerations

Since organisms live and have evolved in dynamic environ-
ments, a wide range of molecular mechanisms have evolved 
to help them buffer against environmental perturbations 
(Frankel et al., 2010; Levy and Siegal, 2012; Klupczyńska 
and Pawłowski, 2021). Several studies have characterized mo-
lecular responses that mediate plasticity (as reviewed in Nicotra 
et al., 2010; Lachowiec et al., 2016). However, many of these 
mechanisms are still unknown or poorly understood due to the 
wide range of environmental signals and phenotypic responses. 
Recently, a framework has been proposed to study the genetic 
basis of phenotypic plasticity and highlights quantitative gen-
etics and gene hub approaches (Laitinen and Nikoloski, 2019). 
Furthermore, approaches have been developed that integrate 
genetic mapping, evolutionary game theory and predator–prey 
theory (Yang et al., 2021).

Plasticity in gene expression can be examined on an indi-
vidual gene by gene basis, collapsing genes into co-regulated 
networks (e.g. weighted correlation network analysis), or by 
examining expression pattern shifts across the transcriptome 
such as gene regulatory networks (e.g. Kenkel and Matz, 2016). 
Recently, a reaction norm framework has been proposed to aid 
in the interpretation of gene expression as a plastic trait (Rivera 
et al., 2021). However, it is important to consider many nu-
ances in linking gene expression to phenotypes. Transcriptomic 
studies can provide real-time insights into plastic responses. 
However, alternative mechanisms such as the onset of stress 
response, life history, environmental history and microbial in-
fluences could also influence the gene expression patterns be-
fore, during and beyond the scope of the experiment. Gene 
expression is inherently dynamic, and sampling should aim to 
span the time frame of the plastic response to the specific envir-
onmental condition to more carefully capture changes in gene 
expression (Rivera et al., 2021). Furthermore, careful consider-
ation in which tissues are studied is important as environmental 
cues are often perceived in a particular organ different from (or 
in addition to) where the responses are expressed.

Several other genetic approaches have been successful in 
unravelling the complex genetic architecture of plasticity. 
For example, an integrated analysis of genomic responses of 
flowering time to the environment was used to identify hidden 
patterns and factors underlying plasticity in plants from the 

field. A systematic genome-wide performance prediction 
framework was established through genotype-specific reaction 
norm parameters or genome-wide marker-effect continua that 
exploited genomics, environmental profiling and performance 
information. Phenotypic plasticity was attributed to specific 
genes and influenced by photothermal time and gene–gene 
interactions (Li et al., 2018). Systems evolutionary game net-
works have also been used to interpret gene interdependence, 
predict how various environmental factors influence transcrip-
tional co-regulation, and provide insight into the mass, ener-
getic or signal basis that drives different gene interactions. The 
systems evolutionary game network is a computational model 
that reconstructs temporal variation in gene networks and track 
real-time changes in network architecture underlying plastic 
responses. This approach was used to identify and charac-
terize gene co-regulation that modulates the time trajectories of 
poplar tree responses to salt stress (Jiang et al., 2020). The mo-
lecular mechanisms underlying plastic responses are generally 
not well understood, but new frameworks and technological ad-
vancements will enable new insights into this area.

To understand how phenotypic plasticity works mechanis-
tically, epigenetic mechanisms, including DNA methylation, 
may be a key factor in linking environmental cues and gene 
expression. Phenotyping large association panels and using 
genome-wide association mapping, common garden or recip-
rocal transplant studies may be useful to assess phenotypic vari-
ation and partitioning variation into genetic and environmental 
components. However, these approaches often fail to identify 
genetic markers associated with plastic responses, and epigen-
etic mechanisms and variation could account for some of this 
‘missing’ variation. Recent technological breakthroughs in the 
field of epigenetics (e.g. Perrone and Martinelli, 2020; Lloyd 
and Lister, 2022) and the development of statistical methods, 
including environmental association analysis and epigenome-
wide association studies, have enabled the study of the relation-
ship between epigenetic variation and plastic responses (Moler 
et al., 2018). A better understanding of how plants store infor-
mation about life history and the environment will enable us to 
better manipulate plasticity for further studies or breeding ef-
forts to introduce novel stable or plastic phenotypes into crops.

Quantifying plastic responses

Many approaches have been used to quantify phenotypic plas-
ticity, such as the formulation of plasticity indices (Valladares et 
al., 2006; Sadras et al., 2009; Murren et al., 2014) and charac-
terization of reaction norm shape (Izem and Kingsolver, 2005). 
However, many of these approaches assess the response and 
variation of plasticity in multiple steps, for example by first 
analysing variation at the genotype level by extracting indices 
and then analysing the indices. However, this ‘statistics-on-
statistics’ approach makes biological interpretation challenging 
(Morrissey and Liefting, 2016), particularly when traits are ex-
pressed as a proportion or a ratio to minimize allometric effects. 
In addition, the over-simplification of reaction norms across 
just two environments may obscure key elements of phenotypic 
plasticity to changing environments and may ultimately impede 
a comprehensive biological understanding of plastic responses 
(Chevin and Lande, 2011; Arnold et al., 2019a) (Figs 2B and 3). 
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If reaction norms are non-linear, choosing two arbitrary points on 
an environmental range may not accurately represent the plastic 
response and may severely under- or over-estimate the pheno-
typic response. Furthermore, some reaction norms may have 
different shapes for different traits of the same species across 
the same environmental range (e.g. Vitasse et al., 2010; Arnold 
et al., 2019a) and among species in the same trait and range 
of environments (e.g. Schou et al., 2017). Many commonly 
used metrics to quantify phenotypic plasticity present several 
limitations for application and interpretation, including com-
paring multiple environments, constraints of non-normal data 
and comparisons between species (Valladares et al., 2006). In a 
recent meta-analysis, some of the most commonly used plasti-
city estimators (i.e. plasticity index, slope of reaction norm and 
relative distances plasticity index) were demonstrated to gen-
erate different plasticity rankings between genotypes, popula-
tions and species in a considerable proportion of studies (16 %) 
(Wang et al., 2022). The most appropriate method to quantify 
plastic responses depends on the trait, genotype and/or species, 
as well as the number of environments and particular research 
questions. Several methods for quantifying plasticity and selec-
tion on plasticity have been reviewed (Valladares et al., 2006; 
Arnold et al., 2019a, b) and their drawbacks have been high-
lighted (Valladares et al., 2006; Pélabon et al., 2020). Below, 
several analytical tools and approaches for quantifying pheno-
typic plasticity are highlighted focusing on the potential to ana-
lyse multiple traits and environments.

If plasticity is considered a trait, then the variance of the 
genotype-by-environment interaction is a measure of the vari-
ance in the plastic response over the measured genotypes 
(Marais et al., 2013), but not for individual genotypes. The co-
efficient of the plastic response of the trait can be derived as the 
dimensionless slope of the linear regression between the trait 
of a single genotype in a specific environment and the mean 
of all genotypes in that environment, also known as a Finlay–
Wilkinson regression (Finlay and Wilkinson, 1963). Therefore, 
a slope >1 indicates above-average plasticity, and a slope <1 
indicates below-average plasticity (Sadras et al., 2009). Finlay–
Wilkinson regression has been used to dissect the genetic archi-
tecture of phenotypic plasticity in plants. For example, the 
slopes and mean residual deviation of Finlay–Wilkinson regres-
sion lines were used as responses modelled by genome-wide 
association analysis to detect loci associated with genotype-by-
environment interactions in maize yield (Gage et al., 2017). In 
addition, estimates of plasticity from the Bayesian formulation 
from the Finlay–Wilkinson regression have also been used in 
genome-wide association analysis in maize to identify loci as-
sociated with plasticity for yield components and shoot archi-
tecture (Kusmec et al., 2017).

The AMMI (additive main-effects and multiplicative inter-
action) model combines ANOVA (analysis of variance) for 
the main environment and genotype effects with a principal 
component analysis of genotype-by-environment interactions. 
AMMI incorporates both additive and multiplicative compo-
nents into an integrated least-squares analysis. Subsequently, 
the genotype and environment metrics obtained from AMMI 
can be represented into a biplot, which allows for the interpret-
ation of differences in phenotypic plasticity and adaptation pat-
terns. Similarly, the factor analytic (FA) model assumes that 
genotype-by-environment may be explained by latent variations 

and examine patterns of genotype-by-environment interactions 
and stability across environments (Elias et al., 2016; Xie et al., 
2021). Both AMMI and FA were used to quantify plasticity 
in root and yield traits in rice in response to drought (Xie et 
al., 2021). However, the FA model allows for both fixed and 
random factors and assumes genotypes are random effects, 
while the AMMI model assumes experimental error is homo-
geneous across environments and genotypes are fixed effects.

Instead of quantifying plasticity at the level of the whole or-
ganism or single traits, several phenotypic dimensions can be 
simultaneously modelled and compared using multivariate stat-
istical analysis or composite measures of plastic responses based 
on trait averages or dimension-reducing techniques [e.g. prin-
cipal component analysis (Carroll and Corneli, 1991; Nussey 
et al., 2007; Forsman, 2015)]. The multivariate plasticity index 
(i.e. the Euclidian distance between scores of a canonical variate 
analysis) enables multiple traits to be condensed into a single 
parameter, allowing for the comparisons of species or genotypes 
in a systematic way (Pennacchi et al., 2021). Random regres-
sion mixed models have been proposed as a method to describe 
phenotypic plasticity over multiple environments at both a 
population- and genotype-level response (Arnold et al., 2019a). 
Random regression mixed models also have the potential to con-
sider multivariate responses, multiple environmental variables 
and quantitative genetic analysis. For example, additional ex-
perimental covariates can be incorporated into the model as fixed 
(e.g. number of leaves) or random (e.g. replications) effects. The 
covariance between genotype-specific intercepts and slopes may 
be estimated and indicates whether genotypes with greater trait 
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Fig. 3.  Multiple environments are needed to accurately characterize reaction 
norms. (A) Description of reaction norms (dashed lines) of two genotypes using 
only two environmental points (solid lines and points); (B) description of re-
action norms using three environments captures much more of the underlying 
reaction norm shape. Fitting a linear line to two environments may severely 
over- or under-estimate the plastic response. Modified from Arnold et al. 

(2019a, b).
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values have more or less phenotypic plasticity (Nussey et al., 
2007; Arnold et al., 2019a). Random regression mixed model 
analysis fits individual reaction norms and has the flexibility to 
model a variety of shapes of linear and non-linear responses to 
different environments. A single mixed model analysis is flex-
ible enough to accommodate unbalanced designs and different 
reaction norm functions and avoids the drawbacks of multistep 
approaches (Arnold et al., 2019a). Multivariate random regres-
sion models have been used to analyse plastic responses of mul-
tiple traits and the selection on plasticity in a variety of species 
and environments (Arnold et al., 2019b).

The numerous indices and metrics used to calculate and quan-
tify plasticity generate various outputs, which complicate the ana-
lysis and interpretation of plasticity, particularly in comparative 
studies and multiple environments. Particular attention should 
be paid to quantifying phenotypic plasticity with non-normal or 

non-linear data and the ability to interpret plastic responses be-
tween genotypes and populations across multiple traits and en-
vironments. The most appropriate method may also depend on 
the specific characteristics of plasticity (e.g. continuous/discrete, 
short/long duration) (Table 1) expressed in the focal trait(s).

CONCLUSIONS

The ubiquitous nature of plasticity infers that it offers an evo-
lutionary or fitness advantage (Nijhout, 2003; Palacio-López et 
al., 2015). Phenotypic plasticity allows organisms to modify 
their phenotype to match their current environment, including 
in fluctuating or novel environments, which may be an evolu-
tionary advantage. Phenotypic plasticity can be passive, instant-
aneous, delayed, continuous, discrete, permanent, reversible, 

Appropriate quantification

Interpretation

Multiple environments

Considerations of non-normal, non-linear data
Ability to interpret responses across multiple traits and environments

Plasticity in fitness traits = adaptive
Plasticity costs may be masked by
fitness benefits

Resource limitations, allometry, or
ontogeny may reflect a passive form
of plasticity

Conclusions on the signals, causes,
and consequences of plasticity
should be restricted to a specific
system

Spatial and temporal variation
Cue availability and reliability

Multiple traits
Using appropriate descriptors
Non-biased selection of traits

Fig. 4.  Key considerations for the study of phenotypic plasticity. Multiple environmental factors and factor levels are needed to examine plastic responses in mul-
tiple traits. The quantification method of plastic responses must be carefully considered as many methods generate different outputs, which complicate the analysis 

and interpretation of plasticity, particularly in comparative studies and multiple environments.
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adaptive, maladaptive and transgenerational. Virtually any abi-
otic or biotic factor can induce plasticity and may result in adap-
tive phenotypes to harmful susceptibilities. To reliably classify 
traits, genotypes or populations as non-plastic is challenging 
because it is empirically impossible to confirm that phenotypic 
variation is not influenced by any environmental cues because 
the focal trait, genotype or population may show a plastic re-
sponse to environmental cues or ranges that have not been in-
vestigated (West-Eberhard, 2003; Forsman, 2015)

For individual traits in individual genotypes, the ideal de-
scription of phenotypic plasticity would be a predictive map 
outlining functional relationships of the individual’s genes and 
growth environment to their phenotypic expression (Matsui and 
Ehrenreich, 2016). However, a wide range of traits are influ-
enced by a wide range of environmental cues that are impacted 
by plant development, duration and intensity of the cue, the 
spatial location of the cue, and its interaction with other traits. 
Accessing and understanding the systems biology of plasti-
city will require combining genetic mapping, metabolomic, 
transcriptomic and proteomic approaches from the same geno-
types exposed to multiple environments. These complex inter-
actions are challenging to study and understand (Fig. 4).

Our understanding of phenotypic plasticity is hampered by im-
precise and ambiguous terminology as terminology is often used 
differently depending on the observer’s perspective and biological 
context. However, this highlights the value of better defining the 
concept of plasticity and using more precise terminology when 
describing plasticity. Key characteristics to define and specify 
types of plasticity are outlined in Table 1 and will be helpful in 
describing and characterizing these phenotypic changes. In add-
ition, we should take care and consideration into how we interpret 
plasticity. Conclusions regarding the signals, causes and conse-
quences of plastic responses must be restricted to the particular 
system studied, including the specific phenotypic dimensions, 
aspects of plasticity and environmental cues, and not extended 
into general statements regarding plasticity (Forsman, 2015).

Due to both selective histories and constraints that may have 
evolved, genotypes will vary with respect to the environmental 
cues that induce plastic responses. Environmental cues induce 
plastic responses across biological scales, and the adaptive 
value of plasticity often partly depends on the reliability of en-
vironmental cues to predict future environments. In addition, 
the expression of plasticity often incurs a cost, which can be at-
tributed to the cost of the phenotype or the ability to be plastic. 
The costs associated with plasticity are challenging to study as 
fitness benefits often mask them, but they are an important as-
pect to consider in interpreting the adaptive value of plasticity.

Studying phenotypic plasticity in plants involves many dis-
ciplines, including genetics, entomology, soil science, physi-
ology and evolution. The field of plasticity is a rich field for 
collaboration, linking traditionally distinct approaches to mo-
lecular mechanisms, evolutionary consequences and physi-
ology. A better understanding of phenotypic plasticity will 
impact all fields of biology. It will require researchers to con-
front the fact that most phenotypes result from interactions be-
tween genes and the environment and that plastic responses are 
ubiquitous rather than the exception. Many aspects of plasticity 
are still unexplored, and future research will provide important 
insights into how organisms develop, function, interact and 
evolve.

ACKNOWLEDGEMENTS

I thank Paul Struik and Tobias Wojciechowski for their helpful 
comments. Fig. 4 was created with BioRender.com.

LITERATURE CITED

Acasuso-rivero C, Murren CJ, Schlichting CD, Steiner UK. 2019. Adaptive 
phenotypic plasticity for life-history and less fitness-related traits. 
Proceedings of the Royal Society B 286: 20190653.

Agrawal AA, Conner JK, Johnson MTJ, Wallsgrove R. 2002. Ecological 
genetics of an induced plant defense against herbivores: additive genetic 
variance and costs of phenotypic plasticity. Evolution 56: 2206–2213.

Van Alstyne KL. 1988. Herbivore grazing increases polyphenolic defenses in 
the intertidal brown alga Fucus distichus. Ecology 69: 655–663.

Anderson JT. 2016. Plant fitness in a rapidly changing world. New Phytologist 
210: 81–87.

Arnold PA, Kruuk LEB, Nicotra AB. 2019a. How to analyse plant pheno-
typic plasticity in response to a changing climate. New Phytologist 222: 
1235–1241.

Arnold PA, Nicotra AB, Kruuk LEB. 2019b. Sparse evidence for selec-
tion on phenotypic plasticity in response to temperature. Philosophical 
Transactions of the Royal Society B: Biological Sciences 374: 20180185.

Atwell BJ. 1993. Response of roots to mechanical impedance. Environmental 
and Experimental Botany 33: 27–40.

Baldwin I. 1998. Jasmonate-induced responses are costly but benefit plants 
under. Proceedings of the National Academy of Sciences 95: 8113–8118.

Ballaré CL. 2009. Illuminated behaviour: Phytochrome as a key regu-
lator of light foraging and plant anti-herbivore defence. Plant, Cell and 
Environment 32: 713–725.

Bateson P, Gluckman P. 2011. Plasticity, robustness, development and evolu-
tion. Cambridge, UK: Cambridge University Press.

Bell AM, Hellmann JK. 2019. An integrative framework for understanding 
the mechanisms and multigenerational consequences of transgenerational 
plasticity. Annual Review of Ecology, Evolution, and Systematics 50: 
97–118.

Benito M, Robson TM. 2019. DTraitSDMs: species distribution models that 
account for local adaptation and phenotypic plasticity. New Phytologist 
222: 1757–1765.

Böhm J, Scherzer S, Krol E, et al. 2016. The venus flytrap Dionaea muscipula 
counts prey-induced action potentials to induce sodium uptake. Current 
Biology 26: 286–295.

Bonser SP. 2021. Misinterpreting the adaptive value of phenotypic plasticity 
in studies on plant adaptation to new and variable environments. Plant 
Biology 23: 683–685.

Bornman JF, Barnes PW, Robson TM, et al. 2019. Linkages between strato-
spheric ozone, UV radiation and climate change and their implications 
for terrestrial ecosystems. Photochemical and Photobiological Sciences 
18: 681–716.

Botero CA, Weissing FJ, Wright J, Rubenstein DR. 2015. Evolutionary tip-
ping points in the capacity to adapt to environmental change. Proceedings 
of the National Academy of Sciences of the United States of America 112: 
184–189.

Brachler B, Hill J. 2007. Role of larval host plants in the climate-driven range 
expansion of the butterfly Polygonia c-album. Journal of Animal Ecology 
76: 415–423.

Bradshaw WE, Holzapfel CM. 2001. Genetic shift in photoperiodic response 
correlated with global warming. Proceedings of the National Academy of 
Sciences 98: 14509–14511.

Burggren WW. 2020. Phenotypic switching resulting from developmental 
plasticity: Fixed or reversible? Frontiers in Physiology 10: 1–13.

Van Buskirk J, Steiner UK. 2009. The fitness costs of developmental canal-
ization and plasticity. Journal of Evolutionary Biology 22: 852–860.

Byers D. 2017. Studying plant–pollinator interactions in a changing climate: a 
review of approaches. Applications in Plant Sciences 5: 1–15.

Candolin U. 2009. Population responses to anthropogenic disturbance lessons 
from three-spined. Journal of Fish Biology 75: 2108–2121.

Carroll SP, Corneli P. 1991. Divergence in male mating tactics between two 
populations of the soapberry bug: II. Genetic change and the evolution 
of a plastic reaction norm in a variable social environment. Behavorial 
Ecology 6: 46–56.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/130/2/131/6623579 by St. O

laf C
ollege user on 16 April 2026



Schneider — Phenotypic plasticity in plants 145

Chevin L, Lande R. 2011. Adaptation to marginal habitats by evolution of 
increased phenotypic plasticity. Journal of Evolutionary Biology 24: 
1462–1476.

Cipollini D, Walters D, Voelckel C. 2014. Costs of resistance in plants: from 
theory to evidence. In: Voelckel C, Jander G, eds. Annual plant reviews. 
Chichester, UK: Wiley, 263–308.

Colicchio J. 2017. Transgenerational effects alter plant defence and resistance 
in nature. Journal of Evolutionary Biology 30: 664–680.

Correa J, Postma JA, Watt M, Wojciechowski T. 2019. Root system archi-
tectural plasticity and soil compaction: a review. Journal of Experimental 
Botany 70: 6019–6034.

Davidson AM, Jennions M, Nicotra AB. 2011. Do invasive species show 
higher phenotypic plasticity than native species and, if so, is it adaptive? A 
meta-analysis. Ecology Letters 14: 419–431.

Deere JA, Chown SL. 2006. Testing the beneficial acclimation hypothesis 
and its alternatives for locomotor performance. American Naturalist 168: 
630–644.

Dewitt TJ, Sih A, Wilson DS. 1998. Costs and limits of phenotypic plasticity. 
Tree 13: 77–81.

Diggle PK. 1994. The expression of andromonoecy in Solanum hirtum 
(Solanaceae): phenotypic plasticity and ontogenetic contingency. 
American Journal of Botany 81: 1354–1365.

Dore AA, McDowall L, Rouse J, Bretman A, Gage MJG, Chapman T. 2018. 
The role of complex cues in social and reproductive plasticity. Behavioral 
Ecology and Sociobiology 72: 124.

Drew MC, Saker LR, Ashley TW. 1975. Nutrient supply and the growth of 
the seminal root system in barley. Journal of Experimental Botany 24: 
1189–1202.

Ehrlen J, Eriksson O. 2000. Dispersal limitation and patch occupancy in 
forest herbs. Ecology 81: 1667–1674.

Elias AA, Robbins KR, Doerge RW. 2016. Half a century of studying geno-
type x environment interactions in plant breeding experiments. Crop 
Science 56: 2090–2105.

Ericsson T. 1995. Growth and shoot: root ratio of seedlings in relation to nu-
trient availability. In: Nilsson LO, Hüttl RF, Johansson UT, eds. Nutrient 
Uptake and Cycling in Forest Ecosystems. Proceedings of the CEC/
IUFRO Symposium Nutrient Uptake and Cycling in Forest Ecosystems 
Halmstad, Sweden, June, 7–10, 1993. Dordrecht: Springer Netherlands, 
205–214.

Etterson JR, Shaw RG. 2001. Constraint to adaptive evolution in response to 
global warming. Science 294: 151–155.

Fenner M, Thompson K. 2005. The ecology of seeds. Cambridge, UK: 
Cambridge University Press.

Fenollosa E, Munné-Bosch S. 2019. Physiological plasticity of plants facing 
climate change. Annual Plant Reviews Online 2: 837–866.

Filipe JAN, Kyriazakis I. 2019. Bayesian, likelihood-free modelling of pheno-
typic plasticity and variability in individuals and populations. Frontiers in 
Genetics 10: 1–24.

Finlay K, Wilkinson G. 1963. The analysis of adaptation in a plant-breeding 
programme. Australian Journal of Agricultural Research 14: 742–754.

Forsman A. 2015. Rethinking phenotypic plasticity and its consequences for 
individuals, populations and species. Heredity 115: 276–284.

Frankel N, Davis G, Wang S, Payre F, Stern D. 2010. Phenotypic robustness 
conferred by apparent redundant transcriptional enhancers. Nature 466: 
490–493.

Franklin KA. 2008. Shade avoidance. New Phytologist 179: 930–944.
Gage JL, Jarquin D, Romay C, et al. 2017. The effect of artificial selection on 

phenotypic plasticity in maize. Nature Communications 8: 1–11.
Galloway LF, Etterson JR. 2007. Transgenerational plasticity is adaptive in 

the wild. Science 318: 1134–1136.
Gavrilets S, Scheiner SM. 1993. The genetics of phenotypic plasticity. VI. 

Theoretical predictions for directional selection. Journal of Evolutionary 
Biology 6: 49–68.

Givnish TJ. 2002. Adaptive significance of evergreen vs. deciduous leaves: 
Solving the triple paradox. Silva Fennica 36: 703–743.

Gordo O, Sanz J. 2006. Temporal trends in phenology of the honey bee Apis 
mellifera (L.) and the small white Pieris rapae (L.) in the Iberian Peninsula 
(1952 – 2004). Evolutionary Ecology 31: 261–268.

Grime JP, Mackey JML. 2002. The role of plasticity in resource capture by 
plants. Evolutionary Ecology 16: 299–307.

Grossman JD, Rice KJ. 2012. Evolution of root plasticity responses to 
variation in soil nutrient distribution and concentration. Evolutionary 
Applications 5: 850–857.

Guswa A. 2008. The influence of climate on root depth: a carbon cost–benefit 
analysis. Water Resources Research 44: W02427.

Haaland T, Wright J, Ratikainen I. 2021. Individual reversible plasticity as 
a genotype-level bet-hedging strategy. Journal of Evolutionary Biology 
34: 1022–1033.

Harvell C, Padilla DK. 1990. Inducible morphology, heterochrony, and size 
hierarchies in a colonial invertebrate monoculture. Proceedings of the 
National Academy of Sciences 87: 508–512.

Herzog M, Striker GG, Colmer TD, Pedersen O. 2016. Mechanisms of 
waterlogging tolerance in wheat – a review of root and shoot physiology. 
Plant, Cell & Environment 39: 1068–1086.

Ho MD, Rosas JC, Brown KM, Lynch JP. 2005. Root architectural tradeoffs 
for water and phosphorus acquisition. Functional Plant Biology 32: 
737–748.

Hollander J. 2008. Testing the grain-size model for the evolution of pheno-
typic plasticity. Evolution 62: 1381–1389.

Hu TT, Pattyn P, Bakker EG, et al. 2011. The Arabidopsis lyrata genome 
sequence and the basis of rapid genome size change. Nature Genetics 43: 
476–481.

Huang B, Fry JD. 1998. Root anatomical, physiological, and morphological 
responses to drought stress for tall Fescue cultivars. Turfgrass Science 38: 
1017–1022.

Izem R, Kingsolver JG. 2005. Variation in continuous reaction norms: 
quantifying directions of biological interest. The American Naturalist 166: 
277–289.

Jiang L, Griffin CH, Wu R. 2020. SEGN: Inferring real-time gene net-
works mediating phenotypic plasticity. Computational and Structural 
Biotechnology Journal 18: 2510–2521.

Joly S, Schoen DJ. 2021. Repeated evolution of a reproductive polyphenism 
in plants is strongly associated with bilateral flower symmetry. Current 
Biology 31: 1515–1520.

Jones AM. 1994. Surprising signals in plant cells. Science 263: 183–184.
de Jong G. 1995. Phenotypic plasticity as a product of selection in a variable 

environment. The American Naturalist 145: 493–512.
Karban R, Nagasaka K. 2004. Are defenses of wild radish populations well 

matched with variability and predictablity of herbivory? Evolutionary 
Ecology 18: 283–301.

Kathiria P, Sidler C, Golubov A, Kalischuk M, Kawchuk LM, Kovalchuk 
I. 2010. Tobacco mosaic virus infection results in an increase in recombin-
ation frequency and resistance to viral, bacterial, and fungal pathogens in 
the progeny of infected tobacco plants. Plant Physiology 153: 1859–1870.

Kellermann V, McEvey SF, Sgrò CM, Hoffmann AA. 2020. Phenotypic 
plasticity for desiccation resistance, climate change, and future species 
distributions: will plasticity have much impact? American Naturalist 196: 
306–315.

Kelly SA, Panhuis TM, Stoehr AM. 2012. Phenotypic plasticity: molecular 
mechanisms and adaptive significance. Comprehensive Physiology 2: 
1417–1439.

Kenkel C, Matz M. 2016. Gene expression plasticity as a mechanism of coral 
adaptation to a variable environment. Nature Ecology & Evolution 1: 1–6.

Klem K, Holub P, Štroch M, et al. 2015. Ultraviolet and photosynthetically 
active radiation can both induce photoprotective capacity allowing barley 
to overcome high radiation stress. Plant Physiology and Biochemistry 93: 
74–83.

Van Kleunen M, Fischer M. 2004. Constraints on the evolution of adaptive 
phenotypic plasticity in plants. New Phytologist 166: 49–60.

Van Kleunen M, Fischer M, Schmid B. 2000. Costs of plasticity in foraging 
characteristics of a clonal plant Ranunculus reptans. Evolution 54: 
1947–1955.

Klingenberg CP. 2019. Phenotypic plasticity, developmental instability, 
and robustness: The concepts and how they are connected. Frontiers in 
Ecology and Evolution 7: 1–15.

Klupczyńska EA, Pawłowski TA. 2021. Regulation of seed dormancy and 
germination mechanisms in a changing environment. International 
Journal of Molecular Sciences 22: 1–18.

Koide R, Li M, Lewis J, Irby C. 1988. Role of mycorrhizal infection in the 
growth and reproduction of wild vs. cultivated plants. Oecologia 77: 
537–543.

Kolesnichenko AV, Pobezhimova TP, Grabelnych OI, et al. 2003. Difference 
between the temperature of non-hardened and hardened winter wheat seed-
ling shoots during cold stress. Journal of Thermal Biology 28: 235–244.

De Kroon H, Huber H, Stuefer JF, Van Groenendael JM. 2005. A modular 
concept of phenotypic plasticity in plants. New Phytologist 166: 73–82.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/130/2/131/6623579 by St. O

laf C
ollege user on 16 April 2026



Schneider — Phenotypic plasticity in plants146

Kusmec A, Srinivasan S, Nettleton D, Schnable PS. 2017. Distinct genetic 
architectures for phenotype means and plasticities in Zea mays. Nature 
Plants 3: 715–723.

Lachowiec J, Queitsch C, Kliebenstein DJ. 2016. Molecular mechanisms 
governing differential robustness of development and environmental re-
sponses in plants. Annals of Botany 117: 795–809.

Laitinen RAE, Nikoloski Z. 2019. Genetic basis of plasticity in plants. Journal 
of Experimental Botany 70: 739–745.

Larson G, Piperno DR, Allaby RG, Purugganan MD, Andersson L. 2014. 
Current perspectives and the future of domestication studies. Proceedings 
of the National Academy of Sciences 111: 6139–6146.

Latta L, Weider L, Colbourne J, Pfrender M. 2012. The evolution of salinity toler-
ance in Daphnia: a functional genomics approach. Ecology Letters 15: 794–802.

Levins R. 1968. Evolution in changing environments. Princeton, NJ: Princeton 
University Press.

Levy S, Siegal M. 2012. The robustness continuum. In: Soyer O, ed. 
Evolutionary systems biology. advances in experimental medicine and 
biology. New York, NY: Springer.

Li X, Guo T, Mu Q, Li X, Yu J. 2018. Genomic and environmental deter-
minants and their interplay underlying phenotypic plasticity. Procedia 
Environmental Sciences 115: 6679–6684.

Liu N, Du Y, Warburton ML, Xiao Y, Yan J. 2021. Phenotypic plasticity 
contributes to maize adaptation and geterosis. Molecular Biology and 
Evolution 38: 1262–1275.

Lloyd JPB, Lister R. 2022. Epigenome plasticity in plants. Nature Genetics 
23: 55–68.

Lobet G, Paez-Garcia A, Schneider H, Junker A, Atkinson JA, Tracy S. 
2019. Demystifying roots: a need for clarification and extended concepts 
in root phenotyping. Plant Science 282: 11–13.

Lonnstedt O, Mccormick MI, Chivers DP. 2013. Degraded environments 
alter prey risk assessment. Ecology and Evolution 3: 38–47.

Lucas RW, Forseth IN, Casper BB. 2008. Using rainout shelters to evaluate 
climate change effects on the demography of Cryptantha flava. Journal of 
Ecology 96: 514–522.

Lynch JP. 2013. Steep, cheap and deep: an ideotype to optimize water and N 
acquisition by maize root systems. Annals of Botany 112: 347–357.

Lynch JP, Chimungu JG, Brown KM. 2014. Root anatomical phenes asso-
ciated with water acquisition from drying soil: targets for crop improve-
ment. Journal of Experimental Botany 65: 6155–6166.

Ma P, Yanovsky MJ. 2009. Time for circadian rhythms: plants get synchron-
ized. Current Opinion in Genetics and Development 12: 574–579.

Madsen J. 1991. Plant allocation at the individual plant level. Aquatic Biology 
41: 67–86.

Des Marais DL, Hernandez KM, Juenger TE. 2013. Genotype-by-
environment interaction and plasticity: exploring genomic responses of 
plants to the abiotic environment. Annual Review of Ecology, Evolution, 
and Systematics 44: 5–29.

Martin AR, Isaac ME. 2021. The leaf economics spectrum’s morning coffee: 
plant size-dependent changes in leaf traits and reproductive onset in a per-
ennial tree crop. Annals of Botany 127: 483–493.

Martin-StPaul N, Delzon S, Cochard H. 2017. Plant resistance to drought de-
pends on timely stomatal closure. Ecology Letters 20: 1437–1447.

Matesanz S, Milla R. 2018. Differential plasticity to water and nutrients be-
tween crops and their wild progenitors. Environmental and Experimental 
Botany 145: 54–63.

Matsui T, Ehrenreich IM. 2016. Gene–environment interactions in stress re-
sponse contribute additively to a genotype–environment interaction. PLoS 
Genetics 12: 1–16.

McClung CR, Davis SJ. 2010. Ambient thermometers in plants: From physio-
logical outputs towards mechanisms of thermal sensing. Current Biology 
20: R1086–R1092.

Mi GH, Chen FJ, Wu QP, Lai NW, Yuan LX, Zhang FS. 2010. Ideotype 
root architecture for efficient nitrogen acquisition by maize in intensive 
cropping systems. Science China Life Sciences 53: 1369–1373.

Michimae H, Yoshida A, Emura T, Matsunami M, Nishimura K. 2018. 
Reconsidering the estimation of costs of phenotypic plasticity using the 
robust ridge estimator. Ecological Informatics 44: 7–20.

Miller-rushing AJ, Høye TT, Inouye DW, Post E. 2010. The effects of 
phenological mismatches on demography. Philosophical Transactions of 
the Royal Society B: Biological Sciences 365: 3177–3186.

Miner BG, Sultan SE, Morgan SG, Padilla DK, Relyea RA. 2005. Ecological 
consequences of phenotypic plasticity. Trends in Ecology and Evolution 
20: 685–692.

Miner BG, Vonesh JR. 2004. Effects of fine grain environmental variability on 
morphological plasticity. Ecology Letters 7: 794–801.

Moczek AP, Nijhout HF. 2003. Rapid evolution of a polyphenic threshold. 
Evolution and Development 5: 259–268.

Moler ER, Abakir A, Eleftheriou M, et al. 2018. Population epigenomics: 
advancing understanding of phenotypic plasticity, acclimation, adaptation 
and diseases. In: Rajora O, ed. Population genomics. Cham: Springer, 
179–260. doi:10.1007/13836_2018_59

Monforte AJ. 2020. Time to exploit phenotypic plasticity. Journal of 
Experimental Botany 71: 5295–5297.

Moran N. 1992. The evolutionary maintenance of alternative phenotypes. The 
American Naturalist 139: 971–989.

Morel-Journel T, Thuillier V, Pennekamp F, et al. 2020. A multidimensional 
approach to the expression of phenotypic plasticity. Functional Ecology 
34: 2338–2349.

Morgounov A, Özdemir F, Keser M, et al. 2021. Diversity and adaptation of 
currently grown wheat landraces and modern germplasm in Afghanistan, 
Iran, and Turkey. Crops 1: 54–67.

Morris WF, Traw MB, Bergelson J, Larsson S. 2006. On testing for a 
tradeoff between constitutive and induced resistance. Oikos 112: 102–110.

Morrissey MB, Liefting M. 2016. Variation in reaction norms: Statistical con-
siderations and biological interpretation. Evolution 70: 1944–1959.

Murren CJ, Auld JR, Callahan H, et al. 2015. Constraints on the evolution 
of phenotypic plasticity: limits and costs of phenotype and plasticity. 
Heredity 115: 293–301.

Murren CJ, Maclean HJ, Diamond SE, et al. 2014. Evolutionary change in 
continuous reaction norms. American Naturalist 183: 453–467.

Naegle ER, Burton JW, Carter TE, Rufty TW. 2005. Influence of seed ni-
trogen content on seedling growth and recovery from nitrogen stress. 
Plant and Soil 271: 329–340.

Nicotra AB, Atkin OK, Bonser SP, et al. 2010. Plant phenotypic plasticity in 
a changing climate. Trends in Plant Science 15: 684–692.

Nielsen ME. 2022. Why study plasticity in multiple traits? New hypotheses for 
how phenotypically plastic traits interact during development and selec-
tion. Evolution 76: 858–869.

Nielsen KL, Eshel A, Lynch JP. 2001. The effect of phosphorus availability on 
the carbon economy of contrasting common bean (Phaseolus vulgaris L.) 
genotypes. Journal of Experimental Botany 52: 329–339.

Nijhout HF. 2003. Development and evolution of adaptive polyphenisms. 
Evolution and Development 5: 9–18.

Noh S, Everman ER, Berger CM, Morgan TJ. 2017. Seasonal variation in 
basal and plastic cold tolerance: adaptation is influenced by both long- and 
short-term phenotypic plasticity. Ecology and Evolution 7: 5248–5257.

Novoplansky A. 2002. Developmental plasticity in plants: implications of non- 
cognitive behavior. Evolutionary Ecology 16: 177–188.

Nunes A, Orizaola G, Laurila A, Rebelo R. 2014. Rapid evolution of con-
stitutive and inducible defenses against an invasive predator. Ecology 95: 
1520–1530.

Nussey DH, Wilson AJ, Brommer JE. 2007. The evolutionary ecology of in-
dividual phenotypic plasticity in wild populations. European Society for 
Evolutionary Biology 20: 831–844.

Padilla DK, Adolph SC. 1996. Plastic inducible morphologies are not always 
adaptive: The importance of time delays in a stochastic environment. 
Evolutionary Ecology 10: 105–117.

Palacio-López K, Beckage B, Scheiner S, Molofsky J. 2015. The ubiquity 
of phenotypic plasticity in plants: A synthesis. Ecology and Evolution 5: 
3389–3400.

Pélabon C, Hilde CH, Einum S, Gamelon M. 2020. On the use of the coeffi-
cient of variation to quantify and compare trait variation. Evolution Letters 
4: 180–188.

Pennacchi JP, Marcel J, Lira S, et al. 2021. A systemic approach to the 
quantification of the phenotypic plasticity of plant physiological traits: 
the multivariate plasticity index. Journal of Experimental Botany 72: 
1864–1878.

Perrone A, Martinelli F. 2020. Plant stress biology in epigenomic era. Plant 
Science 294: 110376.

Pfennig D (Ed.). 2021. Phenotypic plasticity & evolution: causes, conse-
quences, controversies. Boca Raton, FL: CRC Press Taylor and Francis 
Group.

Piersma T, Drent J. 2003. Phenotypic flexibility and the evolution of organ-
ismal design. Trends in Ecology and Evolution 18: 228–233.

Polgar C, Primack R. 2011. Leaf-out phenology of temperate woody plants: 
from trees to ecosystems. New Phytologist 191: 926–941.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/130/2/131/6623579 by St. O

laf C
ollege user on 16 April 2026

https://doi.org/10.1007/13836_2018_59


Schneider — Phenotypic plasticity in plants 147

Poorter H, Nagel O. 2000. The role of biomass allocation in the growth re-
sponse of plants to different levels of light, CO2, nutrients and water: a 
quantitative review. Australian Journal of Plant Physiology 27: 595–607.

Prusty MR, Bdolach E, Yamamoto E, et al. 2021. Genetic loci mediating 
circadian clock output plasticity and crop productivity under barley do-
mestication. New Phytologist 230: 1787–1801.

Reed TE, Robin SW, Schindler DE, Hard JJ, Kinnison MT. 2010. 
Phenotypic plasticity and population viability: The importance of envir-
onmental predictability. Proceedings of the Royal Society B: Biological 
Sciences 277: 3391–3400.

Reeve H. 1989. The evolution of conspecific acceptance thresholds. American 
Society of Naturalists 133: 407–435.

Res C, Doi H, Gordo O, Katano I. 2008. Heterogeneous intra-annual cli-
matic changes drive different phenological responses at two trophic levels. 
Climate Research 36: 181–190.

Richards CL, Bossdorf O, Muth NZ, Gurevitch J, Pigliucci M. 2006. Jack 
of all trades, master of some? On the role of phenotypic plasticity in plant 
invasions. Ecology Letters 9: 981–993.

Rivera HE, Aichelman HE, Fifer JE, et al. 2021. A framework for under-
standing gene expression plasticity and its influence on stress tolerance. 
Molecular Ecology 30: 1381–1397.

Robinson D. 1994. The responses of plants to non-uniform supplies of nutri-
ents. New Phytologist 127: 635–674.

Rodrigo J. 2000. Spring frosts in deciduous fruit trees-morphological damage 
and flower hardiness. Scientia Hotriculturae 85: 155–173.

Sachs T. 2002. Consequences of the inherent developmental plasticity of organ 
and tissue relations. Evolutionary Ecology 16: 243–265.

Sadras VO, Denison RF. 2016. Neither crop genetics nor crop management 
can be optimised. Field Crops Research 189: 75–83.

Sadras VO, Reynolds MP, de la Vega AJ, Petrie PR, Robinson R. 2009. 
Phenotypic plasticity of yield and phenology in wheat, sunflower and 
grapevine. Field Crops Research 110: 242–250.

Sadras VO, Richards RA. 2014. Improvement of crop yield in dry envir-
onments: benchmarks, levels of organisation and the role of nitrogen. 
Journal of Experimental Botany 65: 1981–1995.

Sarkar S. 2004. From the Reaktionsnorm to the evolution of adaptive plasti-
city. In: Scheiner S, DeWitt T, eds. Phenotypic plasticity: functional and 
conceptual approaches. New York: Oxford University Press, 10–30.

Scheiner SM. 2003. Genetics and evolution of phenotypic plasticity. Annual 
Review of Ecology and Systematics 24: 35–68.

Scheiner SM, Barfield M, Holt RD. 2020. The genetics of phenotypic plas-
ticity. XVII. Response to climate change. Evolutionary Applications 13: 
388–399.

Schlichting CD. 1986. The evolution of phenotypic plasticity in plants. Annual 
Review of Ecology and Systematics 17: 667–693.

Schlichting CD, Levin DA. 1988. Phenotypic plasticity in phlox. I. Wild and 
cultivated populations of P. drummondii. American Journal of Botany 75: 
161–169.

Schlichting CD, Pigliucci M. 1998. Phenotypic evolution: a reaction norm 
perspective. Sunderland, MA: Sinauer Associates.

Schlichting C, Smith H. 2002. Phenotypic plasticity: linking molecular mech-
anisms with evolutionary outcomes. Evolutionary Ecology 16: 189–211.

Schmitt J, Stinchcombe JR, Shane Heschel M, Huber H. 2003. The adap-
tive evolution of plasticity: Phytochrome-mediated shade avoidance re-
sponses. Integrative and Comparative Biology 43: 459–469.

Schneider HM, Lynch JP. 2020. Should root plasticity be a crop breeding 
target? Frontiers in Plant Science 11: 1–16.

Schou MF, Mouridsen MB, Sørensen JG. 2017. Linear reaction norms of 
thermal limits in Drosophila: predictable plasticity in cold but not in heat 
tolerance. Functional Ecology 31: 934–945.

Schuler MS, Orrock JL. 2012. The maladaptive significance of maternal ef-
fects for plants in anthropogenically modified environments. Evolutionary 
Ecology 26: 475–481.

Schuman MC, Baldwin IT. 2016. The layers of plant responses to insect 
herbivores. Annual Review of Entomology 61: 373–394.

Shimizu H, Maruoka M, Ichikawa N, et al. 2010. Genetic control of pheno-
typic plasticity in Asian cultivated and wild rice in response to nutrient and 
density changes. Genome 53: 211–223.

Sjulgård H, Iseskog D, Kirchgessner N, Bengough AG, Keller T, Colombi 
T. 2021. Reversible and irreversible root phenotypic plasticity under 
fluctuating soil physical conditions. Environmental and Experimental 
Botany 188: 104494.

Slotsbo S, Schou MF, Kristensen TN, Loeschcke V, Sørensen JG. 2016. 
Reversibility of developmental heat and cold plasticity is asymmetric 

and has long-lasting consequences for adult thermal tolerance. Journal of 
Experimental Biology 219: 2726–2732.

Snell-Rood EC. 2012. Selective processes in development: Implications for the 
costs and benefits of phenotypic plasticity. Integrative and Comparative 
Biology 52: 31–42.

Sole-Medina A, Robledo-Arunincio J, Ramirez-Valienta J. 2022. Multi-
trait genetic variation in resource-use strategies and phenotypic plasti-
city correlates with local climate across the range of a Mediterranean oak 
(Quercus faginea). New Phytologist 234: 462–478.

Sommer RJ. 2020. Phenotypic plasticity: From theory and genetics to current 
and future challenges. Genetics 215: 1–13.

Sprugel D, Hinckley T, Schaap W. 1991. The theory and practice of branch 
autonomy. Annual Review of Ecology and Systematics 22: 209–334.

Stearns SC. 1989. The evolutionary significance of phenotypic plasticity. 
BioScience 39: 436–445.

Steinger T, Roy BA, Stanton ML. 2003. Evolution in stressful environments 
II: Adaptive value and costs of plasticity in response to low light in Sinapis 
arvensis. Journal of Evolutionary Biology 16: 313–323.

Stinchcombe JR, Rutter MT, Burdick DS, Tiffin P, Rausher MD, Mauricio 
R. 2002. Testing for environmentally induced bias in phenotypic esti-
mates of natural selection: Theory and practice. American Naturalist 160: 
511–523.

Stotz GC, Salgado-Luarte C, Valladares F, Gianoli E. 2021. Global trends in 
phenotypic plasticity of plants. Ecology Letters 24: 2267–2281.

Strock CF, Lynch JP. 2020. Root secondary growth: an unexplored compo-
nent of soil resource acquisition. Annals of Botany 126: 205–218.

Strock CF, Morrow de la Riva L, Lynch J. 2018. Reduction in root secondary 
growth as a strategy for phosphorus acquisition. Plant Physiology 176: 
691–703.

Sultan SE. 2000. Phenotypic plasticity for plant development, function and life 
history. Trends in Plant Science 5: 537–542.

Sultan S. 2015. Organisms and environment: ecological development, niche 
construction, and adaptation. Oxford, UK: Oxford University Press.

Sultan SE, Stearns SC. 2005. Environmentally contingent variation: 
Phenotypic plasticity and norms of reaction. In: Hall B, Hallgrimsson B, 
eds. Variation: a hierarchical examination of a central concept in biology. 
New York: Elsevier Academic Press, 303–332.

Thaler P, Pages L. 1996. Root apical diameter and root elongation rate 
of rubber seedlings (Hevea brasiliemis) show parallel responses to 
photoassimilate availability. Physiologia Plantarum 97: 365–371.

Van Tienderen PH. 1991. Evolution of generalists and specialists in spatially 
heterogeneous environments. Evolution 45: 1317–1331.

Tufto J. 2015. Genetic evolution, plasticity, and bet-hedging as adaptive re-
sponses to temporally autocorrelated fluctuating selection: A quantitative 
genetic model. Evolution 69: 2034–2049.

Utz M, Jeschke JM, Loeschcke V, Gabriel W. 2014. Phenotypic plasticity 
with instantaneous but delayed switches. Journal of Theoretical Biology 
340: 60–72.

Valladares F, Sanchez-gomez D, Zavala MA. 2006. Quantitative estimation 
of phenotypic plasticity: bridging the gap between the evolutionary con-
cept and its ecological applications. Journal of Ecology 94: 1103–1116.

Via S, Gomulkiewicz R, De Jong G, Scheiner S, Schlichting C, Van 
Tienderen P. 1995. Adaptive phenotypic plasticity: consensus and con-
troversy. Tree 10: 212–217.

Vitasse Y, Bresson CC, Kremer A, Michalet R. 2010. Quantifying pheno-
logical plasticity to temperature in two temperate tree species. Functional 
Ecology 24: 1211–1218.

Wang S, Feng WW, Liu MC, et al. 2022. Inherent conflicts between reaction 
norm slope and plasticity indices when comparing plasticity: a conceptual 
framework and empirical test. Oecologia 198: 593–603.

Wang Z, Pang X, Wu W, Wang J, Wang Z, Wu R. 2013. Modeling pheno-
typic plasticity in growth trajectories: a statistical framework. Evolution 
68: 81–91.

Watson M, Geber MA, Jones CS. 1995. Ontogenetic contingency and the ex-
pression of plant plasticity. Tree 10: 474–475.

Wayne P, Bazzaz F. 1993. Birch seedling responses to daily time courses of 
light in experimental forest gaps and shadehouses. Ecology 74: 1500–1515.

Weijschede J, Martinkova K, de Kroon H, Huber H. 2006. Shade avoidance 
in Trifolium repens: costs and benefits of plasticity in petiole length and 
leaf size. New Phytologist 172: 655–666.

Weiner J. 2004. Allocation, plasticity, and allometry in plants. Perspectives in 
Plant Ecology, Evolution and Systematics 6: 207–215.

Weinig C, Delph LF. 2001. Phenotypic plasticity early in life constrains devel-
opmental responses. Evolution 55: 930–936.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/130/2/131/6623579 by St. O

laf C
ollege user on 16 April 2026



Schneider — Phenotypic plasticity in plants148

Wells CL, Pigliucci M. 2000. Adaptive phenotypic plasticity: The case of het-
erophylly in aquatic plants. Perspectives in Plant Ecology, Evolution and 
Systematics 3: 1–18.

Wennersten L, Forsman A. 2012. Population‐level consequences of polymorphism 
plasticity and randomized phenotype. Biological Reviews 87: 756–767.

Werner MS, Sieriebriennikov B, Loschko T, et al. 2017. Environmental in-
fluence on Pristionchus pacificus mouth form through different culture 
methods. Scientific Reports 7: 1–12.

West-Eberhard M. 2003. Developmental plasticity and evolution. New York: 
Oxford University Press.

Westerband AC, Funk JL, Barton KE. 2021. Intraspecific trait variation 
in plants: a renewed focus on its role in ecological processes. Annals of 
Botany 127: 397–410.

Westneat DF, Potts LJ, Sasser KL, Shaffer JD. 2019. Causes and conse-
quences of phenotypic plasticity in complex environments. Trends in 
Ecology & Evolution 34: 555–568.

Wiley R. 2015. Noise matters: the evolution of communication. Cambridge, 
MA: Harvard University Press.

Winn AA. 2004. Natural selection, evolvability and bias due to environmental 
covariance in the field in an annual plant. Journal of Evolutionary Biology 
17: 1073–1083.

Woods HA, Harrison JF. 2002. Interpreting rejections of the beneficial acclima-
tion hypothesis: When is physiological plasticity adaptive? Evolution 56: 
1863–1866.

Wu X, Sun T, Xu W, et al. 2021. Unraveling the genetic architecture of two 
complex, stomata-related drought-responsive traits by high-throughput 
physiological phenotyping and GWAS in cowpea (Vigna. Unguiculata L. 
Walp). Frontiers in Genetics 12: 1–11.

Xie X, Quintana MR, Sandhu N, Subedi SR, Zou Y. 2021. Establishment 
method affects rice root plasticity in response to drought and its rela-
tionship with grain yield stability. Journal of Experimental Botany 72: 
5208–5220.

Xue BK, Leibler S. 2018. Benefits of phenotypic plasticity for popu-
lation growth in varying environments. Proceedings of the 
National Academy of Sciences of the United States of America 115: 
12745–12750.

Yang D, Jin Y, He X, Dong A, Wang J, Wu R. 2021. Inferring multilayer 
interactome networks shaping phenotypic plasticity and evolution. Nature 
Communications 12: 1–17.

Ye M, Jiang L, Chen C, Zhu X, Wang M, Wu R. 2019. np2QTL: networking 
phenotypic plasticity quantitative trait loci across heterogeneous environ-
ments. Plant Journal 99: 796–806.

Zargar SM, Nagar P, Deshmukh R, et al. 2017. Aquaporins as potential 
drought tolerance inducing proteins: Toward instigating stress tolerance. 
Journal of Proteomics 169: 233–238.

Zhu J, Zhang C, Lynch JP. 2010. The utility of phenotypic plasticity of root 
hair length for phosphorus acquisition. Functional Plant Biology 37: 
313–322.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article/130/2/131/6623579 by St. O

laf C
ollege user on 16 April 2026


