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Abstract 2 

Organisms are typically assumed to respond to environmental change by genetic adaptation or 3 

by phenotypic plasticity. While genetic tracking is potentially too slow to keep up with climate 4 

change, plasticity allows rapid responses to fluctuation and may moreover accelerate 5 

adaptation by genetic accommodation. However, phenotypic plasticity relies on environmental 6 

cues, and especially in the case of trans-generational plasticity these cues are imperfect 7 

indicators of future change. Decision-making under uncertain conditions favors diversified bet-8 

hedging, a strategy of spreading risks by investing in a range of offspring phenotypes rather 9 

than a single optimal phenotype. Despite their close similarity, trans-generational plasticity and 10 

bet-hedging remain poorly connected, and the role of bet-hedging in adapting to climate change 11 

is rarely considered. We here develop a unifying framework: based on traits with binary 12 

outcomes (e.g. seed germination; wing polyphenism; diapause incidence) we clarify that 13 

diversified bet-hedging and trans-generational plasticity are mutually exclusive strategies, 14 

arising from opposing changes in reaction norms (allocating phenotypic variance among or 15 

within environments). Since these two strategies have in common that they shape phenotypic 16 

variance within populations, both may determine evolutionary dynamics and hence resilience 17 

to climate change. We advocate that a paradigm shift is required to accommodate the role of 18 

bet-hedging in evolution. 19 

Keywords: Phenotypic plasticity, Trans-generational plasticity, Bet-hedging, Coin-20 

flipping, GxE, Canalization, Adaptation, Climate change   21 



Climate change: coping with variance 22 

Global CO2 concentrations are acceleratingly rising since at least 100 years (IPCC, 2014). 23 

Associated changes in abiotic conditions such as temperatures (Sinervo et al., 2010; Frölicher 24 

et al., 2018), precipitation patterns (McLaughlin et al., 2002; Trenberth, 2011) and drought 25 

occurrences (Harrison, 2000; Samaniego et al., 2018) may drive species to extinction (Urban, 26 

2015), either directly or by disrupting trophic or intraspecific interactions (Shlesinger and 27 

Loya, 2019; Visser and Gienapp, 2019). To prevent further biodiversity loss we require accurate 28 

information about species’ responses to change. The current rates of change are, however, 29 

unprecedented, so climate change predictions represent an interpolation beyond currently 30 

available data, and hence are inherently uncertain (Stainforth et al., 2007; Urban et al., 2016). 31 

Moreover, patterns of climate variability and predictability are themselves changing (Easterling 32 

et al., 2000; Lenton et al., 2017; Bathiany et al., 2018), which not only affects our ability to 33 

derive informed decisions, but also imposes further threats to species survival (IPCC, 2014; 34 

Bolt et al., 2018). For example, extreme events may cause environmental changes that force 35 

species beyond their fundamental niches and directly cause local extinction (Sinervo et al., 36 

2010; Tinsley et al., 2015). More subtle effects include longer bouts of extreme conditions, 37 

which, for example, shift the sex ratio in species with environment-dependent sex 38 

determination (Janzen, 1994; Easterling et al., 2000). Changes in the temporal autocorrelation 39 

of environmental conditions can impact interactions among species, affect network stability 40 

(Yang et al., 2019) and contribute to ecological tipping points (Bolt et al., 2018). The twofold 41 

challenge of changing means and changing variability is therefore key to understanding 42 

extinction. 43 

Responses to environmental change depend on the timescale of fluctuation (Rando and 44 

Verstrepen, 2007; Stomp et al., 2008). Fluctuations over very short terms can be addressed by 45 

physiological or behavioral buffering (Kearney et al., 2009), i.e. short-term responses that leave 46 

no lasting effects on the phenotype. Environmental change that occurs over the lifetime of an 47 

organism can be tackled by within-generational plasticity, i.e. by plastic adjustment of 48 

developmental pathways that lead to alternative phenotypes (Krueger and Dodson, 1981). 49 

Long-term changes that occur gradually over many generations, on the other hand, impose 50 

selection pressure and cause genetic adaptation (Gorter et al., 2015). Intergenerational and 51 

transgenerational plasticity, the induction of phenotypic change in the offspring generation 52 

(Donelson et al., 2018) or succeeding generations (Herman et al., 2014; Shama and Wegner, 53 

2014), lies between those extremes. Thus, trans-generational plasticity is mostly expected when 54 

environmental conditions are only partially predictable across generations. 55 

In view of recent climatic change and decreasing short-and long-term predictability, the role of 56 

phenotypic plasticity has been aptly discussed: multiple timely reviews have highlighted the 57 

importance of phenotypic plasticity not only in coping with changing environments, but also 58 

in steering the evolvability of traits in a changing climate (Fox et al., 2019). Trans-generational 59 

plasticity is also increasingly recognised as key player under predictable environments (Shama 60 

and Wegner, 2014; Baker et al., 2019), especially as the molecular basis is being uncovered 61 

(Rando and Verstrepen, 2007; Jablonka and Raz, 2009; Heard and Martienssen, 2014). 62 

Nevertheless, there is a lack of studies under only partially predictable conditions (Donelson et 63 



al., 2018; Burgess and Marshall, 2014; but see 2011). Unpredictable conditions generally 64 

favour bet-hedging strategies, i.e. strategies that reduce long-term fitness variance (Starrfelt 65 

and Kokko, 2012), and partially predictable conditions are expected to favour a mix of plastic 66 

and bet-hedging strategies (Donaldson-Matasci et al., 2013). Especially diversified bet-67 

hedging, or the strategy to ‘not put all eggs into one basket’ by increasing the variance among 68 

offspring phenotypes, is closely related to transgenerational plasticity. Nevertheless, bet-69 

hedging and transgenerational plasticity are surprisingly rarely discussed in unison, and the 70 

role of bet-hedging in adapting to climate change and possibly in accelerating trait evolvability 71 

remains obscure. A lack of clarity in the definition of both bet-hedging and phenotypic 72 

plasticity did neither promote an integrated view: plasticity refers typically to reaction norm 73 

shapes and their evolutionary outcome, while bet-hedging is defined only as an evolutionary 74 

risk spreading strategy. We here unify the two strategies in a common framework. We first 75 

provide a short review of (transgenerational) plasticity, bet-hedging, and their joint action as is 76 

envisioned to date, subsequently provide our own interpretation, and end with outstanding 77 

question in terms of understanding and predicting species’ adaptation to climate change. 78 

(Transgenerational) plasticity: adapting to changing environments 79 

Phenotypic plasticity is a cornerstone of ecological and evolutionary theory (West-Eberhard, 80 

2003; Pigliucci, 2005; Laland et al., 2015). It refers to changes of the phenotype in response to 81 

an environmental cue, usually over the course of development. Alternatively, phenotypic 82 

expression may be influenced by its parents’ environmental conditions via parental effects 83 

(intergenerational plasticity), or via transmission of epigenetic information through the germ 84 

line (trans-generational plasticity). In any case, phenotypic plasticity often carries a connotation 85 

of being adaptive, as it allows matching the phenotype with the environment (Debat and David, 86 

2001). Our modern view of plasticity (Bradshaw, 1965) is based on the combination of 87 

phenotypic variation with Woltereck`s (1913) concept of a reaction norm (Nicoglou, 2015). 88 

Trans-generational plasticity (and intergenerational plasticity) are obviously more difficult to 89 

visualize as there are multiple environments involved, but they can also be depicted as reaction 90 

norms of parental environment and offspring phenotype (Agrawal, 2001; Shama and Wegner, 91 

2014). This explicit focus on a reaction norm makes plasticity an ecological process with which 92 

organisms cope with environmental change. In contrast to the above definition, one can also 93 

regard plasticity by its outcome on evolution: Nongenetic variation (or environmental variance, 94 

𝜎𝐸
2) reduces the heritability of a trait, ℎ2 =

𝜎𝐺
2

𝜎𝐺
2+𝜎𝐸

2 (Wright, 1920) and hence the response to 95 

selection via the breeder’s equation, 𝑅 = ℎ2 ∗ 𝑆. A great deal of the phenotypic variance is due 96 

to phenotypic plasticity; it is hence not a surprise that plasticity has been considered a nuisance 97 

parameter in evolutionary biology (Falconer, 1952). Since the 1980s it has, however, become 98 

apparent that plasticity itself is a trait that can evolve (Via and Lande, 1985; Schlichting, 1986; 99 

Nicoglou, 2015). For example, plasticity in egg laying dates of Parus major has increased in 100 

response to an increasing mismatch with food peak abundance, and this plasticity included a 101 

significant heritable component (Nussey et al., 2005). It is this focus on evolutionary outcomes 102 

that received most attention in light of recent climate change (Hollander et al., 2015; Fox et al., 103 

2019). 104 



There is an ongoing debate whether plasticity and parental effects are sufficiently incorporated 105 

in the modern synthesis, which predominantly focusses on the role of genetic variation in 106 

driving evolutionary change (Laland et al., 2014). On the one hand, the evolution of plasticity 107 

can be explained by standard evolutionary theory, just like any other trait under selection (De 108 

Jong, 2005). On the other hand, plasticity can create novel eco-evolutionary feedbacks that 109 

may alter the course and speed of evolution (West-Eberhard, 2003; Levis and Pfennig, 2016; 110 

Kelly, 2019). In short, typical environmental conditions do not exert selection pressure on 111 

extreme plasticity, giving rise to cryptic genetic variation in phenotypic plasticity  (Paaby and 112 

Rockman, 2014). When the environment changes, the more plastic genotypes are favoured by 113 

selection. This may lead to the evolution of mechanisms that make the phenotypic change 114 

heritable (genetic accommodation), and stabilizing selection may then canalise the phenotype, 115 

so that the plasticity is lost and the genotype shifted to a new mean (genetic assimilation) 116 

(Crispo, 2007; Moczek, 2007). Regardless of whether this form of “plasticity-first” evolution 117 

becomes incorporated into a novel evolutionary theory (Laland et al., 2014), it plays an 118 

important role in adapting to rapid environmental change (Kelly, 2019). 119 

In summary, the term phenotypic plasticity originally referred to reaction norm shapes, but is 120 

currently often used when a holistic view on phenotypic variance (which includes plasticity) 121 

would be better suited. Trans-generational plasticity, in particular, receives special attention as 122 

presumably adaptive responses to climate change, while non-plastic modes of 123 

transgenerational variation remain less studied. 124 

 125 

Bet-hedging: surviving in unpredictable environments  126 

Bet-hedging theory has historically been described from a fundamentally different perspective, 127 

as the focus was mostly on its outcome on evolution. Bet-hedging is, in short, the reduction of 128 

fitness variance at the cost of arithmetic mean fitness (Cohen, 1966; Seger and Brockmann, 129 

1987; Starrfelt and Kokko, 2012). Population growth (and by extension, fitness) is a 130 

multiplicative process, and the loss due to negative variation can be higher than the gain due to 131 

positive variation (Jensen’s inequality). In the extreme case a population may die out in a year 132 

with unsuitable conditions, despite high arithmetic mean growth rate. This sensitivity to 133 

variance can make a lower, but less fluctuating reproductive output pay off (Cohen, 1966).  134 

Long-term fitness variance may be reduced by avoiding risky investments (conservative bet-135 

hedging), or by spreading the risk among one’s offspring (diversified bet-hedging), i.e. 136 

producing offspring with varying phenotypes (Seger and Brockmann, 1987; Starrfelt and 137 

Kokko, 2012). Consider, for example, the extension of a species’ phenology (seasonal timing) 138 

with climate change (see box 1 for a numerical example): extending the growth season into 139 

autumn might provide higher arithmetic mean fitness, but also increases the risk of damage by 140 

occasional early frosts. Hence it may pay off to hibernate early as a conservative bet-hedging 141 

strategy (Hopper, 1999). Diversified bet-hedging, on the other hand, would be the continued 142 

production of both hibernating and non-hibernating phenotypes, such that the genotype benefits 143 

to some extent from good years, but also is not driven to extinction in bad years (Halkett et al., 144 

2004). Thus it is immediately obvious that bet-hedging strategies are an important component 145 

of adapting to climate change. Other examples of bet-hedging are seed banks of desert annuals 146 



(Cohen, 1966); diapausing strategies of annual killifish (Furness et al., 2015); dispersal 147 

polyphenisms (Grantham et al., 2016); and the evolution of facultative sexual reproduction 148 

(Gerber and Kokko, 2018). All of those bet-hedging strategies have in common that they 149 

maximize geometric mean fitness by decreasing fitness variance, at the cost of the arithmetic 150 

mean. 151 

While phenotypic plasticity was first developed from a reaction norm perspective and later 152 

assessed for its role in adaptation, bet-hedging lacks a firm physiological and developmental 153 

basis. The processes that generate random noise were not considered in early studies of bet-154 

hedging (Cohen, 1966; Seger and Brockmann, 1987); at that time developmental variation was 155 

assumed to be maladaptive, and to be actively avoided (Waddington, 1942). The idea that 156 

developmental instability may also serve as bet-hedging trait followed only later (e.g. Simons 157 

and Johnston, 1997; Veening et al., 2008). In short, low copy numbers e.g. of transcriptional 158 

regulators may cause sampling errors which get amplified in the protein regulatory network 159 

(Kærn et al., 2005). This results in phenotypic variance, either of single cells (Volfson et al., 160 

2006) or among cells of the same organism (Woods, 2014; Dueck et al., 2016). In the extreme 161 

case the “noise” affects developmental pathways and causes random determination of 162 

alternative phenotypes (Perrin, 2016). Selection for low copy numbers or slow regulator 163 

kinetics may thus provide a way to generate bet-hedging strategies (Simons and Johnston, 164 

1997; Kærn et al., 2005).  165 

A second theory regarding the creation of adaptive phenotypic variance is that it can be 166 

achieved by overly relying on cues with little predictive power (“microplasticity”, Simons and 167 

Johnston, 2006; “hyperplasticity”, Scheiner and Holt, 2012). For example (Maxwell and 168 

Magwene, 2017) engineered a yeast model that evolved a response to estradiol, a compound 169 

that was entirely unrelated to fitness but ensured phenotypic variance in a fluctuating 170 

environment. This idea has the advantage that variance does not require a de novo evolution of 171 

a separate system, but is achieved by repurposing existing phenotypic plasticity. On the other 172 

hand, developmental instability may reduce the costs of keeping the phenotype canalized 173 

(Tucić et al., 2005). Either way, one may argue that developmental instability is not an 174 

alternative to, but a special case of plasticity (Bradshaw, 1965) – the only difference is that the 175 

plastic reaction is on the cellular level rather than a reaction to the macroscopic environment. 176 

Thus, no matter how phenotypic variance is achieved, it can be described by reaction norm 177 

slopes, establishing a firm relationship to transgenerational plasticity. Importantly, the theories 178 

require the presence of two separate systems (two reaction norms, or one reaction norm and 179 

one noise generator), a condition that we will challenge later. 180 

 181 
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  183 

the other half follow the second strategy. 

The arithmetic mean offspring numbers 

are thus 50.5 (
100+1

2
) for the first genotype, 

but only 11 for the second and 30.75 

(
50.5+11

2
) for the third genotype. 

Nevertheless, the bet-hedging strategies 

already pay off after four years, because 

the high between-years variance stalls the 

exponential growth of genotype 1 (see 

figure). This shows that the arithmetic 

mean does not adequately describe fitness 

(Seger and Brockmann 1987; Simons 

2011; Starrfelt and Kokko 2012).  

 

Aphids reproduce by parthenogenesis during summer, which enables quick population 

growth; in winter frost kills the soft-bodied insects and only diapausing eggs survive (Simon 

et al. 2002). The struggle to keep the growing season long on one hand and to avoid death on 

the other hand puts diapause timing under intense selection pressure. In the following we will 

consider three strategies to cope with unpredictable conditions. First, a genotype may time 

diapause such that it coincides with mean winter onset (arithmetic mean optimization); this is 

the strategy that may be intuitively expected. This genotype profits from high offspring 

numbers (say, 100 offspring) in half of the years, i.e. when winter is later than in an average 

year, but high mortality (1 surviving offspring) in the other half. A second genotype, the 

conservative bet-hedger, may diapause earlier in the year and may have 11 offspring 

regardless of winter onset. Thirdly, a genotype may reproduce with a mixed 

strategy(diversified bet-hedging), in which half of the offspring follow the first strategy and 

Box 1: A bet-hedging example  

 



Bet-hedging and transgenerational plasticity: complementary or related? 184 

Our short review of plasticity and bet-hedging should have made clear that there is large 185 

conceptual overlap not only in the processes of establishing transgenerational plasticity 186 

(determining offspring traits) and diversified bet-hedging (variance in offspring traits), but also 187 

in their evolutionary outcomes (coping with variability vs. coping with unpredictability). While 188 

some models considered the evolution of bet-hedging of a plastic trait with no evolution of 189 

plasticity (Venable and Brown, 1988; Halkett et al., 2004; Kivela et al., 2016), others have 190 

explicitly modelled their joint evolution. Consistent with the two ideas of generating trait 191 

variance, bet-hedging was either modelled as a reaction norm to random noise (e.g. Tufto, 192 

2015), or as instability locus (Scheiner, 2014) or error probability (Sasaki and Jong, 1999; 193 

Donaldson-Matasci et al., 2013), though one notable exception modelled bet-hedging as a 194 

random decision between two reaction norms (Botero et al., 2015). It was then tested under 195 

which conditions plasticity or bet-hedging dominate. Plasticity is generally favoured when 196 

environmental change is predictable, while bet-hedging is favoured under unpredictable 197 

conditions (Scheiner, 2014; Tufto, 2015), such as those imposed by climate change. The 198 

balance depends, however, also on how environmental uncertainty is timed (within vs. between 199 

generations) and structured (shared uncertainty vs microenvironmental variation) (Donaldson-200 

Matasci et al., 2013); on dispersal modes and environmental autocorrelation (Scheiner, 2014; 201 

Marshall and Burgess, 2015); and on physiological costs (Zhang and Hill, 2005) and limits 202 

(Tufto, 2015) of phenotypic plasticity and bet-hedging (Starrfelt and Kokko, 2012). We wish 203 

to reiterate that all of those models build on the premise that bet-hedging and plasticity are 204 

separate traits. As we will reason below, this condition may not be true for some of the most 205 

archetypical bet-hedging examples. 206 

Bet-hedging and transgenerational plasticity: a problem of variance partitioning 207 

For our own description of transgenerational plasticity and diversified bet-hedging we find it 208 

crucial to make a distinction between processes and emerging strategies. To avoid confusion, 209 

we will therefore not refer to plasticity or bet-hedging strategies in our description of processes, 210 

but rather introduce a set of terms that describes reaction norm shapes independently of their 211 

expected evolutionary outcome. Similarly, when describing evolutionary outcomes, we wish 212 

to refrain from terms like “canalization” or “robustness”, as we find them better suited to 213 

describe reaction norm properties. 214 

The canonical bet-hedging example is the germination strategy of annual desert plants, in 215 

which seeds may either germinate or stay dormant in a given year (Cohen, 1966). Many other 216 

examples of bet-hedging share the basic concept that the mother decides among two 217 

phenotypes of its offspring (e.g. diapause, facultative sex). The probability of each state – or, 218 

from the mother’s perspective, the proportion of offspring – in response to an environmental 219 

cue can be described by a polyphenic reaction norm (Fig. 1A). We assume that the shape of the 220 

reaction norm is logistic, though our concepts are valid for any reaction norm that is bounded 221 

between 0 and 100%.  The phenotypic distribution depends in this case on range, mean and 222 

slope of the curve: first, a phenotype may exhibit a steep slope and high range, such that the 223 

phenotype changes radically in response to the environment (see upper right in Fig. 1B). This 224 



shape maximizes the variance among environments, which we will refer to as 𝜎𝑎𝑚𝑜𝑛𝑔
2 . 225 

Secondly, the reaction norm may be flat (upper left). In this case, there is no variance among 226 

environments, but within each environment phenotypes may take one of two forms in 227 

probabilistic fashion. The variance of these phenotypes within each environment (𝜎𝑤𝑖𝑡ℎ𝑖𝑛
2 ) is 228 

calculated as p * (1-p), since the trait choice is a Bernoulli draw, and hence maximized with a 229 

flat reaction norm at the 50% level. The two variance components complement each other, i.e. 230 

it is not possible to maximize both 𝜎𝑎𝑚𝑜𝑛𝑔
2  (steep slope, high range) and 𝜎𝑤𝑖𝑡ℎ𝑖𝑛

2  (minimal 231 

departure from 50%). Combinations of the two components are however possible (middle 232 

column), and the ratio of the variances is determined by the range and slope of the reaction 233 

norm. Alternatively, a reaction norm may contain neither variance component, which can be 234 

achieved by moving the elevation of the reaction norm to 0 or 100% (lower row). Such a 235 

reaction norm represents a highly canalized phenotype, and we express the degree of total 236 

phenotypic variance as the sum of the variance components. Lastly, the curve may shift on the 237 

x-axis, which influences the mean phenotype rather than phenotypic variance (Fig. 1C). 238 

Reaction norms can therefore vary along three axes: in their mean, in the phenotypic variance, 239 

and in the variance composition (𝜎𝑎𝑚𝑜𝑛𝑔
2  : 𝜎𝑤𝑖𝑡ℎ𝑖𝑛

2 ). 240 

Our description only defines the parameter space of transgenerational reaction norms, free of 241 

any assumptions about their adaptive value. To conclude that these reaction norm shapes 242 

represent adaptive plasticity or adaptive bet-hedging requires correlating them with the 243 

properties of the environment. The selection pressures imposed by the environment are, of 244 

course, manifold and complex and thus beyond this review. Instead we wish to propose three 245 

fundamental axes in which environments may vary, hoping that future research will advance 246 

this concept with a more nuanced view on environmental variation. First, we posit that 247 

environments vary in the amplitude of environmental change, such as seasonality in 248 

temperatures and rainfall probabilities. We expect that stable environments select for canalized 249 

reaction norms, while canalization is maladaptive if environments are cyclically changing. 250 

Reaction norms that adapted to environmental amplitude are said to follow an evolutionary 251 

strategy, and we name this strategy “responsiveness” (Fig. 1B, y-axis). The extremes on the 252 

responsiveness axis are “fixed” and “flexible”, and the according reaction norm shapes are 253 

characterized by high canalization and high phenotypic variance, respectively. Secondly, the 254 

mean environment may vary. One may expect that the reaction norm mean (inflection point in 255 

a logistic curve) evolves such that it optimizes arithmetic mean fitness, but unpredictable 256 

environments may also select for conservative bet-hedging (e.g. early diapause). We call this 257 

axis of adaptive strategies variance avoidance (Fig. 1C). Lastly, environmental predictability 258 

should affect the variance composition (among versus within environments) of the reaction 259 

norm, leading to phenotypic plasticity or diversified bet-hedging as extremes on an axis of 260 

information reliance (Fig. 1B, x-axis). We thus do not define plasticity and bet-hedging as 261 

physiological processes (reaction norm shapes), but as evolutionary strategies. 262 

  263 



 1 

Fig. 1. Relationship of evolutionary strategies with reaction norm properties. Panel A 2 

shows a dichotomous reaction norm. The decision to switch phenotypes can be expressed by a 3 

steep logistic curve. Reaction norms can divert in various ways from this step function: By 4 

changes in the ratio (x-axis) and sum (y-axis) of the variance components 5 

𝜎𝑎𝑚𝑜𝑛𝑔
2  and 𝜎𝑤𝑖𝑡ℎ𝑖𝑛

2 (Panel B), and by changes in the mean (Panel C). Axes describe the 6 

resulting evolutionary strategies.7 



Novel perspectives for climate change research 230 

Our verbal model provides a three-dimensional concept of reaction norm shapes, which reflects 231 

the evolution of strategies along three dimensions. We believe that sorting the evolutionary 232 

strategies along these three dimensions has important implications for future studies. 233 

First, our definition extends classical concepts of bet-hedging and transgenerational plasticity. 234 

Even though it has been acknowledged that developmental noise requires a plastic reaction 235 

norm (Simons and Johnston, 2006; Maxwell and Magwene, 2017), the two strategies were seen 236 

as alternative modes to respond to environmental fluctuation (Cooper and Kaplan, 1982; Seger 237 

and Brockmann, 1987; Tufto, 2015). We resolve the confusion around these terms by 238 

distinguishing reaction norm shapes and emerging strategies, and show that transgenerational 239 

plasticity and diversified bet-hedging mark the two extremes on a continuum of strategies. In 240 

a climate of decreased predictability (IPCC, 2014; Lenton et al., 2017; Bathiany et al., 2018) 241 

purely plastic strategies become increasingly unlikely, while pure bet-hedging strategies lack 242 

strong empirical support (Simons, 2011). By removing the dichotomy of bet-hedging versus 243 

transgenerational plasticity, we instead stimulate research on their joint eco-evolutionary 244 

consequences. 245 

Secondly, we clearly separate conservative bet-hedging from diversified bet-hedging by 246 

placing the strategies on different axes of reaction norm evolution. The two strategies have 247 

been separated early on (Seger and Brockmann, 1987), yet are often discussed in conjunction 248 

(e.g. Simons, 2011). In our framework conservative and diversified bet-hedging have as little, 249 

or as much, in common as arithmetic mean optimization and transgenerational plasticity (Fig. 250 

1 B/C). It is the joint evolution of conservative and diversified bet-hedging that needs to be 251 

studied in the context of a changing climate, just like the evolution of mean phenology and 252 

phenological plasticity need to be studied jointly (e.g. Lane et al., 2018), 253 

Thirdly, we redefine canalization, i.e. the ability to produce a consistent phenotype. The current 254 

use of the term is ambiguous, as it is not consistently separated from the concepts of 255 

developmental stability and fluctuating asymmetry (Debat and David, 2001), hence 256 

canalization may be considered either the opposite of plasticity (Waddington, 1942; Van 257 

Buskirk and Steiner, 2009) or of developmental noise (Gibson and Wagner, 2000; Zhang and 258 

Hill, 2005). We take an integrative view and see environmental canalization as the opposite of 259 

phenotypic variance, including both variance components. This view raises the question what 260 

role developmental noise may play in adapting to novel environments. We think it is worth 261 

reconsidering the theory of phenotypic accommodation, which describes a way by which 262 

phenotypic variation becomes hardcoded into the genes (Crispo, 2007; Moczek, 2007; Levis 263 

and Pfennig, 2016). The sources of variation that have traditionally been considered for 264 

phenotypic accommodation are developmental plasticity (West-Eberhard, 2003), trans-265 

generational plasticity (Schlichting and Wund, 2014; Vogt, 2017; Jones and Robinson, 2018), 266 

and learning (Baldwin, 1896).  By framing noise as reaction norm property (Fig. 1), it becomes 267 

conceivable that the random determination of offspring phenotypes can also be rapidly 268 

canalized when environmental conditions change, so diversified bet-hedging may provide an 269 



alternative route to phenotypic accomodation. We argue that relating canalization only to 270 

phenotypic plasticity (rather than phenotypic variance) is precisely what prevented diversified 271 

bet-hedging from being acknowledged as major force in evolution, and we urge for further 272 

studies on the role of developmental noise in accelerating evolution to climate change. 273 

The world is simultaneously changing in climate means, variability and predictability (IPCC, 274 

2014; Lenton et al., 2017; Bathiany et al., 2018), and we argue that a model on reaction norm 275 

evolution should reflect this three-dimensional relationship. We think that the use of 276 

information, which is not commonly considered in plasticity research (Burgess and Marshall, 277 

2014; Donelson et al., 2018), is central to our framework, and hope that it will lead to a better 278 

understanding of climate change adaptation. Currently there are many phenomenological 279 

studies on responses to climate change (Parmesan and Yohe, 2003, e.g.; Badeck et al., 2004; 280 

Cohen et al., 2018), but only few detailed case-studies on the mechanisms of adaptation 281 

(Nussey et al., 2005; Gienapp et al., 2013; Lane et al., 2018), and such correlative findings 282 

cannot be readily interpolated to novel conditions imposed by accelerated climate change 283 

(Stainforth et al., 2007). Ultimately mechanistic models are needed, but such model require 284 

fine-scaled data (Urban et al., 2016). We think that our reaction norm perspective is a good 285 

compromise that deals with specific processes but does not lose its generality. 286 

Concluding remarks and future perspectives 287 

In this review we rephrased reaction norm evolution as a complex trade-off among three axes 288 

of strategies. It is increasingly recognized that changes in climate extremes and in predictability 289 

are as important as changes in means (IPCC, 2014; Donelson et al., 2018) – focusing only on 290 

strategies to match the mean is hence not fruitful. For example, failure to shift mean phenology 291 

with climate change (Gienapp et al., 2013) is not problematic per se – it could be mitigated by 292 

concurrent changes in responsiveness. Similarly, the lack of both phenotypic plasticity and 293 

mean change may not have severe fitness consequences, if the lack of plasticity is mitigated by 294 

diversified bet-hedging. It is the combination along all three axes that defines fitness in a given 295 

environment.  296 

Central to our arguments is the unification of transgenerational plasticity and diversified bet-297 

hedging along a continuous axis of information use strategies. We are, of course, aware that 298 

empirical measurements beyond mean effects are difficult. Studies will need to go beyond the 299 

slope and consider reaction norms under more than three environmental conditions. Such high-300 

resolution data across environments with varying predictability is obviously difficult to obtain 301 

– nevertheless there are valuable exceptions (Murren et al., 2014; Joschinski and Bonte, 2019), 302 

and the gaining momentum of open data principles and meta-analytic techniques offers exciting 303 

novel opportunities. 304 

There is ample room to extend our framework. We have restricted our arguments to binary 305 

transgenerationally inherited traits, as this is the most commonly found mode of diversified 306 

bet-hedging (Cohen, 1966; Venable and Brown, 1988; Halkett et al., 2004; Gerber and Kokko, 307 



2018). We argue that ultimately, all bet-hedging traits are binary, as bet-hedging is the solution 308 

to an information theoretical problem (Donaldson-Matasci et al., 2013), and hence inherently 309 

dichotomous (Cooper and Kaplan, 1982), so a unification with more continuous traits, e.g. 310 

clutch sizes of birds, seems possible. Another possible extension of our theory would include 311 

plastic responses that take place within an indivdual’s life time (West-Eberhard, 2003), as well 312 

as risk-prone and risk-aversive behavioural strategies (Haaland et al., 2019). Lastly, there are 313 

also bet-hedging strategies that are not related to transgenerational plasticity at all. These 314 

include, for example, an iteroparous life history (Garcia-Gonzalez et al., 2015), hotspots for 315 

genetic mutations (“contingency loci”, Rando and Verstrepen, 2007), and sexual reproduction 316 

in general (Li et al., 2017). A unification with these alternative strategies might lead to a better 317 

understanding of adaptation to rapid climate change. 318 
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