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Abstract5

Existing insight suggests that maternal effects have a substantial impact on evolution, yet6

these predictions assume that maternal effects themselves are evolutionarily constant. Hence,7

it is poorly understood how natural selection shapes maternal effects in different ecological8

circumstances. To overcome this, the current study derives an evolutionary model of maternal9

effects in a quantitative genetics context. In constant environments, we show that maternal10

effects evolve to slight negative values which result in a reduction of the phenotypic variance11

(canalization). By contrast, in populations experiencing abrupt change, maternal effects tran-12

siently evolve to positive values for many generations, facilitating the transmission of beneficial13

maternal phenotypes to offspring. In periodically fluctuating environments, maternal effects14

evolve according to the autocorrelation between maternal and offspring environments, favor-15

ing positive maternal effects when change is slow, and negative maternal effects when change16

is rapid. Generally, the strongest maternal effects occur for traits that experience very strong17

selection and for which plasticity is severely constrained. By contrast, for traits experiencing18

weak selection, phenotypic plasticity enhances the evolutionary scope of maternal effects, al-19

though maternal effects attain much smaller values throughout. As weak selection is common,20

finding substantial maternal influences on offspring phenotypes may be more challenging than21

anticipated.22

keywords: indirect genetic effect, maternal inheritance, environmental change, phenotypic23

plasticity, nongenetic effect, epigenetics24
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1 Introduction37

Central to an organism’s development is how it integrates cues about its genes and the environment38

to produce a phenotype that matches prevailing selective conditions (Carroll, 2008; Müller, 2007;39

Leimar, 2009; Beldade et al., 2011). It is now increasingly recognized that in addition to genetic and40

environmental factors, maternal effects also have a crucial influence on phenotypic development41

(Mousseau and Fox, 1998; Räsänen and Kruuk, 2007; Badyaev, 2008; Maestripieri and Mateo,42

2009). Indeed, the transmission of maternal factors such as hormones (Groothuis and Schwabl,43

2008), nutrients (Wells, 2003), antibodies (Boulinier and Staszewski, 2008), small RNAs (Liebers44

et al., 2014) or heritable epimutations (Li et al., 2008) affects offspring phenotypes and fitness in45

numerous taxa (e.g., Agrawal et al., 1999; Storm and Lima, 2010; McGhee et al., 2012; Holeski46

et al., 2012). Determining how maternal effects affect organismal adaptation is therefore a key part47

of the contemporary research agenda in evolutionary biology (Danchin et al., 2011; Uller, 2012).48

Theoretical studies have shown that maternal effects, here defined as the causal influence of49

the maternal phenotype on the offspring’s phenotype (Wolf and Wade, 2009), have multifaceted50

evolutionary consequences (Uller, 2008; Day and Bonduriansky, 2011). For example, maternal51

effects can change the response to selection (Kirkpatrick and Lande, 1989; Räsänen and Kruuk,52

2007; Hoyle and Ezard, 2012; Ezard et al., 2014; Townley and Ezard, 2013) and play a crucial53

role in parent-offspring coadaptation (e.g., Wolf and Brodie, 1998; Kölliker, 2005). While these54

studies provide important predictions about consequences of maternal effects, they typically assume55

that maternal effects are evolutionarily constant parameters. It is currently poorly understood how56

evolution shapes the evolution of maternal effects themselves across different ecological contexts.57

Here, we therefore use an evolutionary model of maternal effects to address this question.58

Maternal effects reflect a form of phenotypic plasticity that spans generations (i.e., transgenera-59

tional plasticity; Uller, 2008). This raises the question of whether maternal effects evolve in similar60

contexts to within-generational plasticity, which is selectively favored when (i) environments are61

heterogeneous (Berrigan and Scheiner, 2004), (ii) costs of plasticity are low (Auld et al., 2010)62

and (iii) environmental cues are informative (Reed et al., 2010). Indeed, variable environments and63

limited costs have also been associated with the evolution of maternal effects (Uller, 2008; Mar-64

shall and Uller, 2007; Groothuis et al., 2005). However, similarities between within-generational65
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plasticity and maternal effects break down when considering environmental cues: whereas models66

of within-generational plasticity typically assume that cues directly reflect the state of the environ-67

ment (e.g., Berrigan and Scheiner, 2004), models of maternal effects consider that offspring rely on68

the maternal phenotype as the source of environmental information (Uller, 2008). As the maternal69

phenotype is itself an evolving variable and a function of a mother’s genes, her environment and,70

possibly, the phenotype of previous ancestors, predicting when offspring are selected to rely on the71

maternal phenotype is more complicated. Moreover, information present in a maternal phenotype72

is necessarily affected by a time-lag, as the environment experienced by offspring may well have73

changed relative to the environment experienced by the mother.74

So when is a maternal phenotype informative about the offspring’s environment? We predict75

that this is the case when two conditions are met: (i) the maternal phenotype becomes correlated76

with her own (maternal) environment and (ii) in turn, the maternal environment is correlated with77

the environment experienced by her offspring. While condition (ii) depends on properties of the ex-78

ternal environment (i.e., presence of an environmental autocorrelation; Vasseur and Yodzis, 2004;79

Kuijper et al., 2014), the correlation required in (i) depends on the nature of adaptation. For ex-80

ample, if individuals with phenotypes that more closely match their environment are also more81

likely to survive and reproduce, classical theory predicts that a correlation between the maternal82

phenotype and her environment readily arises (Price, 1970; McNamara and Dall, 2011). In addi-83

tion, future mothers who are maladapted at birth may use adaptive within-generational plasticity to84

produce an adult phenotype which matches prevailing conditions more closely, again leading to a85

correlation between the maternal phenotype and her environment. Consequently, we predict that86

both natural selection and adaptive plasticity are likely to positively affect the evolution of maternal87

effects, but a model is necessary to quantify their relative importance.88

The current study builds on a set of previous quantitative genetics models (Hoyle and Ezard,89

2012; Ezard et al., 2014; Prizak et al., 2014) to assess how within-generational plasticity and ma-90

ternal effects affect adaptation. Whereas previous predictions were based on the differential fitness91

of an evolutionarily constant maternal effect, here we derive evolutionary dynamics that track the92

evolution of maternal effects from scratch. Consequently, the current study is the first to compare93

the evolution of (i) maternal effects, (ii) direct genetic effects and (iii) within-generational plasticity94
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within a single framework. Results are corroborated using a recently published individual-based95

simulation model of evolving maternal effects (Kuijper et al., 2014), which allows us to extend our96

model to a broader range of biologically relevant conditions –such as strong selection– which are97

difficult to model analytically.98

We model the evolution of within-generational plasticity and maternal effects across a number99

of environments: first we focus on a baseline scenario where maternal effects evolve in a constant100

environment. Next, we assess whether maternal effects facilitate adaptation to novel environments,101

by considering an environment that changes towards a novel optimum (Lande, 2009; Hoyle and102

Ezard, 2012). Finally, we study a temporally fluctuating environment that changes periodically103

according to a sinusoidal cycle (Ezard et al., 2014). Periodic environments could, for example, re-104

flect regular cycles of host-parasite coadaptation or seasonal environments. In addition, a periodic105

environment also provides a straightforward, deterministic means to vary the the degree of environ-106

mental autocorrelation between subsequent generations, which we predict to be key to the evolution107

of maternal effects. In the discussion we show, however, that conclusions from the periodic envi-108

ronment also extend to other environments such as temporally varying stochastic environments (see109

also Kuijper et al., 2014) and spatial environments.110

2 The model111

The current analysis is based on a previous quantitative genetics model by Lande and coworkers112

(Lande, 2009; Chevin et al., 2010) that studied the evolution of phenotypic plasticity by means of113

a linear reaction norm with elevation at (reflecting the impact of an individual’s genotype on its114

phenotype when plasticity and maternal effects are absent) and slope bt . To this model, we add the115

evolution of a ‘trait based’ maternal effect coefficient mt (McGlothlin and Brodie, 2009; McGlothlin116

and Galloway, 2013), which has been the subject of several previous quantitative genetics models117

of maternal effects (Kirkpatrick and Lande, 1989; Lande and Kirkpatrick, 1990; Hoyle and Ezard,118

2012; Ezard et al., 2014). While these previous studies assumed that mt is a constant parameter,119

here we allow mt itself to evolve (as well as at and bt).120

5

Page 5 of 48



Phenotypes An individual’s phenotype zt at time t is given by121

zt = at + btεt−τ + mtz
∗

t−1 + et , (1)122

123

where at is the elevation of the genotypic reaction norm in the reference environment εt−τ = 0, bt is124

the genetically encoded slope of the reaction norm that determines the plastic phenotypic response125

to the environment εt−τ , where τ indicates the timepoint prior to selection at which an individual126

is exposed to environmental information (Lande, 2009), and mt is a maternal effect coefficient that127

reflects a linear, transgenerational reaction norm (Smiseth et al., 2008; Uller, 2012) on the parental128

phenotype z∗t−1 . Here, the ∗ denotes a phenotypic value after survival selection, which is assumed to129

take place prior to reproduction. Our model assumes that maternal effects mt are controlled by the130

offspring, which describes a scenario in which offspring evolve their sensitivity to parental signals131

comprised in the parental phenotype (Müller et al., 2007; Smiseth et al., 2008). For example,132

the phenotype z could reflect a hormone titer (Groothuis and Schwabl, 2008; Gil, 2008), where133

offspring hormone titers zt are, partially, determined by the parental hormone titer z∗t−1. mt reflects134

then the strength of the transgenerational norm of reaction (Uller, 2008; Smiseth et al., 2008) with135

which the offspring hormone titer depends on the parental hormone titer. Putatively, mt could reflect136

therefore the density of maternal hormone binding sites in the offspring’s tissue that produces the137

hormone in question (e.g., endocrine glands).138

Additionally, eq. (1) shows that our model differs from some models of indirect genetic effects139

(e.g., Cheverud, 1984; Wolf and Brodie, 1998; Wolf et al., 1998), which assume the presence of140

maternal genetic effects (Rossiter, 1996), where the mother’s genotype is the transgenerational141

aspect that affects the offspring’s phenotype. However, the product mtz
∗

t−1 in eq. (1) shows that it is142

the maternal phenotype (not genotype) that affects the offspring’s phenotype, leading to ‘cascading’143

maternal effects (McGlothlin and Galloway, 2013) as the maternal phenotype itself is a function of144

the phenotypes of previous ancestors.145

Fitness Following standard quantitative genetics analyses (e.g., Lande (1976, 2009); Chevin et al.146

(2010)), we assume a Gaussian fitness function, in which the fitness W of an individual in genera-147

tion t decreases nonlinearly with the distance that its phenotype zt is displaced from the phenotypic148
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optimum θt . To assess the role of constraints, we also assume that both phenotypic plasticity bt149

(DeWitt et al., 1998; Chevin et al., 2010; Auld et al., 2010) and maternal effects mt impose sur-150

vival costs on their bearers, which increase nonlinearly away from bt ,mt = 0. Costs of expressing151

the maternal effect are incurred by the offspring, as they control the expression of mt (see section152

“Phenotypes” above).153

Consequently, individual fitness in generation t is given by154

W (zt ,bt ,mt) = Wmaxexp

[

−
(zt − θt)2

2ω2
z

−
b2

t

2ω2
b

−
m2

t

2ω2
m

]

, (2)155

156

where ωz is a parameter that is inversely proportional to the strength of selection that acts on phe-157

notypes zt away from the selective optimum θt . Similarly, ωb is an inverse measure of the cost of158

phenotypic plasticity bt and ωm is an inverse measure of the cost of maternal effects mt . Wmax is the159

maximum fitness of an individual, which we set to 1 throughout (without loss of generality). From160

the expression of W (zt ,bt ,mt) we can then approximate mean fitness W̄t (see Appendix) for weak161

selection on z, b and m as162

W̄t = Wmax

√

γzγbγmω2
zω

2
bω

2
mexp

{

−
1
2

(

γz (z̄t − θt)2
+γbb̄2

t +γmm̄2
t

)

}

+ O

(

1
ω4

)

, (3)163

164

where γz = 1/(ω2
z + σ2

zt
), γb = 1/(ω2

b + Gbb), γm = 1/(ω2
m + Gmm), σ2

zt
is the phenotypic variance at165

time t and Gbb and Gmm are the additive genetic variances in phenotypic plasticity and maternal166

effect coefficient respectively. O(1/ω4) reflects the contribution to mean fitness of any higher order167

terms of the inverse selection strength parameter ω2
z and inverse cost measures ω2

b and ω2
m. As we168

assume selection to be weak (ω2
z large) and costs to be small (ω2

b and ω2
m large), the contribution of169

these higher order terms is considered to be negligibly small in the analysis below.170

Environmental change We assume that the optimum phenotype θt is given by a linear function171

of the environment εt at time t:172

θt = A + Bεt , (4)173

174
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where A = 0 is the baseline level of the phenotypic optimum, and B is a parameter that reflects how175

changes in the environment affect the phenotypic optimum.176

We study two different scenarios of environmental change. In the first scenario, we study the177

importance of maternal effects in the case where a population experiences a single sudden, shift to178

a novel environment (as in Lande (2007); Hoyle and Ezard (2012)). εt is given by179

εt = Utδ + ξt , (5)180

181

where Ut is a unit step function (which shifts from 0 to 1 at t = tswitch) that governs the sudden182

environmental change by an amount δ, and ξt represents background environmental stochasticity,183

given by an autocorrelated Gaussian timeseries with autocorrelation ρ. In the second scenario, we184

study a periodically fluctuating environment in which environmental change is given by a discrete-185

time sinusoid186

εt = sin( f t) + ξt , (6)187

188

where f is the rate of environmental change.189

Evolutionary dynamics The evolutionary dynamics are then described according to the multi-190

variate breeder’s equation (Lande, 1979), where we assume that pleiotropic mutations and linkage191

disequilibria are absent and selection is weak, so that genetic correlations between at , bt and mt can192

be ignored relative to the size of the respective additive genetic variances Gaa, Gbb and Gmm. We193

then have194

∆

⎡

⎢

⎢

⎢

⎢

⎣

āt

b̄t

m̄t

⎤

⎥

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢
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⎣

Gaa 0 0
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0 0 Gmm
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⎥

⎥
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⎢
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∂āt

∂
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∂
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⎥
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⎥

⎥

⎦

lnW̄t . (7)195

196
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Substituting for lnW̄t from eq. (3) then yields197

∆āt =
Gaa

ω2
z

[

− (z̄t − θt)
∂z̄t

∂āt
−

1
2
∂σ2

z

∂āt

]

+ O
(

1
ω4

)

(8a)198

∆b̄t =
Gbb

ω2
z

[

− (z̄t − θt)
∂z̄t

∂b̄t
−

1
2
∂σ2

z

∂b̄t
−
ω2

z b̄t

ω2
b

]

+ O
(

1
ω4

)

(8b)199

∆m̄t =
Gmm

ω2
z

[

− (z̄t − θt)
∂z̄t

∂m̄t
−

1
2
∂σ2

z

∂m̄t
−
ω2

z m̄t

ω2
m

]

+ O
(

1
ω4

)

. (8c)200

201

In the Appendix, we calculate the derivatives ∂z̄t/∂x̄t and ∂σ2
zt
/∂x̄t for all the three traits x̄t ∈202

{āt , b̄t , m̄t}, which requires explicit expressions for z̄t and σ2
zt

that we derive in eqns. (A5,A11).203

As maternal effects cause phenotypes to depend recursively on their mother’s phenotype (and204

thus on the phenotypes of all previous ancestors, e.g., Kirkpatrick and Lande, 1989; McGlothlin205

and Galloway, 2013), finding any analytical solutions to eq. (7) becomes prohibitively difficult.206

Here, we therefore iterate the system in (7) numerically.207

For each run, the initial values for āt=0, b̄t=0, m̄t=0 are set at 1× 10−4. To assess whether our208

conclusions presented below are sensitive to initial conditions, we also ran iterations for all pos-209

sible combinations of the following sets of starting values: āt=0 = {−2,−1,1× 10−4,1,2}, b̄t=0 =210

{−2,−1,1× 10−4,1,2} and m̄t=0 = {−0.9,−0.5,1× 10−4,0.5,0.9}. Note that we did not consider211

values of |m̄t=0| ≥ 1.0, as phenotypic variances tend to go to infinity for these values (Appendix212

A28; Kirkpatrick and Lande, 1989). All numerical solutions converged to the evolutionary trajec-213

tories presented below.214

Individual-based simulations To assess the robustness of our analytical results, we compared215

them to results derived from individual-based simulations. We simulate a sexually reproducing216

population of N = 5000 hermaphrodites with discrete generations. Each individual bears three un-217

linked, diploid loci that code for loci at , mt and bt respectively. The life cycle includes three stages:218

birth, survival and reproduction. Upon birth, individuals develop their phenotype zt according to219

eq. (1), potentially based on the phenotype of their mother (in case mt ̸= 0). Subsequently, individ-220

uals survive with probability w ≡ wmin + (1 − wmin)W (zt ,mt ,bt) with W (zt ,mt ,bt) given in eq. (2)..221

Here, the constant wmin = 0.1 serves to prevent premature extinction of the population away from222

the phenotypic optimum. Consequently, surviving individuals reproduce by randomly choosing223
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another surviving individual as a sperm donor and go on to produce a clutch of N/nsurv offspring,224

in order to maintain a constant population size. Upon fertilization, each of the two alleles cod-225

ing for traits xt ∈ {at ,bt ,mt} mutates with corresponding probabilities µx. In case of a mutation,226

a value drawn from a normal distribution N (0,σ2
x ) is added to the old allelic value, resembling a227

continuum-of-alleles model (e.g., Kimura and Crow, 1964; Kimura, 1965). The two alleles that228

underly each locus interact additively. Simulations were run for 50 000 generations. Simulations229

are coded in C and can be downloaded from the corresponding author’s website.230

3 Results231

3.1 Result 1: only negative maternal effects evolve in constant environments232

First, we consider a baseline case in which within-generational plasticity bt and maternal effects233

mt are both absent, so that adaptation occurs through evolution of at only. In addition, the selective234

optimum is constant over time, i.e., θ ≡ θt , which unsurprisingly favors the mean genetic effect235

to coincide with the optimum ˆ̄z = ˆ̄a = θ. We then consider whether maternal effects are able to236

evolve by allowing for a slight amount of genetic variation in maternal effects 1 > Gmm > 0. When237

z̄∗t−1 ≈ z̄t as expected in a constant environment, we can then approximate the initial evolutionary238

change of a novel maternal effect (in the absence of plasticity) as239

∆m̄|m̄=0,z̄=θ = −
Gmm

[

4Gaa + z̄2
t Gmm(12 + Gmm)

]

8ω2
z (1 − Gmm)

. (9)240

241

As all coefficients within brackets are positive, this suggests that maternal effects always evolve242

towards negative values in stationary environments. Indeed, this confirms previous results (Hoyle243

and Ezard, 2012) that stationary populations selectively favor negative maternal effects as a means244

to reduce the amount of phenotypic variance (e.g., see Figure 3.1 in Hoyle and Ezard, 2012).245

In the current situation where maternal effects are allowed to evolve, we show in Appendix246

(A1.6) that equilibrium solutions in our model must always correspond to a negative mean maternal247

effect, m̄ < 0. For small values of Gmm in the absence of costs of plasticity and maternal effects,248

this can again be interpreted as minimising the phenotypic variance, since then z̄ ≈ θ from equation249
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(A24) and from the expression of γz in the equation for mean fitness (3) the ‘variance load’ is the250

factor that reduces population mean fitness in this case. It can be shown (equation A28) that at251

equilibrium in constant environments, εt ≡ ε, the phenotypic variance is approximately252

σ2
zt
≈ 1

1 − Gmm − m̄2

[

2 + m̄

2 − m̄
(Gaa + Gbbϵ

2
+ Gmmz̄2) +

z̄2G2
mm

(2 − m̄)2 +σ2
e

]

. (10)253

254

We show in Figure 1 how the fitness varies with the mean maternal effect for a case where Gmm is255

small and costs of maternal effects are absent: it can be seen that the maximum fitness is found for256

negative m̄. For fixed maternal effects, Hoyle and Ezard, 2012 showed that the minimum variance257

load always occurs for negative m.258

When there is a cost of maternal effects, minimising it is traded off against minimising the259

phenotypic variance (equation 8c). When Gmm is not so small that we can approximate z̄ ≈ θ,260

equation (8c) also shows that there are trade-offs between minimising the phenotypic variance,261

minimising the cost of maternal effects and reaching the optimal phenotype (see Figure S2).262

3.2 Result 2: maternal effects evolve to transiently positive values following263

extreme environmental shifts264

Next, we consider an environment that changes according to a rapid shift, remaining constant there-265

after (see also Lande, 2009; Hoyle and Ezard, 2012). Figure 2 shows the course of evolution during266

a rapid environmental shift (taking place during a single generation) for different populations that267

vary in the presence of plasticity bt and maternal effects mt . Paleoclimatic data has shown, for ex-268

ample, that such abrupt environmental shifts –taking less than 3 years– have occurred during Late269

Pleistocene (Steffensen et al., 2008; Hof et al., 2011).270

Speed of adaptation to an extreme shift Populations in which both evolving plasticity and ma-271

ternal effects are present show the quickest recovery in terms of mean fitness W̄ (solid black line in272

Figure 2a). Populations in which only maternal effects are present recover more slowly (solid grey273

line), also relative to populations in which only phenotypic plasticity is present (dashed black line),274

but still recover tenfolds of generations faster relative to populations that only have genetic effects275
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(dashed grey line). Consequently, Figure 2 corroborates previous findings that maternal effects are276

advantageous in changing environments (Räsänen and Kruuk, 2007; Uller, 2008; Hoyle and Ezard,277

2012), with combinations of maternal effects and phenotypic plasticity providing the fastest adap-278

tation to change (Hoyle and Ezard, 2012; Ezard et al., 2014). Individual-based simulations result279

in very similar evolutionary trajectories to those shown in Figure 2 (see Supplementary Figure S1).280

The evolution of maternal effects during extreme shifts During the abrupt environmental shift,281

m̄ rapidly evolves to positive values, after which it remains positive for several hundred generations282

before settling again at negative values (Figure 2e). Such transiently positive values of m̄ occur283

regardless of the sign and magnitude of the environmental shift δ and are robust to strong costs284

ω−2
m (see Figure S3). To understand this transient evolutionary pattern of m̄, note from eq. (1)285

that maternal effects result in a contribution mtz
∗

t−1 from a surviving mother’s phenotype z∗t−1 to the286

offspring’s phenotype zt . As a surviving mother is likely to have a phenotype z that lies closer to287

the novel optimum (compared to phenotypes of non-survivors), offspring are selectively favored288

to copy the beneficial maternal phenotype by evolving a positive maternal effect. Note, however,289

that m̄ is much smaller (yet still positive) in the presence of phenotypic plasticity b̄ (black line in290

Figure 2e; Figure S3d-f), as the presence of plasticity reduces the necessity of relying on maternal291

effects for adaptation. Notwithstanding these lower levels of m̄ in the presence of phenotypic plas-292

ticity, positive maternal effects are transiently advantageous for populations experiencing sudden293

environmental shifts.294

Note that m̄ also affects the magnitude of the genetic effect ā: populations with maternal effects295

show considerably higher values of ā at the novel optimum relative to populations where mater-296

nal effects are absent (Figure 2c). Higher values of ā occur because negative maternal effects at297

equilibrium not only reduce the phenotypic variance, but also reduce the offspring’s phenotype by298

a factor mtz
∗

t−1. Whereas such a reduction is less of an issue in the original environment where z∗t−1299

is close to zero, such reductions matter in the novel environment and are compensated through the300

evolution of a higher level of at relative to populations in which maternal effects are absent.301

Gradually changing environments When environmental shifts occur at slower timescales of302

100 or 1000 years (as is the case for global warming; e.g., PAGES 2k Consortium, 2013), we find303
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a similar pattern to that in Figure 2 (see Supplementary Figure S4). Only when environmental304

change occurs at a much slower timescale (10 000 years and beyond), do we find that maternal305

effects and phenotypic plasticity attain transient values of a much more modest magnitude (Figure306

S4). In the latter case, changes in the underlying genetics at are sufficient to account for most307

of the change, avoiding the slight costs associated with maternal effects or phenotypic plasticity.308

Consequently, maternal effects and phenotypic plasticity evolve more readily with more rapid en-309

vironmental shifts.310

3.3 Result 3: strong selection and limited plasticity favor maternal effects in311

fluctuating environments312

Weak selection Next, we focus on populations which endure a continuously fluctuating envi-313

ronment given by a sinusoidal function with frequency f . When selection is weak and change314

is relatively slow ( f = 0.5), Figure 3b shows that populations with within-generational plasticity315

(black lines) are more successful at adapting to fluctuating environments than those without plas-316

ticity (grey lines). By contrast, maternal effects are less advantageous: in the absence of plasticity,317

m̄ always evolves to negative values of a very small magnitude (Figure 3e and Figure 4). When318

both plasticity and maternal effects are present, Figure 3 shows that m̄ becomes weakly positive319

in slowly changing environments, in broad agreement with a previous investigation of evolutionar-320

ily fixed maternal effects in sinusoidal environments (Hoyle and Ezard, 2012; Ezard et al., 2014).321

Hence, positive maternal effect coefficients can be selected for in slowly changing, predictable en-322

vironments. In general, however, the magnitude of m̄ is small, showing that the maternal phenotype323

enhances adaptation only slightly when selection is weak (see Figure 3a).324

Weak selection and different rates of environmental change Figure 4 depicts the evolved val-325

ues of mean plasticity b̄ and mean maternal effects m̄, whilst varying the rate f of environmental326

change when phenotypic selection is weak. Note that varying f from 0 to π causes the autocorrela-327

tion in selective conditions experienced by mothers and offspring to vary from positive to negative328

(see Figure 4e), while the autocorrelation is approximately zero at f ∈ {0, 1
2π,π} (at least when the329

amount of background environmental noise is small, as is assumed here).330
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For all frequencies f , the mean value of plasticity b̄ evolves towards positive values of a consid-331

erable magnitude (regardless of whether plasticity coevolves with maternal effects or not), showing332

that environmental input to the phenotype is always selectively favored (Figure 4a). By contrast,333

the mean maternal effect m̄ is restricted to much smaller values: when maternal effects evolve in the334

absence of phenotypic plasticity, m̄ evolves to slight negative values for all frequencies f (grey line335

in Figure 4b). Maternal effects evolve to near-zero values because selection is weak: consequently,336

the distribution of maternal phenotypes p(z∗t−1) is broadly scattered around the selective optimum337

θt−1, so that the maternal phenotype provides little information about the location of the selective338

optimum to offspring. As in the constant environment, m̄ therefore merely evolves to slight negative339

values which reduces phenotypic variance.340

By contrast, when maternal effects coevolve with phenotypic plasticity (black line in Figure341

4b), m̄ evolves to slightly larger values: it attains positive values when environmental fluctuations342

are weak (i.e., when maternal and offspring environments are strongly positively correlated) and343

attains negative values in more rapidly fluctuating environments (i.e., when maternal and offspring344

environments are poorly or negatively correlated). The presence of within-generational plastic-345

ity is conducive to the evolution of maternal effects, as plasticity brings the maternal phenotype346

closer towards the phenotypic optimum θt−1. As a result, the distribution of maternal phenotypes347

p(z∗t−1) is now more informative to offspring about the location of the selective optimum, relative348

to populations in which plasticity is absent.349

However, the presence of within-generational plasticity raises the question of why maternal ef-350

fects evolve at all, as plasticity itself may provide a sufficient means to achieve adaptation. This351

would indeed have been the case, were it not that slight constraints act on plasticity (Figure 4 as-352

sumes a small cost ω2
b = 100 and a slight timelag τ = 0.25), thereby selectively favoring maternal353

effects. If plasticity is unconstrained, however, it can be shown that maternal effects always evolve354

to slight negative values for all frequencies f , reflecting that maternal effects are not involved in355

adaptation to fluctuating environments. Consequently, the presence of within-generational plastic-356

ity is conducive to the evolution of maternal effects when selection is weak, provided that plasticity357

itself is constrained.358
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Strong selection Figure 4c shows that values of phenotypic plasticity b̄ are much larger when359

selection is strong (here ω2
z = 0.7), as individuals are under stronger selection to use environmental360

information to match the fluctuating environment. Regarding maternal effects, we find that when361

m evolves together with plasticity, a qualitatively similar pattern occurs as for the case of weak362

selection (compare Figure 4b and d): maternal effects evolve to slight positive values in environ-363

ments characterized by strong, positive autocorrelations between subsequent generations (Figure364

4e), whereas they evolve to negative values otherwise. Moreover, negative values of m̄ can be365

substantial in case the environment is sufficiently negatively correlated close to f = π.366

When maternal effects evolve in the absence of phenotypic plasticity, we find that strong se-367

lection favors maternal effects of a substantial magnitude (grey line in Figure 4d). Interestingly,368

maternal effects evolve to be large and positive in slowly changing environments, which are char-369

acterized by a positive environmental autocorrelation between subsequent generations (Figure 4e).370

By contrast, in rapidly changing environments maternal effects evolve to negative values of a sub-371

stantial magnitude, again in line with the environmental autocorrelation. To conclude, the strength372

of phenotypic selection matters considerably to the evolution of maternal effects, as only slight373

negative maternal effects were found in a corresponding scenario of weak selection (compare grey374

lines in Figure 4b and d). Strong selection is conducive to the evolution of maternal effects, as it375

gives rise to a distribution of maternal phenotypes p(z∗t−1) that is closely centered around the selec-376

tive optimum θt−1. As a result, the maternal phenotype is more informative about the location of377

the selective optimum to offspring.378

Varying both the strength of selection and costs of plasticity Both the strength of phenotypic379

selection and the presence of plasticity appear to affect the evolution of maternal effects. Figure 5380

generalizes these findings, by varying the strength of phenotypic selection (measured by ω−2
z ) and381

the magnitude of plasticity (by varying costs of plasticity, ω−2
b ). For a slowly fluctuating environ-382

ment ( f = 0.5), Figure 5a shows that when plasticity has small costs (i.e., ω2
b = 100), mean plasticity383

b̄ readily attains substantial values, even when selection on the overall phenotype is still very weak.384

By contrast, the same does not occur for maternal effects (Figure 5b): when a maternal effect im-385

poses only slight costs (Figure 5 assumes ω2
m = 100 throughout), the evolved values of maternal386

effects are all small when selection is very weak to modestly strong (i.e., 1/100 > ω2
z > 1/10).387
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Moreover, for this range of selection pressures ω2
z , we find that slight positive values of maternal388

effects occur for those populations where plasticity only bears a slight cost (long dashed line in Fig-389

ure 5b), whereas small, negative maternal effects evolve when plasticity is extremely costly (solid390

line in Figure 5b). Hence, this conforms to our previous finding that, in case of weak selection, the391

presence of plasticity is conducive to the evolution of maternal effects.392

When selection on the overall phenotype becomes progressively stronger, however, Figure 5b393

shows that maternal effects m̄ evolve to more substantial, positive values in order to match the394

slowly changing environment ( f = 0.5) (see also Figure 4). Such large values of m̄ only occur,395

however, when phenotypic plasticity is sufficiently constrained by costs, whereas maternal effects396

evolve to negligible values otherwise. Again, when selection is strong, plasticity hampers rather397

than enhances maternal effects. We can thus conclude two things from Figure 5: the first is that the398

phenotypic plasticity and maternal effects affect each other highly asymmetrically. Whereas the399

presence of phenotypic plasticity substantially affects the magnitude of maternal effects, maternal400

effects themselves have only a slight impact on phenotypic plasticity. Moreover, we find that for a401

similar level of cost, maternal effects require stronger phenotypic selection to evolve to significant402

values in comparison to phenotypic plasticity.403

Developmental constraints As noted previously, Figure 5 shows that constraints on plasticity –404

in the form of costs – can substantially affect the evolution of maternal effects. The last part of405

our results consider whether the same holds when plasticity is otherwise constrained, for example406

through constraints acting on an individual’s perception of the environment. For example, some407

organisms’ response to the environment may be subject to a time-lag, 0 < τ < 1. This would reflect408

a scenario where a phenotype is only plastic during early development (Lande, 2009; Hoyle and409

Ezard, 2012), while an individual is unable to adjust its phenotype to later environmental cues at410

the time when it endures selection (occurring a fraction τ of a generation after development).411

Figure 6a shows that a small developmental time lag τ = 0.01 causes plasticity to achieve pos-412

itive values for all frequencies f of environmental change, as the perceived environmental infor-413

mation always closely matches an individual’s selective conditions. When the time-lag τ increases414

(e.g., τ = 0.5, long-dashed line), however, plasticity gradually decreases to 0 with increasing rates415

of environmental change or even becomes negative when τ = 0.9 (fine-dashed line). These values416
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of plasticity can be understood by considering the correlation cor(εt−τ ,θt) between the develop-417

mental environment εt−τ perceived by an individual at time t − τ and the selective optimum θt it418

will experience, which obviously is affected by the value of the time-lag τ . Figure 6c shows that419

plasticity evolves roughly according to the value of this correlation.420

When considering the evolution of maternal effects, Figure 6b shows that, when the time-lag is421

small to modest, the mean maternal effect m̄ varies from positive to negative with increasing rates of422

environmental change, similar to what was observed in Figures 4b and d (which assumed a modest423

time lag τ = 0.25). When the developmental lag τ is large, however (e.g., τ = 0.9), m̄ varies in a424

more complicated fashion, from positive to negative and then again from positive to negative. How425

can we explain these patterns? To understand the evolution of m̄, Figure 6d shows the correlation426

cor
(

z̄∗t−1,θt

)

between the mean maternal phenotype after selection z̄∗t−1 and the selective optimum427

θt . This correlation illustrates how the maternal phenotype lines up with the selective conditions428

that are experienced by offspring, and shows that that the sign and magnitude of this correlation429

vary according to the rate of enviromental change f and the value of τ . We find that the sign of430

mean maternal effect m̄ evolves roughly in line with this correlation, although the actual magnitude431

of m̄ is smaller.432

4 Discussion433

As opposed to numerous studies which have assessed the consequences of a fixed maternal effect434

on other characters (Kirkpatrick and Lande, 1989; Wolf et al., 1999; Räsänen and Kruuk, 2007;435

Hoyle and Ezard, 2012; Ezard et al., 2014), this study is one of the first to assess the evolutionary436

dynamics of maternal effects themselves. Interestingly, our model shows that maternal effects are437

indeed anything but a static parameter: rather, the evolved magnitude and sign of maternal effects438

are sensitive to specific ecological and organismal features, such as the nature of environmental439

change, the strength of selection and the presence of other mechanisms that facilitate adaptation440

(such as phenotypic plasticity).441

Focusing on the evolution of maternal effects, we find that rapid environmental shifts lead to the442

transient evolution of positive maternal effects of a large magnitude, during which maternal effects443

remain positive for several thousand generations (see Figure S3). As highlighted in the results,444
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the reason for the presence of such positive maternal effects is that an individual that manages to445

survive and reproduce is likely to have a phenotype which lies closer to the novel environmental446

optimum. Consequently, offspring that aim to adjust themselves to the novel environment bene-447

fit by attaining a similar phenotype to their parents, which is achieved through positive parental448

effects. Hence, the evolution of maternal effects in response to environmental shifts confirms well-449

established verbal theories (Uller, 2008, 2012), which state that maternal effects evolve when the450

parental phenotype provides information about the offspring’s future environment. We find that451

such transiently positive parental effects occur even when phenotypic plasticity is also present (al-452

though the effects are less pronounced). That maternal effects still exhibit a marked evolutionary453

response in the presence of phenotypic plasticity is due to the sudden nature of the shift: after the454

enviromental perturbation has occurred, drastically larger values of the elevation a and the reaction455

norm slope b become selectively favored. However, as the evolution of larger values of a and b456

does not occur instantaneously, the evolution of maternal effects provides a powerful additional457

means of rapid adaptation to sudden changes in environmental conditions, as it allows the maternal458

phenotype closer to the optimum to influence the offspring’s phenotype.459

Results are strikingly different, however, in the context of periodically changing environments,460

where an environment never reaches a new equilibrium, but changes continuously. When selection461

is weak, we find the scope for maternal effects of a substantial magnitude to be only modest in fluc-462

tuating environments (e.g., Figure 4b). The limited prevalence of maternal effects when selection463

is weak and plasticity is absent is in line with the notion that maternal effects will only evolve when464

the parental phenotype z∗t−1 is informative about future environmental conditions (see also Uller,465

2008; Fischer et al., 2011; Kuijper and Johnstone, 2013; Kuijper et al., 2014). When selection466

acting on the maternal phenotype is weak (and phenotypic plasticity is absent), the maternal phe-467

notype z∗t−1 will not correlate strongly with the prevailing environmental conditions, as individuals468

with phenotypes zt−1 that lie very far away from the parental selective optimum θt−1 are still able to469

survive and produce offspring. As the parental phenotype z∗t−1 is thus largely uninformative about470

the selective environment to offspring, maternal effects are hardly relevant when selection is weak471

and plasticity is absent. By contrast, when plasticity is present, individuals adjust their phenotype to472

the prevailing environmental conditions, so that their phenotype zt−1 becomes more closely aligned473
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to the selective optimum θt−1. As the parental phenotype z∗t−1 is now more informative to offspring474

(at least when θt−1 and θt are correlated), maternal effects of a larger magnitude evolve (Figure475

4b). Moreover, m̄ generally evolves in line with the environmental autocorrelation (Figure 4e, see476

also Kuijper et al. 2014), although this pattern becomes more complicated for species with long477

development times (see Figure 6). The notion that plasticity can enhance the evolution of maternal478

effects corroborates similar findings by previous studies, which showed that certain combinations479

of plasticity and fixed maternal effects improve mean fitness (Hoyle and Ezard, 2012; Ezard et al.,480

2014).481

When selection on the overall phenotype is stronger, we find that maternal effects achieve the482

largest values when plasticity is absent or severely constrained (e.g., Figure 4d). This is unsurpris-483

ing, as strong selection causes only those mothers to survive whose phenotype z∗t−1 is very closely484

aligned to the selective optimum θt . Consequently, strong selection makes the maternal phenotype485

predictive about the offspring environment (at least when θt and θt+1 are correlated). Moreover, in486

the absence of plasticity, individuals are forced to rely on maternal effects as it is the only means487

of adaptation to a fluctuating environment. When plasticity is present, however, lower values of488

maternal effects evolve, as relying on plasticity (which constitutes a more direct source of envi-489

ronmental information, as opposed to indirect information through the maternal phenotype) is the490

preferred means of adaptation. As the relevance of strong selection in long-term adaptation is gen-491

erally considered to be limited (Kingsolver et al., 2001), the relevance of scenarios where maternal492

effects evolve to very large values remains to be empirically demonstrated. Nonetheless, in certain493

cases selection has been demonstrated to be strong (e.g., King et al., 2011), particularly in the realm494

of antagonistic coevolution. Based on our study, we would expect that maternal effects would be495

most easily detected in these contexts (see also Mostowy et al., 2012).496

A general result emerging from this study is that phenotypic plasticity has a much stronger497

influence on adaptation than maternal effects (e.g., Figures 2a and d, 3a). In relation to that, we498

also find a much larger impact of evolving phenotypic plasticity on the magnitude of maternal499

effects, whereas the reverse impact of maternal effects on plasticity is much more limited (e.g., see500

Figure 4). That phenotypic plasticity is a more efficient means of adaptation is unsurprising, as501

plasticity relies on direct environmental information, whereas maternal effects necessarily rely on502
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the maternal phenotype as an indirect source of environmental information. As a result, maternal503

effects only evolve when the maternal phenotype is sufficiently correlated with the environment504

that will be encountered by offspring, which in turn occurs only when selection is strong and an505

environmental autocorrelation is present between subsequent generations. As such conditions do506

not apply to direct environmental cues, it is not surprising that the role of maternal effects is thus507

more restrictive than phenotypic plasticity.508

Our prediction that maternal effects have a rather limited role when selection is weak may509

well correspond with a recent meta-analysis (Uller et al., 2013), which shows that there is only510

limited evidence of maternal effects facilitating adaptation to environmental change. In addition,511

another meta-analysis finds that selection coefficients are, in fact, remarkably consistent over time,512

demonstrating that currently little evidence exists for either large selective shifts of a substantial513

magnitude or continuously fluctuating selection (Siepielski et al., 2013). Consequently, these lines514

of evidence would suggest that maternal effect coefficients m should evolve to be small and negative515

in the majority of cases. Indeed, empirical studies show that negative maternal effect coefficients516

appear to be the norm: (reviewed in Räsänen and Kruuk, 2007), only two cases of positive maternal517

effects have been found: maternal effects of adult body size on hatchling body size in Darwin’s518

finches and great tits have coefficients m ≈ 0.6 and m ≈ 0.3 respectively (Lande and Price, 1989).519

By contrast, all other studies which measured maternal effects have found them to be negative and520

relatively small (e.g., Falconer, 1965; Janssen et al., 1988; Schluter and Gustafsson, 1993; McAdam521

and Boutin, 2004). In addition, a number of studies have measured a negative correlation between522

direct genetic effects and maternal genetic effects (e.g., Cheverud, 1984; Wilson et al., 2005; Wilson523

and Réale, 2006; Räsänen and Kruuk, 2007; Kent et al., 2009), which often indicates that the actual524

maternal effects coefficient m is also negative (Falconer, 1965).525

While weak selection (Kingsolver and Diamond, 2011; Kingsolver et al., 2012; Siepielski et al.,526

2013) may be a fruitful explanation for the prevalence of negative maternal effects for the purpose527

of variance minimization (Hoyle and Ezard, 2012), this is of course not the whole story. Exist-528

ing data on fluctuating selection is confounded by sampling biases (e.g., exclusion of unsuccessful529

years or small populations from analyses of selection) and typically only provides a brief snapshot530

in time (Siepielski et al., 2013). Also, the notion that major climatic variables (e.g., rainfall, tem-531
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perature) are characterized by substantial temporal variation (Vasseur and Yodzis, 2004) shows that532

the ecological context of fluctuating selection is far from understood. In addition, while maternal533

effects may have only slight consequences for offspring phenotypes (Uller et al., 2013), a number534

of undeniable examples exist where maternal phenotypes have clear transgenerational influences535

on offspring phenotypes (Gustafsson et al., 2005; Galloway and Etterson, 2007). It is imperative to536

tie these studies (and future ones) to information about (i) the strength of selection on the overall537

phenotype, (ii) the strength of selection on phenotypic plasticity and (iii) the nature of environ-538

mental variation (e.g., positive versus negatively correlated environments. In terms of measurable539

parameters, our study shows that the strength of selection on phenotypes needs to be substantial to540

give rise to maternal effects (i.e., phenotypic selection gradients |βz|∝ 1
ω2

z
> 0.5, see Figure 5) and541

phenotypic plasticity needs to be costly (e.g., |βb| ∝ 1
ω2

b

> 0.1), or constrained in other ways (see542

Auld et al., 2010). Lastly, the sign and magnitude of maternal effects is highly contingent on the543

nature of environmental variation, with positively correlated, or slowly and predictably changing,544

environments selecting for positive maternal effects, while negatively correlated, or rapidly chang-545

ing, environments selectively favor negative maternal effects (see also Ezard et al., 2014; Kuijper546

et al., 2014).547

To assess thoroughly whether variation in maternal effects can be tied to different ecological548

contexts, studies that measure intraspecific variation in maternal effect coefficients would be highly549

desirable. While a number of studies have considered intraspecific variation in maternal effects550

(e.g., Mousseau, 1991; Williams, 1994), these studies merely investigated phenotypic variation551

in offspring characters, but did not assess the strength and sign of maternal effects. Particularly552

suitable target species to measure intraspecific variation in maternal effects are those for which553

substantial details about the genetic architecture is available through multigenerational pedigrees,554

such as in great tits (Vedder et al., 2013; Korsten et al., 2013). Next to that, measurements of parent-555

offspring correlations in multiple contexts (Lande and Price, 1989) would provide insight into the556

extent of maternal effects, which may be particularly interesting to assess variation in maternal557

effects in human populations (Kent et al., 2009; Stearns et al., 2010). In addition, experimental558

evolution (Kawecki et al., 2012), for example on offspring size, would provide a more rigorous559

approach to assessing the evolutionary properties of maternal effects, particularly when the rate of560
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environmental fluctuations varies across experimental subpopulations.561

Previous studies within the same framework suggest that our conclusions generalize to other562

contexts, such as stochastically fluctuating environments (Kuijper et al., 2014; Ezard et al., 2014).563

Indeed, Supplementary Figure S5 shows that maternal effects also evolve in stochastically fluc-564

tuating environments. Similarly to our results in a periodic environment in which developmental565

delays are small (see Figure 4), maternal effects evolve to positive (or negative) values in positively566

(or negatively) autocorrelated environments. In addition, stochastic models also allow us to assess567

how maternal effects evolve in response to increasingly unpredictable environments (in which the568

autocorrelation ρ decreases towards 0), congruent with recent climate change (Hansen et al., 2012).569

Figure S5 shows that maternal effects rapidly decay to slight negative values that merely reduce570

phenotypic variance, whilst having little transgenerational importance. Consequently, increasing571

climatic unpredictability is likely to reduce the scope for maternal effects in the long term.572

Possible extensions to our model include the incorporation of spatial environmental variation.573

Given our previous results in temporally fluctuating environments (e.g., Figure 4), we would ex-574

pect that correlations between parental and offspring environments are also key to the evolution575

of maternal effects in spatial environments. In a simple spatial model (consisting of two different576

environments and a probability d with which individuals migrate to a different environment), we577

indeed find that correlations are again important (see Supplementary Figure S6): when dispersal578

d < 0.5, maternal effects evolve to slight negative values as the majority of offspring remain in the579

natal environment and thus experience no change. By contrast, when the dispersal probability is580

higher (d ≥ 0.5), maternal effects now evolve to negative values m̄ < 0 of a substantial magnitude.581

This occurs because the majority of offspring will end up in an environment opposite to that of582

their parents. While this simple example thus suggests that our findings extend to spatial contexts,583

more work is needed to assess how maternal effects evolve in more complicated, spatiotemporal584

environments.585

Another assumption is that maternal effects m are expressed by offspring, rather than by the586

mother. However, additional simulations show that outcomes do not depend on maternal versus587

offspring expression of m (results not shown). This is unsurprising, as offspring fitness is inde-588

pendent of that of its siblings, so that parent-offspring conflict is absent. It would be interesting to589
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relax this assumption in future studies, for example by modeling maternal effects in viscous popu-590

lations where relatives interact (Uller and Pen, 2011; Kuijper and Johnstone, 2012). Alternatively,591

one could model the evolution of maternal effects m when the phenotype z reflects offspring size,592

which trades-off with maternal fecundity as in classical life-history theory (Smith and Fretwell,593

1974; Parker and Macnair, 1978; Parker and Begon, 1986). Preliminary results of the latter sce-594

nario show that offspring size zt indeed diverges between mother and offspring, as expected. How-595

ever, the difference in offspring size is entirely caused by differences in the evolved values of the596

elevation a, while values of m remain small, mirroring our findings for weak selection (Figure 4b).597

Values of m are small, as survival in classical size-fecundity models increases monotonically with598

size (Smith and Fretwell, 1974; Parker and Macnair, 1978), resulting in an open-ended distribution599

of surviving maternal phenotypes. As a result, a mother’s size is less informative about the en-600

vironment relative to a scenario of stabilizing selection in which the distribution of phenotypes is601

narrowly concentrated around an optimum. An exception to this rule occurs when m is expressed602

by the mother (denoted by mm), while the elevation a and plasticity b are expressed by offspring.603

Here we find that mm evolves to very large magnitudes. This is a result of an arms race, in which604

offspring evolve ever larger values of their elevation and plasticity as they favor an increased size,605

while mm evolves to ever smaller (negative) values, as mothers favor a reduced offspring size. Ul-606

timately, extinction follows, as the phenotypic variance explodes when the mean maternal effect607

becomes smaller than m̄m < −1 (Kirkpatrick and Lande, 1989), so that more and more offspring are608

either too small (zt < zmin) or no offspring are produced at all (when zt = ∞).609

Although the latter outcome seems interesting, it remains doubtful whether exclusive maternal610

expression of m is biologically relevant. If mm reflects, for example, a manipulative maternal hor-611

mone that reduces offspring resource demand, the previously studied scenario implies that offspring612

can only respond (over evolutionary time) by increasing their expression levels of other substances613

(through the elevation a and plasticity b) to compensate for their decrease in demand. Yet, a sce-614

nario that is widely considered to be more likely is that offspring are selected to reduce their level615

of sensitivity to the maternal hormone mm in the first place (Müller et al., 2007; Tobler and Smith,616

2010) (e.g., by reducing the number of hormone receptor binding sites, Groothuis and Schwabl,617

2008). In that case, the evolved value of the maternal effect m will be the result of a combined in-618
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teraction between gene loci expressed in mother and offspring, rather than a result of maternal loci619

alone. In the context of dispersal, a previous model by Uller and Pen (2011) has demonstrated that620

the evolution of offspring insensitivity to maternal manipulation generally results in offspring ‘win-621

ning’ the conflict, so that the value of maternal effects reflects the offspring’s optimum, rather than622

that of the mother. Hence, assuming that offspring express m (rather than their mothers) is likely623

to be a more reasonable choice when making predictions regarding the strength and magnitude of624

maternal effects in the long term.625
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A1 Appendix833

A1.1 Mean Fitness834

From eq. (2) , we can calculate mean fitness W̄ by calculating the integral835

W̄ =
∫∫∫

∞

−∞

W (zt ,bt ,mt)p(zt ,bt ,mt)dzt dbt dmt , (A1)836

837

where p(zt ,bt ,mt) is a trivariate Gaussian distribution with variance-covariance matrix838

C =

⎡

⎢

⎢

⎢

⎢

⎣

σ2
zt

Cztbt Cztmt

Cztbt Gbb 0

Cztmt 0 Gmm

⎤

⎥

⎥

⎥

⎥

⎦

.839

840

Covariances between maternal effects and plasticity are assumed to be absent, since we assume841

Gmb = 0. The other covariances are not necessarily 0, as effects of phenotypic plasticity and mater-842

nal effects on phenotype may generate covariances.843

A1.2 Average phenotypes844

Taking the expectation of eq. (1), we have845

z̄t = āt + b̄tεt−τ + mtz
∗

t−1846

= āt + b̄tεt−τ + m̄t z̄
∗

t−1 +Cmtz∗t−1
, (A2)847

848

where Cmtz∗t−1
is the covariance between the maternal effect and the maternal phenotype after se-849

lection. Subsequently, we assess how Cmtz∗t−1
and z̄∗t−1 depend on āt , b̄t and m̄t . First, we calculate850

Et−1[z∗t−1], yielding851

z̄∗t−1 = ā∗t−1 + b̄∗t−1εt−τ−1 +Cm∗

t−1z∗t−2
+ m̄∗

t−1z̄∗t−2,852

= āt + b̄tεt−τ−1 +Cm∗

t−1z∗t−2
+ m̄t z̄

∗

t−2, (A3)853

854
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where we assume that breeding values for a, b and m are transmitted without bias from parents to855

offspring (implying weak selection and random mating (Falconer, 1985; Hadfield, 2012)), so that856

ā∗t−1 ≈ āt , b̄∗t−1 ≈ b̄t and m̄∗

t−1 ≈ m̄t . Moreover, note that neither Cm∗

t−1z∗t−2
nor z̄∗t−2 depend on āt , b̄t or857

m̄t .858

Next, we work out the covariance Cmtz∗t−1
in eq. (A2). Starting from the expression of an859

individual parental phenotype after selection860

z∗t−1 = a∗t−1 + b∗t−1εt−τ−1 + m∗

t−1z∗t−2 + et−1,861

862

we have863

Cmtz∗t−1
= mtz

∗

t−1 − m̄t z̄
∗

t−1864

= mt(a∗t−1+b∗t−1εt−τ−1+m∗

t−1z∗t−2+et−1) − m̄t(a∗t−1+b∗t−1εt−τ−1+m∗

t−1z∗t−2+et−1)865

= mtm
∗

t−1z∗t−2 − m̄tm
∗

t−1z∗t−2,866

867

as Gam = Gbm = 0. This can be rewritten868

Cmtz∗t−1
= (mt − m̄t)(m∗

t−1 − m̄∗

t−1)(z∗t−2 − z̄∗t−2) + m̄∗

t−1Cmtz∗t−2
+ z̄∗t−2Cmtm∗

t−1
.869

870

Since third order central moments vanish for normally distributed variables, i.e. E[(x − x̄)(y − ȳ)(z −871

z̄)] = 0, we have872

Cmtz∗t−1
= m̄∗

t−1Cmtz∗t−2
+ z̄∗t−2Cmtm∗

t−1
873

= m̄tCmtz∗t−2
+

1
2

z̄∗t−2Gmm, (A4)874

875

where we make the approximation (assuming weak selection and trait values close to equilibrium)876

Cmtm∗

t−1
≈ 1

2Gmm. Substituting (A3,A4) back into (A2) then yields877

z̄t = (1 + m̄t) āt + b̄tεt−τ + m̄t b̄tεt−τ−1 + m̄t

(

Cm∗

t−1z∗t−2
+ m̄t z̄

∗

t−2

)

878

+ m̄tCmtz∗t−2
+

1
2

z̄∗t−2Gmm. (A5)879

880
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A1.3 Phenotypic variance881

Here we derive an expression for the phenotypic variance σ2
zt

at time t in order to work out the882

derivatives of lnW̄t . Calculating the variance from eq. (1), we have the following expression for the883

phenotype variance σ2
zt

,884

σ2
zt

= Gaa + Gbbε
2
t−τ +σ2

e + 2(at − āt)
(

mtz
∗

t−1 − mtz
∗

t−1

)

885

+ 2εt−τ

(

bt − b̄t

)(

mtz
∗

t−1 − mtz
∗

t−1

)

+

(

mtz
∗

t−1 − mtz
∗

t−1

)2
, (A6)886

887

where888

(at − āt)
(

mtz
∗

t−1 − mtz
∗

t−1

)

= (at − āt)(mt − m̄t)(z∗t−1 − z∗t−1)889

+ m̄tatz
∗

t−1 + z̄∗t−1atmt − 2āt m̄t z̄
∗

t−1, (A7)890

= m̄tCatz∗t−1
+ z̄∗t−1Gam = m̄tCatz∗t−1

, (A8)891

892

again as we assume that mt , at and z∗t−1 are multivariate normal and the third order central moment893

is zero. Multivariate normality is warranted when trait values at and mt are the result of a large894

number of loci of small effect and phenotypic selection is weak.895

Similarly,896

(

bt − b̄t

)(

mtz
∗

t−1 − mtz
∗

t−1

)

= m̄tCbtz∗t−1
. (A9)897

898

Furthermore, we have899

(

mtz
∗

t−1 − mtz
∗

t−1

)2
= m2

t

(

z∗t−1

)2
−

(

mtz
∗

t−1

)2
900

= m2
t

(

z∗t−1

)2
−

(

Cmtz∗t−1
+ m̄t z̄

∗

t−1

)2
.901

902

This can be further simplified by noting that the fourth order central moment satisfies the identity903

(mt − m̄t)2 (z∗t−1 − z̄∗t−1

)2
= Gmmσ

2
z∗t−1

+ 2C2
mtz∗t−1

, (A10)904

905
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as E[(x − x̄)2(y − ȳ)2] = var(x)var(y) + 2cov(x,y)2 in case of multivariate normality. Expanding the906

left hand side of (A10) gives after quite some algebra,907

m2
t

(

z∗t−1

)2
− 4Cmtz∗t−1

m̄t z̄
∗

t−1 − Gmm

(

z̄∗t−1
)2

− m̄2
t σ

2
z∗t−1

− m̄2
t

(

z̄∗t−1
)2

= Gmmσ
2
z∗t−1

+ 2C2
mtz∗t−1

,908

909

and so910

(

mtz
∗

t−1 − mtz
∗

t−1

)2
=
(

Gmm + m̄2
t

)

σ2
z∗t−1

+C2
mtz∗t−1

+ 2Gmtzt−1m̄t z̄
∗

t−1 + Gmm

(

z̄∗t−1
)2
.911

912

Substituting all this into the expression for σ2
zt

(A6) gives913

σ2
zt

= Gaa + Gbbε
2
t−τ +σ2

e + 2m̄t

(

Catz∗t−1
+ εt−τCbtz∗t−1

)

914

+

(

Gmm + m̄2
t

)

σ2
z∗t−1

+C2
mtz∗t−1

+ 2Cmtz∗t−1
m̄t z̄

∗

t−1 + Gmm

(

z̄∗t−1
)2
. (A11)915

916

A1.4 Derivatives of z̄t and σ2
917

Taking the derivatives of eq. (A5) with respect to āt , b̄t and m̄t , we have918

∂z̄t

∂āt
= 1 + m̄t (A12a)919

∂z̄t

∂b̄t
= εt−τ + m̄tεt−τ−1 (A12b)920

∂z̄t

∂m̄t
= z̄∗t−1 +Cmtz∗t−2

+ m̄t z̄
∗

t−2921

≈ z̄∗t−1 +
1
2

Cmtz∗t−1
+ m̄t z̄

∗

t−2, (A12c)922

923

where we approximate Cmtz∗t−2
with 1

2Cmtz∗t−1
. When doing the same for the corresponding derivatives924

of σ2
zt−1

at time t, we note that the phenotypic variance in eq. (A11) depends on σ2
z∗t−1

, which in turn925

depends on σ2
z∗t−2

and so on. In order to make further progress, we assume that the phenotypic926

variances change slowly over time and approximate σ2
zt−1

≈ σ2
z∗t−1

giving927

(

1 − Gmm − m̄2
t

)

σ2
zt

= Gaa + Gbbε
2
t−τ +σ2

e + 2m̄t

(

Catz∗t−1
+ εt−τCbtz∗t−1

)

928

+C2
mtz∗t−1

+ 2Cmtz∗t−1
m̄t z̄

∗

t−1 + Gmm

(

z̄∗t−1
)2
. (A13)929

930
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Under the close-to-equilibrium, weak selection assumption we find931

Catz∗t−1
= Cata∗t−1

+ m̄∗

t−1Catz∗t−2
932

≈ 1
2

Gaa + m̄tCatz∗t−2
, (A14)933

Cbtz∗t−1
= Cbtb∗t−1

εt−τ−1 + m̄∗

t−1Cbtz∗t−2
934

≈ 1
2

Gbbεt−τ−1 + m̄tCbtz∗t−2
. (A15)935

936

Using these together with equations (A3) and (A4) and the approximations937

Catz∗t−2
≈ 1

2
Catz∗t−1

, Cbtz∗t−2
≈ 1

2
Cbtz∗t−1

and Cmtz∗t−2
=

1
2

Cmtz∗t−1
(A16)938

939

yields940

∂σ2
zt

∂āt
≈ 2

1 − Gmm − m̄2
t

(

Cmtz∗t−1
m̄t + Gmmz̄∗t−1

)

(A17a)941

∂σ2
zt

∂b̄t
≈ 2εt−τ−1

1 − Gmm − m̄2
t

(

Cmtz∗t−1
m̄t + Gmmz̄∗t−1

)

(A17b)942

∂σ2
zt

∂m̄t
≈ 2

1 − Gmm − m̄2
t

(

[

1 +
1
2

m̄t

]

Catz∗t−1
+

[

εt−τ +
1
2

m̄tεt−τ−1

]

Cbtz∗t−1
943

+Cmtz∗t−1

[

1
2

Cmtz∗t−1
+ z̄∗t−1

(

1 +
1
2

m̄t

)

+ m̄t z̄
∗

t−2

]

+ Gmmz̄∗t−1z̄∗t−2944

+ m̄tσ
2
zt

)

. (A17c)945

946

A1.5 Update rules for z̄∗t and covariances947

In order to update the phenotypic components each timestep, we also need to update z̄∗t . Referring948

to eq. (A3) gives949

z̄∗t = āt+1 + b̄t+1εt−τ +Cm∗

t z∗t−1
+ m̄t+1z̄∗t−1. (A18)950

951

To make further progress we approximate Cm∗

t z∗t−1
≈Cmtz∗t−1

, and so952

z̄∗t ≈ āt+1 + b̄t+1εt−τ +Cmtz∗t−1
+ m̄t+1z̄∗t−1. (A19)953

37

Page 37 of 48



In order to step forward in time for a given sequence of environments, we need to find Cmt+1z∗t
,954

Cat+1z∗t
and Cbt+1z∗t

in terms of known quantities at time t. From eq. (A4) we have955

Cmt+1z∗t
= m̄t+1Cmt+1z∗t−1

+
1
2

z̄∗t−1Gmm.956

957

Under the weak selection, close to equilibrium assumption we approximate Cmt+1z∗t−1
≈ (1/2)Cmtz∗t−1

958

to get959

Cmt+1z∗t
≈ 1

2
m̄t+1Cmtz∗t−1

+
1
2

z̄∗t−1Gmm. (A20)960

961

From eqns. (A14) and (A15) we also have962

Cat+1z∗t
≈ 1

2
Gaa + m̄t+1Cat+1z∗t−1

963

≈ 1
2

Gaa +
1
2

m̄t+1Catz∗t−1
, (A21)964

Cbt+1z∗t
≈ 1

2
Gbbεt−τ + m̄t+1Cbt+1z∗t−1

965

≈ 1
2

Gbbεt−τ +
1
2

m̄t+1Cbtz∗t−1
, (A22)966

967

using the equivalent of approximations (A16).968

A1.6 Equilibrium solutions in constant environments969

We look for equilibrium solutions to equations (8a)-(8c) in a constant environment εt ≡ ε. Setting970

∆āt = 0 in equation (8a) gives971

(z̄ − θ)
∂z̄t

∂āt
= −

1
2
∂σ̄2

z

∂āt
(A23)972

973

at leading order, where at equilibrium, z̄t = z̄ is constant. Using equations (A12a) and (A17a) and974

approximating Cmtz∗t−1
≈ z̄Gmm/(2 − m̄) at equilibrium from equation (A20), for constant m̄, gives975

(z̄ − θ)(1 + m̄) = −
2z̄Gmm

(1 − Gmm − m̄2)(2 − m̄)
. (A24)976

977
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Similarly we can derive978

ε(z̄ − θ)(1 + m̄) = −
2εz̄Gmm

(1 − Gmm − m̄2)(2 − m̄)
−
ω2

z b̄

ω2
b

, (A25)979

980

from equations (8b), (A12b) and (A17b). Comparing this to equation (A24) we see that when there981

are costs of plasticity, all equilibrium solutions have b̄ = 0.982

Setting ∆m̄t = 0 in equation (8c) gives983

(z̄ − θ)
∂z̄t

∂m̄t
= −

1
2
∂σ̄2

z

∂m̄t
−
ω2

z m̄

ω2
m

,984

985

and using equations (A12c) and (A17c) and approximating986

Catz∗t−1
≈ Gaa

(2 − m̄)
, (A26a)987

Cbtz∗t−1
≈ εGbb

(2 − m̄)
, (A26b)988

Cmtz∗t−1
≈ z̄Gmm

(2 − m̄)
(A26c)989

990

at equilibrium from equations (A21)-(A20) gives991

[

z̄(1 + m̄) +
z̄Gmm

2(2 − m̄)

]

(z̄ − θ) = −
1

2(1 − Gmm − m̄2)

[

2 + m̄

2 − m̄
(Gaa + ε2Gbb + z̄2Gmm)992

+
z̄2G2

mm

(2 − m̄)2 +
2m̄z̄2Gmm

2 − m̄
+ 2Gmmz̄2

+ 2m̄σ2
z

]

−
ω2

z m̄

ω2
m

.993

994

Now substituting for (z̄ − θ) from equation (A24), rearranging and simplifying gives995

2 + m̄

2 − m̄
(Gaa + ε2Gbb) +

z̄2Gmm f (m̄)
(2 − m̄)2(1 + m̄)

+ 2m̄σ2
z +

2ω2
z m̄

ω2
m

(1 − Gmm − m̄2) = 0, (A27)996

997

where998

f (m̄) = (−1 + m̄)Gmm + (4 − m̄2)(1 + m̄).999

1000

From equation (A13), using approximations (A26a)-(A26c) we see that at equilibrium, the pheno-1001
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typic variance is approximately1002

σ2
zt
≈ 1

1 − Gmm − m̄2

[

2 + m̄

2 − m̄
(Gaa + Gbbε

2
+ Gmmz̄2) +

z̄2G2
mm

(2 − m̄)2 +σ2
e

]

. (A28)1003

1004

We want to consider values of m in a range around zero. From the expression above, we see that1005

for equilibrium solutions to be possible, we must have 1 − Gmm − m̄2 > 0, and so 0 ≤ Gmm < 11006

and the range of m̄ is then given by −

√
1 − Gmm < m̄ <

√
1 − Gmm. Alternatively we can write1007

0 ≤ Gmm < 1 − m̄2. Thus we have1008

f (m̄) ≥ g(m̄) ≡ (−1 + m̄)(1 − m̄2) + (4 − m̄2)(1 + m̄),1009

= (1 + m̄)(3 + 2m̄ − 2m̄2). (A29)1010

1011

The function g(m̄) has roots at m̄ = −1,−0.823,1.823, with g(m̄) > 0 for −0.823 < m̄ < 1.823.1012

Hence we also have f (m̄) > 0 for −0.823 < m̄ < 1.823. Thus if m̄ were positive, in the allowed1013

range 0 < m̄ <
√

1 − Gmm then all the terms in equation (A27) would be positive and there would1014

be no equilibrium solution possible. Therefore all equilibrium solutions in the range of validity of1015

our model must have negative mean maternal effect coefficient, i.e. m̄ < 0.1016
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Figure captions1017

Figure 1 Variation of population mean fitness with mean maternal effect in a constant environ-1018

ment, when the mean phenotype is optimal and in the absence of costs of plasticity or maternal1019

effects. For the parameter values used subsequently in Figure 2, it can be seen that mean fitness is1020

maximised at negative m̄. Parameters: Gaa = 0.1, Gbb = 0.045, Gmm = 0.005, ω2
z = 40, A = 0, B =1021

2, θ = 10, σ2
e = 1, ω2

m = ω2
b = 100.1022

Figure 2 Numerical iterations showing adaptation to a sudden shift in the environment εt at t =1023

10 for different populations that vary in the presence or absence of within-generational plasticity1024

or maternal effects, while the elevation at is always allowed to evolve. Solid black lines: both1025

within-generational plasticity and maternal effects bt and mt are allowed to evolve. Solid grey line:1026

only maternal effects mt are allowed to evolve (no plasticity). Dashed black line: only plasticity1027

bt is allowed to evolve (no maternal effects). Dashed grey lines: neither bt and mt are allowed1028

to evolve (i.e., only the elevation at evolves). Panel a: change in population mean fitness Wt .1029

Panel b: evolution of the mean phenotype z̄t . Panel c: the mean elevation āt . Panel d: the mean1030

level of within-generational plasticity b̄t (reaction norm slope). Panel e: the mean maternal effect1031

coefficient m̄t . Parameters: Gaa = 0.1, Gbb = 0.045, Gmm = 0.005, ω2
z = 40, A = 0, B = 2, σ2

ξ =1032

0.01, ρ = 0.5, δ = 10, τ = 0.25, σ2
e = 1, ω2

m = ω2
b = 100.1033

Figure 3 Numerical iterations showing adaptation to sinusoidally changing environment with1034

frequency f = 0.5. Panels as in Figure 2. Parameters: Gaa = 0.1, Gbb = Gmm = 0.045, ω2
z = 40, A =1035

0, B = 2, σ2
ξ = 0.01, ρ = 0.5, τ = 0.25, σ2

e = 1, ω2
m = ω2

b = 100. The amplitude of the sine wave is 1.1036

Figure 4 The evolution of mean within-generational plasticity b̄ and mean maternal effects m̄1037

while varying the frequency of environmental change f . Panels a,b: evolution of ā, m̄ and b̄ accord-1038

ing to the analytical model when selection on the overall phenotype is weak (i.e., ω2
z = 40). Panels1039

c,d: evolution of ā, m̄ and b̄ according to the individual-based model when selection on the overall1040

phenotype is strong (ω2
z = 0.7), with shading representing the standard deviation over 10 replicate1041

simulation runs for each value of f . Panel e: the autocorrelation in selective conditions between the1042

maternal and offspring generations, which is approximately cor(θt ,θt+1) ≈ cor(sin( f t),sin( f (t + 1))1043
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when the variance σ2
ξ of the background environmental stochasticity is small, as is assumed here.1044

Parameters: A = 0, B = 2,σ2
ξ = 0.01, ρ = 0.5, τ = 0.25, ω2

m = ω2
b = 100. Parameters for the analytical1045

model: Gaa = 0.1, Gbb = Gmm = 0.045. Parameters for individual-based simulations: µa = µb = µm =1046

0.02, σ2
µb

= σ2
µm

= σ2
µz

= 0.0025, σ2
e = 1.1047

Figure 5 Individual-based simulations showing the differential sensitivity of plasticity (panel a)1048

and maternal effects (panel b) to the strength of phenotypic selection ω−2
z in a slowly fluctuating1049

environment ( f = 0.5). Each lines reflect different costs of plasticity ω−2
b . Phenotypic plasticity b̄1050

readily evolves to appreciable values even when selection on the overall phenotype is very weak,1051

unless the evolution of b̄ is checked by considerable costs of plasticity (low values of ω2
b , bottom1052

lines in panel a). By contrast, panel b shows that maternal effects m̄ only evolve to significant1053

values when selection on the overall phenotype is very strong (i.e., ω−2
z > 1), even when plasticity1054

is constrained by strong costs ω−2
b . Parameters: A = 0, B = 2,σ2

ξ = 0.01, ρ = 0.5, τ = 0.25, ω2
m =1055

100, µa = µb = µm = 0.02, σ2
µb

= σ2
µm

= σ2
µz

= 0.0025, σ2
e = 1. Panel a: Gmm = 0, Gbb = 0.045. Panel1056

b: Gmm = 0.045, Gbb = 0. Shaded range reflects standard deviations over 10 replicate simulation1057

runs for each of 35 different values of ω2
z .1058

Figure 6 The simultaneous evolution of mean plasticity b̄ and mean maternal effects m̄ for three1059

levels of the developmental time-lag τ . Panels a,b: analytical model showing the coevolved values1060

of b̄ and m̄ when selection is weak (ω2
z = 40). Panels c,d: individual-based simulations for a case1061

where selection is strong (ω2
z = 0.7). Parameters: A = 0, B = 2,σ2

ξ = 0, ω2
m =ω2

b = 100. Parameters for1062

the analytical model: Gaa = 0.1, Gbb = Gmm = 0.045. Parameters for individual-based simulations:1063

µa = µb = µm = 0.02, σ2
µb

= σ2
µm

= σ2
µz

= 0.0025, σ2
e = 1.1064
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Figure S1:

S1 Supplementary Figures1066

Figure S1 Individual-based simulations of populations that endure a rapid environmental shift1067

exhibit evolutionary dynamics that are similar to those of the analytical model in Figure 2, at least1068

with respect to characters āt and m̄t . The congruence of both figures indicates that weak-selection1069

assumptions in the analytical model are robust to more realistic situations in which population sizes1070

are finite. Parameters: N = 5000, µa = µb = µm = 0.02, �2
µb

= �2
µm = �2

µz = 0.0025, !2
z = 40, !2

b =1071

!2
m = 100, !2

b,high = !2
m,high = 1, B = 2, �2

⇠ = 0.01, ⇢ = 0.5, ⌧ = 0.25, � = 10, �2
e = 1. Shaded ranges1072

depict the standard deviations over 10 replicate simulations.1073
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Figure S2:

Figure S2 Numerical iterations showing adaptation to a sudden shift in the environment, similar1074

to Figure 2, except that the amount of additive genetic variance in maternal effects is larger (Gmm =1075

0.045 instead of Gmm = 0.005) which increases the phenotypic variance (eq. [10]). Minimization of1076

an increased phenotypic variance favors more negative values of m̄ in the new environment, which1077

at the same time prevents long-term adaptation to the novel environment in the presence of maternal1078

effects. Parameters: see Figure 2.1079
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Figure S3:

Figure S3 Numerical iterations of the evolution of the mean maternal effect m̄t in response to1080

different magnitudes � of the environmental shift, while varying the cost of the maternal effect1081

!-2
m . Dotted lines (!2

m = 0.5) reflect that maternal effects are very costly, whereas dashed (!2
m =1082

10) and solid lines (!2
m = 100) reflect progressively weaker costs of maternal effects. Panels a-c:1083

in the absence of phenotypic plasticity bt , maternal effects show a pronounced positive transient1084

response to the environmental shift, even when costs of maternal effects are extremely high, with1085

m̄ remaining positive for > 1000 generations. Panels d-f show that this transient response of m̄t1086

is maintained in the face of phenotypic plasticity (see also Figure 2d,e), although the number of1087

generations during which m̄ remains positive is reduced. Parameters: Gaa = 0.1, Gbb = 0.0451088

(panels d-f), Gmm = 0.005, !2
z = 40, A = 0, B = 2, �2

⇠ = 0.01, ⇢ = 0.5, � = 10, ⌧ = 0.25, !2
b =1089

100, �2
e = 1.1090

Figure S4 Numerical iterations showing adaptation to more gradual shifts in the environment1091

"t for different populations that vary in the presence or absence of within-generational plasticity,1092

bt . The environmental shift initiates at generation t = 10 and achieves its new value either after1093

100, 1000 or 10 000 generations. Panels A, B: evolution of z̄t and m̄t when phenotypic plasticity is1094

absent. Panels C-E: evolution of z̄t , b̄t and m̄t when phenotypic plasticity is present. Overall, results1095
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Figure S4:

are highly similar to the sudden environmental shift in Figure 2 that takes place during a single1096

generation. Only when the environmental shift is substantially slow (i.e., 10 000 generations), is1097

gradual change in the elevation āt sufficient to achieve a sufficient response to change, selectively1098

favoring lower values of maternal effects or phenotypic plasticity. Parameters: Gaa = 0.1, Gbb =1099

0.045, Gmm = 0.005, !2
z = 40, A = 0, B = 2, �2

⇠ = 0.01, ⇢ = 0.5,� = 10,⌧ = 0.25, �2
e = 1.1100
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Figure S5:

Figure S5 Individual-based simulations showing adaptation to a stochastic temporally fluctuating1101

environment when selection is strong (!2
z = 0.7). Environmental fluctuations are reflected by the1102

parameter ⇠t in eq. (6), reflecting an autocorrelated Gaussian timeseries with autocorrelation ⇢1103

and environmental variance �2
⇠ = 1. During the initial phase of simulation (0 < t < 20000) the1104

autocorrelations have a large magnitude, so that m̄t is selected to be either substantially positive1105

(when ⇢ = 0.8, panel A) or negative (when ⇢ = -0.8, panel B), corroborating findings in a periodic1106

environment (Figure 4d). Between generations 20000 < t < 28000, autocorrelations gradually1107

decay with a step �⇢ = ±0.001 towards increased unpredictability, leading to a corresponding1108

decrease in the magnitude of m̄t . After t � 28000, the environment is unpredictable (⇢ = 0) and1109

values of m̄t are very slight and, on average, negative. Small values of m̄t when ⇢ = 0 again reflect1110

findings in the periodic environment where the autocorrelation is absent (e.g., see f = 1
2⇡ for Figure1111

4d). Parameters: !2
z = 0.7, !2

m = 100, B = 2, �2
⇠ = 1.0, ⌧ = 0.25, µa = µb = µm = 0.02, �2

µb
= �2

µm =1112

�2
µz = 0.0025, �2

e = 1.1113
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Figure S6:

Figure S6 Individual-based simulations depicting the evolution of maternal effects m̄t (in the1114

absence of plasticity) in a spatial environment. The environment consists of two patches with1115

respective environmental values "1 = -1 and "2 = 1. With probability d an offspring disperses to a1116

patch with the opposite environmental value, whereas with probability 1 - d an offspring remains1117

in the maternal environment. Parameters: !2
z = 1.0, !2

m = !2
b = 100, B = 2, �2

⇠ = 0, ⌧ = 0, µa = µb =1118

µm = 0.02, �2
µb

= �2
µm = �2

µz = 0.0025, �2
e = 1.1119
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