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Abstract 23 

Offspring size is strikingly variable within species. Although theory can account for variation 24 

in offspring size among mothers, an adaptive explanation for variation within individual 25 

broods has proven elusive. Theoretical considerations of this problem assume that producing 26 

offspring that are too small results in reduced offspring viability, but producing offspring that 27 

are too large (for that environment) results only in a lost opportunity for increased fecundity. 28 

However, logic and recent evidence suggest that offspring above a certain size will also have 29 

lower fitness, such that mothers face fitness penalties on either side of an optimum. Although 30 

theory assuming intermediate optima has been developed for other diversification traits, the 31 

implications of this idea for selection on intra-brood variance in offspring size have not been 32 

explored theoretically. Here we model the fitness of mothers producing offspring of uniform 33 

vs. variable size in unpredictably variable environments and compare these two strategies 34 

under a variety of conditions. Our model predicts that producing variably sized offspring 35 

results in higher mean maternal fitness and less variation in fitness among generations when 36 

there is a maximum and minimum viable offspring size, and many mothers under- or over-37 

estimate this optimum. This effect is especially strong when the viable offspring size range is 38 

narrow relative to the range of environmental variation. To determine whether this prediction 39 

is consistent with empirical evidence, we compare within- and among-mother variation in 40 

offspring size for 5 phyla of marine invertebrates with different developmental modes 41 

corresponding to contrasting levels of environmental predictability. Our comparative analysis 42 

reveals that in the developmental mode in which mothers are unlikely to anticipate the 43 

relationship between offspring size and performance, size-variation within mothers exceeds 44 

variation among mothers, but the converse is true when optimal offspring size is likely to be 45 



 3 

more predictable. Together, our results support the hypothesis that variation in offspring size 46 

within broods can reflect an adaptive strategy for dealing with unpredictably variable 47 

environments. We suggest that when there is a minimum and a maximum viable offspring 48 

size and the environment is unpredictable, selection will act on both the mean and variance 49 

of offspring size. 50 

 51 

52 
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Introduction 52 

For over 50 years, biologists have sought to understand the remarkable variation in 53 

offspring size among species (Lack 1947, Bagenal, 1969) and the study of offspring size has 54 

become an important branch of life-history research (Stearns 1992). The resources available 55 

to mothers are finite, so they can produce either many small or fewer, large offspring. Larger 56 

offspring typically have higher fitness than smaller offspring, thereby offsetting any decrease 57 

in fecundity. Smith and Fretwell (1974) produced one of the first theoretical examinations of 58 

how mothers optimally balance the size and number of offspring they produce. Their classic 59 

study has formed the basis for most theory on offspring size/number trade-offs, and most 60 

models published since share a number of features with their original work. These models 61 

typically derive the best maternal allocation strategy assuming a trade-off between offspring 62 

size and number and a positive correlation between offspring fitness and offspring size (e.g. 63 

Vance 1973, Smith and Fretwell 1974, Sargent et al. 1987). The general prediction from this 64 

work is that under constant environmental conditions (and thus a constant offspring size-65 

fitness relationship), a single offspring size will be optimal. However in nature, offspring 66 

sizes are extremely variable within populations and offspring size can be correlated with a 67 

number of maternal factors such as body size or nutrition (Turner and Lawrence 1977).  68 

While the earliest models could not account for such variation, more recent models 69 

incorporating the effects of maternal phenotype on the natal environment successfully predict 70 

the observed variation in offspring sizes among different mothers (e.g. Parker and Begon 71 

1986, Hendry et al. 2001, Sakai and Harada 2001). Empirical evidence supports these 72 

models. For example, in species of fish where the maternal phenotype can affect the 73 

offspring size-fitness relationship, offspring size variation within populations is relatively 74 
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high (Einum and Fleming 2002). Similarly, Fox et al. (1997) showed that when mothers can 75 

detect the likely environment of their offspring, they adjust the size of their offspring 76 

accordingly suggesting that inter-individual variation in offspring size represents an adaptive 77 

maternal effect. 78 

Although theory can now account for variation in offspring size among mothers, 79 

explaining variation in the size of offspring from the same mother remains problematic. 80 

Offspring size shows remarkable variation within individual broods in many taxa (Turner and 81 

Lawrence 1977, Williams 1994, Fox and Czesak, 2000, Kudo 2001, Marshall et al. 2003). 82 

There are numerous verbal arguments for producing offspring that vary in size (e.g. Capinera 83 

1979, Crump 1981, Lips 2001). In such considerations, within-brood variation is viewed as a 84 

form of bet-hedging in which females ensure that at least a few offspring approach the 85 

optimum in some unpredictable future environment (Koops et al. 2003). However, the few 86 

formal models of within brood offspring size variation do not support such an adaptive 87 

explanation for this variation (McGinley et al. 1987, Einum and Fleming 2004b, but see 88 

Geritz [1995] for a rare exception using a game theoretic approach). In most instances, 89 

producing a single offspring size within each brood is predicted to be optimal (note that 90 

Vance [1973] and similar models predict two optima but one of these is simply a product of 91 

infinitely small offspring retaining some fitness – an unrealistic situation). In the few cases 92 

where producing variably-sized offspring within broods is favored in these models, it is 93 

under restrictive and improbable conditions. For example, McGinley et al. (1987) found that 94 

producing offspring of variable size was only advantageous when mothers could strictly 95 

control the dispersal of their offspring. Similarly, Einum and Fleming (2004) found that 96 

within-brood offspring size variation (described as diversified bet-hedging) was a less 97 
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effective strategy than producing very large offspring (described as conservative bet-98 

hedging) for coping with environmental uncertainty. Consequently, within-brood variation in 99 

offspring size is increasingly viewed as a product of physiological constraints that prevent 100 

mothers from producing offspring of identical size, rather than as an adaptive strategy (Fox 101 

and Czesak 2000, Einum and Fleming 2004b). In their review of offspring size effects in 102 

insects, Fox and Czesak (2000, p. 358) concluded that ‘…some authors have suggested that 103 

at least some of the variation within families is an adaptive response to living in a variable 104 

environment. At this time however, there are few experimental studies and too little 105 

theoretical work to generalize.” Thus, despite the intuitive appeal of intra-clutch variation in 106 

offspring size as a mechanism for coping with environmental heterogeneity, theoretical 107 

support for the concept remains elusive.  108 

While offspring size theory has struggled to account for within-brood variation in 109 

offspring size, parallel developments in the more general theory of bet-hedging have long 110 

predicted a selection advantage for producing offspring with variable phenotypes. Cohen’s 111 

(1966) classic model and others since have shown that when the environment varies 112 

unpredictably, mothers should produce offspring with a range of phenotypes either in a single 113 

reproductive bout (Gillespie 1977, Bull 1987, Simons and Johnston 2006) or across multiple 114 

reproductive bouts (Cooper and Kaplan 1982). Thus we face the puzzling situation where 115 

general theory predicts a selection advantage for variation in offspring traits but specific 116 

theory for offspring size typically does not.  117 

The nature of optimality models may be partly responsible for the prevalence of 118 

theory showing that within-brood offspring size variation is not adaptive. Most optimality 119 

models use highly asymmetrical offspring fitness functions whereby, as offspring size 120 
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increases, offspring fitness increases with diminishing returns, or levels off at a constant 121 

maximum value (Smith and Fretwell 1974, McGinley et al. 1987, Einum and Fleming 2000, 122 

2004b). In contrast, more general models of bet-hedging assume a symmetrical, curvilinear 123 

relationship between offspring phenotype and fitness such that there are fitness penalties at 124 

each end of the offspring phenotype continuum (e.g. Cohen 1966, Cooper and Kaplan 1982). 125 

We suggest that offspring size models using an asymmetrical function are unrealistic and 126 

underestimate the benefits of a diversified bet-hedging strategy in unpredictable 127 

environments while overestimating the benefits of a conservative bet-hedging strategy (i.e. 128 

producing offspring of a constant, large size). 129 

 The use of a Smith-Fretwell fitness function is problematic because it assumes that 130 

above a certain size, larger offspring (including infinitely large offspring) have equal fitness. 131 

Therefore, the only fitness cost to mothers of producing large offspring is a reduction in 132 

fecundity.  In nature, however, offspring exceeding a certain size will have lower fitness due 133 

to physiological or anatomical constraints (Strathmann and Chaffee 1984, Congdon and 134 

Gibbons 1987, Kaplan 1992, Strathmann 1995, Bernardo 1996), increased predation risk 135 

(Dibattista et al. 2007) or an increased risk of polyspermy (Styan 1998, Marshall et al. 2002). 136 

Thus offspring are likely to suffer a direct fitness cost if they are too small or too large for 137 

their environment. If the environment varies unpredictably, then a conservative bet-hedging 138 

strategy (i.e. simply producing larger offspring) is unlikely to insulate mothers from this 139 

unpredictability because excessively large offspring will suffer reduced fitness. Furthermore, 140 

with direct fitness costs on both sides of an optimum, the benefits of producing variably sized 141 

offspring may be increased in unpredictable conditions. The benefits of within brood 142 
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offspring size variation have not been modeled under the assumption that both very small and 143 

very large offspring suffer reduced fitness.  144 

Here, we compare the fitness of mothers employing contrasting reproductive 145 

strategies: (1) an ‘invariant’ strategy where all offspring (or eggs) within a brood are of equal 146 

size, and (2) a ‘variable’ strategy where offspring within broods vary in size. Like previous 147 

authors, we found that this problem precludes a tractable analytic solution, and opted for a 148 

simulation approach (Einum and Fleming 2004a). However, our approach differs from 149 

previous studies in that we use a fitness function that penalizes offspring that are too large as 150 

well as those that are too small for that environment. Recent empirical work has shown that 151 

optimal offspring sizes can vary 2-fold over very small spatial scales within similar habitats 152 

(Marshall et al. 2006, Marshall and Keough 2006), so the chances of mothers producing the 153 

‘wrong’ offspring size for any particular environment are probably high. Therefore, we 154 

varied the probability that mothers will produce offspring of a size that is not optimal for that 155 

environment (i.e., make “errors”), and examined the relative fitness of the variable and 156 

invariant reproductive strategies. Our simulation analysis suggested that, when mothers are 157 

likely to make large errors with regard to optimal offspring size and viable offspring sizes are 158 

bounded by a minimum and a maximum, within brood variation in offspring size increases 159 

maternal fitness. We then examined whether species that were less able to predict the natal 160 

environment produced more variably sized broods through a comparative analysis of 161 

offspring size variation among marine invertebrate species that differ in their capacity to 162 

predict the environment of their offspring (i.e. direct developers without dispersive young 163 

versus indirect developers with highly dispersive young). A direct test of the predictions of 164 

our model requires verifying the presumed causal link between a maximum viable egg size 165 
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and selection on the variable strategy – a challenging problem. Our comparative analysis 166 

does not constitute such a direct test. Nonetheless, the comparative analysis enables us to 167 

determine whether the empirical evidence is consistent with our model’s predictions.  168 

 169 

Materials and Methods 170 

Model 171 

 Following traditional offspring size models (e.g. Smith and Fretwell 1974), we 172 

assume that there is a function linking egg fitness to egg size (m), a minimum viable egg size 173 

(mmin), and a trade-off between the mean size of the eggs that a female produces and the 174 

number of eggs that she can produce (Smith and Fretwell 1974). However, unlike previous 175 

authors, we also assume that egg fitness decreases when egg size exceeds an optimum, so 176 

that there is a maximum viable egg size (mmax). Thus, the fitness of an individual egg, )(m! , 177 

is zero when egg size is less than mmin or greater than mmax. In the viable range between mmin 178 

and mmax, egg fitness is given by 179 
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 182 

where m is the size of an individual egg. This represents a convex function relating egg 183 

fitness to egg size (see Appendix A: Fig. 1).  184 

We assume that all females have an equal quantity of resources, R, to invest in 185 

reproduction, and that there is a trade-off between the mean size of a female’s eggs (brood 186 
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mean, µ), and the number of eggs that she can produce. Thus, the number of eggs, N(µ), 187 

produced by a female with a brood-mean egg size µ is  188 
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where M is the mean egg size in the population (equal to the optimum egg size and the 191 

expected value of the distribution of µ; see below). Consequently, females whose mean egg 192 

size (µ) is smaller than the population average (i.e., µ < M) produce more eggs than the 193 

population average egg number (i.e., N(µ) > N(M)), whereas females whose mean egg size is 194 

greater than the population average (i.e., µ > M) produce fewer eggs than the population 195 

average (i.e., N(µ) < N(M)), such that total reproductive output (the sum of the sizes of all 196 

eggs produced by a female) is equal for all females. 197 

The fitness of a particular mother, W, is thus equal to the summed fitnesses of all her 198 

eggs, 199 
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 202 

where m is the size of a particular egg produced by a female with mean egg size µ.  203 

 To determine whether the variable strategy could yield higher fitness than the 204 

invariant strategy in unpredictably variable environments, we simulated different degrees of 205 

environmental variability, and examined their consequences for the relative fitnesses (i.e., 206 

recruitment rates) of two populations of 500 females, one population pursuing an invariant 207 

reproductive strategy (no variation in egg size within broods), and the other population 208 
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pursuing a variable reproductive strategy (within-brood variation in egg size). We used 209 

populations, rather than a single individual, to represent each strategy within each generation 210 

because this approach seems more biologically relevant, corresponding, for example, to a 211 

situation where clonal populations of marine invertebrates or plants pursue contrasting 212 

reproductive strategies. Simulating populations also greatly diminishes the probability of 213 

genotype extinction, enabling us to analyse variation in strategy fitness within and across 214 

generations as a continuous variable. Environmental variability (CVE) was a proxy for 215 

mothers’ abilities to predict the optimum brood-mean egg size: on average, the magnitude of 216 

maternal “errors” (i.e., deviations from the optimum) increased with increasing 217 

environmental variability. Note that we manipulated mean egg size for a population of 218 

females rather than manipulating environmental parameters. This approach is functionally 219 

equivalent to modeling environmental variation because the distribution of mismatches 220 

between maternal mean egg size and environment are the same in each case. Our approach 221 

has the advantage of allowing manipulation of variation in the mean distance from an 222 

optimum independently of changes in minimum and maximum viable egg size. In each 223 

simulation (representing a generation or reproductive bout), a brood-mean egg size, µ, was 224 

generated randomly for each of 500 mothers. The distribution of µ was log-normal, and its 225 

expected value, M, always corresponded to the optimum egg size (i.e. the egg size that 226 

maximizes maternal fitness). This assumes that the population mean is centered at the fitness 227 

optimum, but that individuals within the population may over- or underestimate the optimum 228 

egg size. The coefficient of variation of this distribution, CVE, represented environmental 229 

variability. We examined six degrees of environmental variability: CVE = 0.3, 0.6, 1.0, 1.15, 230 

1.3, 2.1. The biological significance of these values of CVE can be appreciated by inspecting 231 
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their consequences for reproductive failure rate and among-generation variation in fitness 232 

(see Results and Appendix A), which can be compared directly with parameters measured in 233 

real populations. Indeed empirical studies strongly suggest that reproductive failure rates due 234 

to producing offspring of the ‘wrong’ size can be even higher than those generated in our 235 

simulations (Marshall and Keough 2007). 236 

 For each of the 500 brood-mean egg sizes, µ, we then randomly generated N(µ) 237 

individual egg sizes, m, distributed normally about µ with standard deviation σ. Although 238 

some eggs could thus have negative sizes, we assume that egg size is measured on an 239 

arbitrary scale, and negative sizes simply yield zero fitness because they are less than mmin. 240 

For a given female with brood-mean egg size µ, maternal fitness was then calculated in two 241 

ways. First, maternal fitness under the invariant strategy, Winv, was calculated based on N(µ) 242 

eggs of size µ. Second, maternal fitness under the variable strategy, Wvar, was calculated 243 

based on N(µ) eggs of different sizes, m. The arithmetic mean fitness of each strategy within 244 

each generation (or reproductive bout) was then calculated from the fitnesses of the 500 245 

females, and the relative fitness of the variable strategy (‘Fitness differential’, ΔW) within a 246 

generation was calculated as 247 

 248 
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where ∑Wvar and ∑Winv are the summed fitnesses of the 500 females based on the variable 251 

and invariant strategies. Thus, ΔW  < 0 indicates higher fitness for the invariant strategy, 252 

whereas ΔW  > 0 indicates higher fitness for the variable strategy within a generation or 253 

reproductive bout.  254 
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 To examine how the magnitude of within brood variance in egg size affects maternal 255 

fitness, we simulated different coefficients of within brood variation, CVB (defined as σ / µ). 256 

We examined values of CVB ranging from 0.01 to 0.5 because these values encompass those 257 

observed in nature (Marshall and Keough 2007, Kohn and Perron, 1994). The value of σ was 258 

adjusted for each female so as to maintain a constant CVB despite variation in µ.  259 

 To investigate how the shape of the function relating egg fitness to egg size affects 260 

the performance of the variable strategy, we simulated every combination of CVE and CVB 261 

for three different egg fitness functions varying 16-fold in the width of the viable egg size 262 

range (see Fig. 2). For each parameter combination, we conducted 500 simulations, with 263 

different random distributions of µ and m generated in each simulation, and tested the null 264 

hypothesis ΔW  = 0 by t-test. Where ΔW was not significantly different from zero, we 265 

conducted up to 2000 additional simulations. Appendix A: Figure 1 illustrates the 266 

performance of females under the variable and invariant strategy for several parameter 267 

values. We checked our model for systematic bias by setting CVB to very small values, and 268 

confirming that ΔW approaches zero as CVB approaches zero. 269 

 As an additional index of relative performance, we compared the coefficients of 270 

variation of ∑Wvar and ∑Winv over multiple simulations, assuming that the strategy exhibiting 271 

less variation in mean fitness across generations enjoys a long-term advantage (Roff, 1992). 272 

Simulations were conducted in Mathcad Plus 6.0 Professional Edition (© MathSoft, Inc., 273 

Cambridge, Mass., U.S.A.).  274 

  275 

Comparative Analysis 276 
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Marine invertebrates are an ideal group to examine offspring size variation across 277 

species because they are taxonomically diverse with a wide range of offspring dispersal 278 

modes.  Many marine invertebrate lineages exhibit a range of developmental modes, 279 

indicating repeated, independent evolution of different developmental modes (Hart et al. 280 

2003) and multiple dispersal modes are present within some populations of the same species 281 

(Krug 1998). Importantly, offspring size consistently has fitness consequences in marine 282 

invertebrates and can be important at each life-history stage, sometimes in a conflicting 283 

manner (Hart 1995, Levitan 1996, Moran and Emlet 2001, Marshall and Keough 2003, 284 

Marshall et al. 2003). 285 

Marine invertebrates can be divided into distinct developmental groups: direct 286 

development, indirect development with no feeding, and indirect development with feeding. 287 

Direct developers (D) typically produce relatively large offspring that either emerge from the 288 

adult as a fully developed juvenile or emerge from an egg capsule as a juvenile. There is 289 

extremely little dispersal during development and fertilisation in usually internal. Non-290 

feeding, indirect developers (NF) typically produce ‘medium ‘sized offspring that are 291 

released from the adult as eggs (in the case of external fertilisers) or larvae (in the case of 292 

internal fertilisers or brooders). The larvae typically have no feeding structures, relying on 293 

maternal provisioning, and spend minutes to a few days in the plankton before encountering 294 

a suitable habitat whereupon they metamorphose and begin adult life (Havenhand 1995). 295 

Feeding, indirect developers (F) produce small eggs that are either externally or internally 296 

fertilised and spend days to months feeding in the plankton. They may go through several 297 

larval stages while in the plankton before metamorphosing and becoming an adult. Thus 298 
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there is a clear ranking in the dispersal capabilities of D, NF and F offspring with D being the 299 

least dispersive and F being the most dispersive. 300 

There are clear differences in the ability of mothers with directly and indirectly 301 

developing offspring to predict the relationship between offspring size and overall 302 

performance (and thus the optimal offspring size that should be produced). Because 303 

indirectly developing offspring are far more dispersive and can pass through multiple life-304 

history stages: i) the natal habitat (defined as the habitat in which offspring become 305 

independent from maternal nutrition sources and begin to feed) is unlikely to be assessed by 306 

mothers, ii) the natal habitat is unlikely to be affected by maternal phenotype and iii) there 307 

can be conflicting selection pressures on offspring size among stages (Marshall et al. 2002). 308 

These three factors all suggest that mothers with F offspring have a lower chance of 309 

optimally provisioning individual offspring. In contrast, mothers with D offspring should be 310 

better able to predict their offspring’s environment. Because directly developing offspring are 311 

released into the maternal environment there is at least the potential for mothers to assess the 312 

environmental conditions and adaptively adjust the size of their offspring (e.g. Fox et al. 313 

1997, Einum and Fleming 2002). Moreover, because direct developing offspring are 314 

relatively weak dispersers, sibling competition and maternal phenotype are more likely to 315 

affect the quality of the natal environment (i.e., essentially make it more predictable, Parker 316 

and Begon 1986, Hendry et al. 2001). Finally, there is less potential for conflicting selection 317 

pressures on offspring size in direct developers because they have fewer life-history stages 318 

making the relationship between offspring size and performance more likely to be 319 

predictable.  If environmental unpredictability favours the production of variably sized 320 

offspring, then we should see higher levels of variation within broods of F species than D 321 
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species. Similarly, if the offspring environment of D species is more predictable, we should 322 

see more variation among mothers in D species than F species. It is important to note that for 323 

all the developmental groups, we expect there to be a minimum and maximum offspring size 324 

that will be viable although the underlying causes of the upper constraints will probably 325 

differ among the developmental modes. For example, physiological constraints probably 326 

limit the maximum offspring size in direct developers but polyspermy effects limit offspring 327 

size in broadcast spawners (Marshall and Keough 2007). Thus, while our theoretical analysis 328 

considered the effects of environmental predictability on fitness under the assumption that 329 

offspring can suffer fitness costs if they exceed an optimum size, our comparative analysis 330 

examined the relationship between environmental predictability and components of variation 331 

in offspring size in order to test our model’s predictions. To determine whether the empirical 332 

evidence was consistent with the predictions arising from our simulations, we compiled data 333 

on variation in offspring size among and within marine invertebrate mothers from the 334 

available literature and from unpublished data of our own (see Table 1). For more detailed 335 

methods on our comparative analysis, see Appendix A. 336 

 337 

Results 338 

Model 339 

Our simulations suggest that, in unpredictably variable environments, mothers 340 

producing offspring of variable size within each brood (variable strategy) have higher mean 341 

fitness within generations, as well as lower variance in fitness across generations, than 342 

mothers producing offspring of uniform size (invariant strategy). This is because the 343 
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production of offspring of different sizes insures that, for some females whose brood-mean 344 

egg size falls outside the viable egg size range, some offspring are nonetheless able to 345 

survive.   346 

Within generations, the invariant strategy yields higher mean fitness when a large 347 

proportion of females are able to produce mean egg sizes near the optimum, since all the 348 

eggs produced by invariant strategy females have high fitness. However, when many females 349 

produce mean egg sizes that deviate substantially from the optimum, the variable strategy 350 

tends to do better on average because fewer females suffer total reproductive failure (see 351 

below), and many females produce some eggs of near-optimum size, even if their brood-352 

mean egg size deviates from the optimum. When environmental variability is moderate (e.g., 353 

CVE = 0.6), a small degree of within brood variability in egg size (e.g., CVB = 0.01) 354 

nonetheless results in significantly higher mean maternal fitness than an invariant strategy, 355 

although higher levels of within-brood variability are disadvantageous (Fig. 1; Appendix B: 356 

Table 1). For example, egg fitness function ‘c’ in Fig. 1 yields a significant advantage for the 357 

variable strategy (with CVB = 0.01) at CVE = 0.6, which corresponds to a reproductive failure 358 

rate (i.e., probability of having no surviving offspring) of 24% for invariant strategy females. 359 

When environmental variability is high (e.g., CVE ≥ 1.3, resulting in reproductive failure for 360 

> 50% of invariant strategy females), maternal fitness increases with the degree of within-361 

brood variability (CVB). At intermediate levels of environmental variation (e.g., CVE = 1.0 to 362 

1.15), a complex transition occurs where selection on CVB appears to be disruptive.  363 

 We investigated how the strength of stabilizing selection on egg size affects the 364 

relative advantage of the variable strategy by examining three egg fitness functions differing 365 

16-fold in the viable egg size range. The narrowest egg fitness function (function ‘a’ in Fig. 366 
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1), representing the strongest stabilizing selection on egg size, results in the greatest 367 

advantage for the variable strategy in variable environments (Appendix C: Fig. 2). However, 368 

the difference between the two wider egg fitness functions (functions ‘b’ and ‘c’ in Fig. 1) is 369 

less pronounced. This is because, given the trade-off between egg size and number, females 370 

with large brood-mean egg sizes have few offspring and, thus, little influence on mean 371 

fitness.  372 

 In addition, the variable strategy always results in lower variation in fitness across 373 

generations (Fig. 2; Appendix B: Table 2), and this represents an additional advantage of the 374 

variable strategy (see Roff 1992 and Discussion).  375 

 The fitness advantages of the variable reproductive strategy, both in terms of higher 376 

mean fitness within generations and lower coefficients of variation in fitness across 377 

generations, partly reflects lower rates of complete reproductive failure (Appendix C: Fig. 3). 378 

For females pursuing the variable egg size strategy, reproductive failure rate declines with 379 

increasing within-brood variability (CVB) (Appendix B: Table 3) and, even with the smallest 380 

degree of within-brood variability (CVB = 0.01), the variable strategy yields a significantly 381 

lower reproductive failure rate than the invariant strategy (Sign test: N = 12500 simulation 382 

runs, Z = 111.66, P < 0.0001). Reduced rates of reproductive failure thus moderate the effects 383 

of environmental unpredictability.  384 

 385 

Comparative analysis 386 

The comparative data are consistent with the hypothesis that within-brood offspring 387 

size variation reflects an adaptive maternal bet-hedging strategy in unpredictable 388 

environments. The principle source of variation in offspring size strongly depends on the 389 
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development type of that species (Table 2). For direct developers (where mothers have the 390 

greatest ability to predict offspring environment), most of the variation in offspring size is at 391 

the among-mother level (Fig. 3) whereas for indirect developers with feeding larvae (where 392 

mothers have little ability to predict offspring environment), most of the variation is at the 393 

within-mother level (Fig. 3). The indirect developers with non-feeding larvae are 394 

intermediate to the two other groups, with equal levels of variation within and among 395 

mothers. This pattern is maintained regardless of the taxonomic level at which it is tested 396 

(Scale of variation × Development type interaction, family level: F2,18
 = 7.05, P = 0.0055; 397 

order level: F2,15 = 6.11, P = 0.0011; class level: F2,8 = 6.11, P = 0.0245; Fig. 3). Examining 398 

within-mother variation in offspring size alone, there is a significant difference among 399 

development types (F2,22 = 5.54, P = 0.011) and within-mother variation is highest in indirect 400 

developers with feeding larvae (Dunnett’s test: F vs. NF: P < 0.001; F vs. D: P = 0.04). 401 

 402 

Discussion 403 

We found that when environments are unpredictable (such that mothers are likely to 404 

produce offspring of a mean size that deviates from the optimal size) and offspring fitness is 405 

maximized at an intermediate size, mothers producing a range of offspring sizes within a 406 

brood (variable strategy) are likely to have higher fitness than mothers producing offspring of 407 

identical size within broods (invariant strategy). Typically, the benefit of producing variably 408 

sized offspring is assumed to be a reduction in among-generation variance in fitness (Seger 409 

and Brockman 1987, Simons and Johnston 1997, Lips 2001, Laaksonen 2004), and our 410 

analysis supports this view. This represents an advantage for the variable strategy because 411 
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genotypes pursuing such a strategy will face a lower risk of extinction resulting from low 412 

population size in some generations, and will have a higher net growth rate over multiple 413 

generations (i.e. they will have a higher geometric mean fitness: for a detailed description of 414 

why geometric mean fitness may be more important for selection, see Roff 1992 and Orr 415 

2007). This reduction in among-generation variation in fitness (yielding a higher geometric 416 

mean) forms the basis of bet-hedging theory: bet-hedgers don’t necessarily do best all the 417 

time, but they perform most consistently and are therefore favored by selection (Cohen 1966, 418 

Roff 1992). However, our simulations show that mean fitness within generations is also 419 

higher for mothers that produce offspring of variable size when the environment is 420 

sufficiently variable (i.e. a higher arithmetic mean fitness) – a novel finding. Together, these 421 

findings represent a large potential fitness advantage for the variable strategy in some 422 

environments. 423 

The finding that a variable strategy can attain higher fitness within generations 424 

reflects the fact that the variable strategy outperforms the invariant strategy when brood-425 

mean egg size is displaced from the egg size optimum. Thus, the net relative fitness of the 426 

variable strategy within generations reflects the average displacement of brood-mean egg 427 

size from the egg size optimum, and a net advantage for the variable strategy can arise if the 428 

mode of the distribution of brood-mean egg sizes is displaced from the egg size optimum. In 429 

our simulations, the expected value of the brood-mean egg size distribution always coincides 430 

with the optimum egg size, but the mode of the distribution is to the left of the egg size 431 

optimum (as a consequence of the shape of the log-normal distribution), yielding a net 432 

advantage within generations for the variable strategy under some parameter combinations. 433 

We suggest that, in natural populations, the mode of the distribution of offspring size may 434 
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often be shifted to the left of the optimum as a result of resource limitation, or classic bet-435 

hedging whereby genotypes that produce a greater number of small offspring may 436 

outperform those that produce fewer, larger offspring when optimum egg size is difficult to 437 

predict.  438 

Our findings provide some of the first compelling theoretical support for the idea that 439 

the production of heterogeneous broods, so often observed in nature, can reflect an adaptive 440 

reproductive strategy that yields higher fitness within generations (see Kudo [2001] for an 441 

interesting empirical example). Our results suggest that whenever there is a minimum and a 442 

maximum viable offspring size, there are two ecological conditions under which producing 443 

offspring of variable size may be favored: highly unpredictable environments and narrow 444 

fitness functions. There is good evidence suggesting that optimal offspring sizes can vary 445 

considerably, even over small spatial and temporal scales due to a range of physical (e.g. 446 

desiccation stress on either side of a surge channel; Moran and Emlet 2001) and biological 447 

factors (Bervan and Chadra 1988, Marshall et al. 2006), but what conditions are likely to 448 

result in narrow fitness functions? Obviously constraints on maximum size will result in 449 

narrowed fitness functions (Strathmann and Chaffee 1984, Congdon and Gibbons 1987, 450 

Strathmann 1995). But there are factors other than functional constraints that penalize 451 

offspring that are too large. For example, in the frog Bombina orientalis, tadpoles from larger 452 

eggs can have lower performance than tadpoles from smaller eggs (Kaplan 1992).  For 453 

marine broadcast spawners, there is likely to be a narrow range of offspring sizes that results 454 

in the optimal fertilization of eggs because fertilisation is egg size-dependent. Smaller eggs 455 

face sperm limitation and larger eggs may suffer from polyspermy (Marshall et al. 2002). In 456 

species with non-feeding larvae, egg size is positively correlated with development time and 457 
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as such, larger eggs will remain in the plankton for longer (reviewed in Marshall and Keough 458 

2007). Given that mortality rates in the plankton can be very high, increasing offspring size 459 

in species with non-feeding larvae may reduce rather than increase offspring fitness. As a 460 

result of such factors, only a narrow range of offspring sizes may be viable. In species such 461 

as these, we suggest that even a small level of environmental unpredictability may result in 462 

variable strategies being favored (for a more detailed review of the negative effects of 463 

increasing offspring size see Bernardo 1996). We should note that we do not suggest that all 464 

within brood variation in offspring size is necessarily adaptive, merely that there is an 465 

adaptive element to this variation when environments are unpredictably variable and 466 

production of offspring that are too large or too small results in direct fitness costs. Our 467 

results are robust to a 16-fold difference in the viable egg size range. However, it would be 468 

interesting to investigate the consequences of altering the shape of the egg fitness function in 469 

a variety of other ways (e.g., disruptive selection on egg size). 470 

The theoretical finding that within-brood variation in egg size can represent an 471 

adaptive form of diversified bet-hedging in highly unpredictable environments accords with 472 

comparative empirical evidence, which shows that within-brood variation in offspring size is 473 

relatively low in species where mothers have greater opportunity to anticipate the 474 

relationship between offspring size and performance (i.e., direct developers), but high in 475 

species where this relationship is likely to be unpredictable (i.e., indirect developers with 476 

feeding larvae). Based on the key assumption that offspring fitness is maximized at an 477 

intermediate size, our theoretical analysis suggests that the observed relationship between 478 

environmental predictability and within-brood variation in offspring size in marine 479 

invertebrates reflects adaptive variation in reproductive strategies. The converse pattern was 480 
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observed for variation among mothers. The high level of among-mother variation in 481 

offspring size for direct developers is predicted to occur only if mothers can adjust the size of 482 

their offspring according to local conditions. If mothers can produce offspring that are close 483 

to the optimal size, then fitness will be higher under an invariant strategy. While adaptive 484 

plasticity in offspring size has been demonstrated in insects (Fox et al. 1997), we know of no 485 

study that has demonstrated this in marine direct developers.  486 

Previous studies have examined variation in offspring size in more or less predictable 487 

environments but they did not partition variation into among- and within-mother levels 488 

(Poulin and Hamilton 2000, Einum and Fleming 2002, Dziminski and Alford 2005). Our 489 

findings in both the simulations and the comparative analysis highlight the fact that selection 490 

will act very differently on these two sources of variation, suggesting that they should be 491 

considered separately. Environmental unpredictability should select for increased among-492 

mother variation for species that can predict the environment that their offspring will 493 

encounter, whereas it should select for increased within-brood variation for species that 494 

cannot predict the conditions that their offspring are likely to experience. 495 

Both non-feeding and feeding indirect developers had much lower levels of among-496 

mother variation in offspring size than direct developers, but only the indirect developers 497 

with feeding larvae had high levels of within-brood variation. This accords with our model’s 498 

predictions: most indirect developers with feeding larvae spend weeks to months in the 499 

plankton, passing through multiple life-history stages, and disperse to habitats far removed 500 

from the maternal habitat. The different developmental modes differed not only in their 501 

dispersal but also the number of life-history stages at which offspring size could affect 502 

performance. For example, fertilization was external in most of the indirect developers and 503 
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other studies have shown that egg size can affect fertilization kinetics in external fertilizers 504 

(Levitan 1996, Marshall et al. 2002). Thus, we would expect that the relationship between 505 

offspring size and performance would be least predictable in this group and, accordingly, 506 

high levels of offspring size variation within-broods should be favored. It should be noted 507 

that the species within the different developmental modes vary across a range of different 508 

life-history traits, all of which have the potential to affect offspring size variation. For 509 

example, all of the direct developing species have a mobile adult stage but many of the 510 

indirect developers were sessile as adults. Thus we cannot rule out other factors that may also 511 

affect the differences in offspring size variation observed in this study. 512 

An alternative explanation for the high levels of variation in offspring size among 513 

mothers in direct developers is that maternal phenotype and the natal environment are linked. 514 

Larger mothers typically produce more offspring and, in weakly dispersing species, this may 515 

result in higher levels of sibling competition. McGinley et al. (1987) suggest that larger 516 

mothers may therefore provision their offspring with more resources (i.e. make them larger) 517 

to deal with the increased levels of sibling competition, thus producing a correlation between 518 

maternal and offspring size. In many marine invertebrates, offspring size is correlated with 519 

maternal size (Marshall et al. 2000, Marshall and Keough 2003) but it is, as yet, unclear 520 

whether this relationship is more common in direct developers.  521 

Overall, our theoretical and comparative analyses support the view that within-brood 522 

variation in offspring size, like mean offspring size, is under selection. When environment is 523 

unpredictably variable, and the range of viable offspring sizes is relatively narrow, selection 524 

is likely to favor production of offspring of variable sizes within broods. In contrast, stable 525 

environments and a large range of viable offspring sizes will generally favor a constant 526 
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offspring size within broods. One component that theoretical considerations of offspring size, 527 

including our own, fail to incorporate is the physiological cost of producing offspring of 528 

uniform size. We agree with Fox and Czesak (2000)’s suggestion that at least some of the 529 

within-brood variation in offspring size may reflect the cost associated with the production of 530 

uniformly sized offspring, or physiological constraints against uniform offspring size. 531 

Nevertheless, it is clear that systematic differences in the level of within-brood variation 532 

occur among organisms with different life-history strategies and we suggest that these 533 

differences may be adaptive.  534 
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