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Abstract 24 

Sex-specific dominance reversals (SSDRs) in fitness-related traits, where heterozygotes’ 25 

phenotypes resemble those of alternative homozygotes in females versus males, can 26 

simultaneously maintain genetic variation in fitness and resolve sexual conflict and thereby 27 

shape key evolutionary outcomes. Yet, the full implications of SSDRs will depend on how they 28 

arise and the resulting potential for evolutionary, ecological and environmental modulation. 29 

Recent field and laboratory studies demonstrate SSDRs in threshold(-like) traits with 30 

dichotomous or competitive phenotypic outcomes, implying that such traits could promote 31 

emergence of SSDRs. But, such possibilities have not been explicitly examined. I show how 32 

phenotypic SSDRs can readily emerge in threshold traits given genetic architectures involving 33 

large-effect loci alongside sexual dimorphism in the mean and variance in polygenic liability. 34 

I also show how multi-locus SSDRs can arise in line-cross experiments, especially given 35 

competitive reproductive systems that generate non-linear fitness outcomes. SSDRs can 36 

consequently emerge in threshold(-like) traits, as functions of sexual antagonism, sexual 37 

dimorphism and reproductive systems, even with purely additive underlying genetic effects. 38 

Accordingly, I identify theoretical and empirical advances that are now required to discern 39 

the basis and occurrence of SSDRs in nature, probe forms of (co-)evolutionary, ecological and 40 

environmental modulation, and evaluate net impacts on sexual conflict. 41 

 42 

Keywords: Liability; sex-specific dominance reversal; sexual antagonism; sexual conflict; 43 

sexual dimorphism; threshold trait. 44 

 45 
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Introduction 48 

Core ambitions in evolutionary biology are to identify key processes that maintain genetic 49 

variation in fitness and that shape the outcome of evolutionary sexual conflict (Johnson and 50 

Barton 2005; Bonduriansky and Chenoweth 2009; Arnqvist 2011; Connallon and Clark 2010, 51 

2014; Connallon 2015; Hendry et al. 2018; Plesnar-Bielak and Łukasiewicz 2021). Observations 52 

that magnitudes of standing genetic variation in fitness (and major fitness components) can 53 

substantially exceed those expected solely due to mutation-selection balance imply that 54 

some forms of balancing selection must act to maintain polymorphisms (Johnson and Barton 55 

2005; Charlesworth 2015; Connallon and Chenoweth 2019). While sexual conflict resulting 56 

from sexually antagonistic selection can in principle be resolved through evolution of sexual 57 

dimorphism, such outcomes depend on genetic architectures of focal traits, including sex-58 

specific additive and non-additive genetic effects and (co)variances (Lande 1980; Connallon 59 

and Clark 2010; Arnqvist et al. 2014; Wyman and Rowe 2014). Accordingly, overarching 60 

objectives are to identify interacting processes and architectures that can jointly generate 61 

balancing selection and facilitate emergence of sexual dimorphism, and to understand how 62 

such processes and architectures can themselves arise or be constrained (Bonduriansky and 63 

Chenoweth 2009; Connallon and Clark 2010, 2014; Connallon 2015; Llaurens et al. 2017; 64 

Grieshop and Arnqvist 2018; Ruzicka et al. 2019; Kaufmann et al. 2021; van der Bijl and Mank 65 

2021). 66 

In this context, sex-specific dominance reversals (SSDRs) are of direct interest because 67 

they constitute one key mechanism that could both maintain genetic variation and ameliorate 68 

sexual conflict (Fry 2010; Arnqvist 2011; Arnqvist et al. 2014; Grieshop and Arnqvist 2018; 69 

Connallon and Chenoweth 2019; Ruzicka et al. 2019; Grieshop et al. 2021). SSDRs are defined 70 

as occurring when heterozygotes’ phenotypes resemble the phenotypes of alternative 71 
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homozygotes in females versus males (Figure 1). Such SSDRs allow expression of differing sex-72 

specific optimal phenotypes given the same heterozygous genotype at a focal locus (Figure 73 

1). This can in turn generate net heterozygote advantage at the population level, which can 74 

contribute to maintaining genetic variation (i.e. through net balancing selection, Figure 1). 75 

Such SSDRs could therefore both defuse sexual antagonism and maintain potential for future 76 

evolution (Fry 2010; Arnqvist 2011; reviewed by Connallon and Chenoweth 2019; Grieshop et 77 

al. 2021). However, in general, such impacts will depend on the frequency of occurrence and 78 

magnitude of effect of SSDRs and hence on the circumstances under which SSDRs can actually 79 

arise, evolve and be modulated in nature (as with dominance relationships more generally, 80 

Billiard et al. 2021). 81 

Fundamental questions of whether dominance of beneficial versus detrimental alleles 82 

can directly evolve, and/or simply arises as an intrinsic property of non-linear genotype-83 

phenotype (or genotype-fitness) maps, have been widely considered and historically 84 

generated considerable controversy. One key contention was that, since dominance 85 

manifests in heterozygotes, a relatively high frequency of heterozygosity is required to 86 

generate appreciable selection on dominance and hence any possible dominance evolution, 87 

yet sufficient heterozygosity may not generally arise (arguments summarised by Otto and 88 

Bourguet 1999; Manna et al. 2011; Spencer and Priest 2016; Connallon and Chenoweth 2019; 89 

Billiard et al. 2021). Yet, recent population genetic theory shows that dominance can in 90 

principle evolve in circumstances where some additional process generates or maintains 91 

heterozygosity (Otto and Bourguet 1999; Billiard et al. 2021). This includes evolution of SSDRs 92 

given sexually antagonistic selection (Spencer and Priest 2016). Here, sexual antagonism can 93 

initially maintain sufficient genetic variation (and hence heterozygosity) at focal large-effect 94 
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loci to allow invasion of sex-specific dominance modifiers, which effectively reduce sexual 95 

conflict and further maintain genetic variation (Spencer and Priest 2016). 96 

Meanwhile, it has also been highlighted that intrinsic SSDRs can emerge if genotype-97 

fitness maps for both sexes are non-linear and, specifically, concave around each sex’s 98 

optimum. Given strong sexually antagonistic selection at a focal locus such that opposite 99 

homozygotes have higher fitness in females versus males, sex-specific fitness values for 100 

heterozygotes can then be geometrically closer to each sex-specific maximum even given 101 

purely additive underlying allelic effects (Fry 2010; reviewed and illustrated by Connallon and 102 

Chenoweth 2019). This scenario concurs with the general points that any non-linear 103 

genotype-phenotype map can generate intrinsic dominance (Gilchrist and Nijhout 2001; 104 

Vasseur et al. 2019), and that recessivity in detrimental small-effect mutations can arise given 105 

smooth non-linear fitness landscapes (e.g. given stabilising selection across underlying traits, 106 

Manna et al. 2011). Hence, overall, the points that evolved and/or intrinsic SSDRs could in 107 

principle exist are now well substantiated (Grieshop and Arnqvist 2018; Connallon and 108 

Chenoweth 2019; Grieshop et al. 2021). 109 

Indeed, four major empirical studies have now demonstrated SSDRs in key fitness-110 

related traits in disparate systems. These four studies concern maturation in Atlantic salmon 111 

(Salmo salar, Barson et al. 2015); occurrence of anadromy (i.e. sea migration) in rainbow trout 112 

(Oncorhynchus mykiss, Pearse et al. 2019); survival through bacterial exposure in Drosophila 113 

melanogaster (Geeta Arun et al. 2021); and competitive reproductive success in seed beetles 114 

(Callosobruchus maculatus, Grieshop and Arnqvist 2018). They provide striking evidence of 115 

SSDRs involving heterozygosity at known large-effect loci or genomic inversions (Barson et al. 116 

2015; Pearse et al. 2019), or given polygenic heterozygosity generated through heroic efforts 117 
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with experimental evolution and/or line-crosses (Grieshop and Arnqvist 2018; Geeta Arun et 118 

al. 2021). 119 

Yet, while these four studies demonstrate manifestations of SSDRs, they do not focus 120 

on investigating how such SSDRs could or do arise. This is reasonable; simply demonstrating 121 

SSDRs in fitness-related traits in wild or wild-derived systems represents a notable advance, 122 

while probing their basis requires further challenging investigations (Pearse et al. 2019; Geeta 123 

Arun et al. 2021; Grieshop et al. 2021). However, some insights into underlying mechanisms, 124 

and specifically the degrees to which observed phenotypic SSDRs represent explicit genetic 125 

dominance reversals versus intrinsic properties of non-linear genotype-phenotype or 126 

genotype-fitness maps, will ultimately be required to fully understand key forces that 127 

maintain genetic variation in fitness and resolve sexual conflict in nature. This is especially 128 

true when SSDRs are revealed by experimental evolution and/or line crosses; such 129 

approaches may be highly effective in demonstrating potential for SSDRs, but may not 130 

necessarily imply that observed effect sizes routinely arise or hence substantively shape 131 

evolutionary outcomes in the wild. 132 

Here, jointly considering the four empirical studies (Barson et al. 2015; Grieshop and 133 

Arnqvist 2018; Pearse et al. 2019; Geeta Arun et al. 2021) can help develop conceptual 134 

frameworks and hypotheses. In particular, all four studies concern threshold or threshold-like 135 

traits, defined here as focal phenotypes that are manifested as dichotomous or competitive 136 

outcomes (further explained below). This is notable because threshold(-like) traits (as 137 

opposed to traits that are directly expressed and continuously distributed on observed 138 

phenotypic scales) are not typically the predominant focus of work in quantitative genetics or 139 

experimental evolution, or of explicit theory on (sex-specific) dominance evolution. The 140 

observation that all four empirical studies that demonstrate SSDRs concern threshold(-like) 141 
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traits consequently raises interesting questions of whether such traits have properties that 142 

foster evolution and/or expression of SSDRs involving large-effect loci and/or polygenic 143 

variation, and hence how such traits could play key roles in maintaining genetic variation and 144 

resolving sexual conflict in nature. 145 

To address these questions, I first summarise pertinent properties of threshold(-like) 146 

traits. I then demonstrate how these properties can readily generate phenotypic SSDRs that 147 

arise as intrinsic consequences of sexual dimorphism and/or competition, without necessarily 148 

requiring either direct SSDRs in underlying allelic effects or directly concave genotype-fitness 149 

maps. I achieve these objectives using illustrative caricatures of traits, quantitative genetic 150 

architectures and study designs reported in the four recent empirical studies (Barson et al. 151 

2015; Grieshop and Arnqvist 2018; Pearse et al. 2019; Geeta Arun et al. 2021). I thereby use 152 

these studies as inspiration to consider how SSDRs could arise, but do not imply that outlined 153 

scenarios necessarily apply in the focal systems. Finally, I highlight how explicitly considering 154 

the properties of threshold(-like) traits opens new theoretical and empirical routes to 155 

examining the dynamics of SSDRs and their impacts on evolutionary outcomes in nature. 156 

 157 

Fundamental properties of threshold traits 158 

The threshold trait concept is long established in quantitative genetics as a route to 159 

rationalising and predicting the dynamics of dichotomous phenotypes underpinned by highly 160 

polygenic genetic architectures. In brief, individuals are envisaged to have latent ‘liabilities’, 161 

which can comprise additive and/or non-additive genetic and environmental effects, and are 162 

assumed to be continuously distributed across individuals. Individuals’ liability values 163 

translate into expression of alternative discrete phenotypes when above versus below some 164 

threshold (Figure 2, Falconer and Mackay 1996, Ch. 18; Roff 1996; Lynch and Walsh 1998, Ch. 165 
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25; Reid and Acker 2022). The threshold trait concept therefore explicitly invokes a highly 166 

non-linear genotype-phenotype map, and hence a non-linear genotype-fitness map if 167 

resulting dichotomous phenotypes substantively impact fitness. 168 

While the basic threshold trait construction envisages a steep fixed threshold that 169 

generates entirely discrete phenotypes (Figure 2, Falconer and Mackay 1996; Lynch and 170 

Walsh 1998), the concept can be broadened to encompass shallower threshold slopes which 171 

could yield partial trait expression and which could themselves evolve (Chevin and Lande 172 

2013). Broadly threshold-like properties can consequently arise for fitness components that 173 

are not intrinsically phenotypically dichotomous but that emerge from competitive 174 

interactions with some degree of ‘winner takes all’. For example, competition for 175 

reproductive resources, matings or fertilisations can result in substantial variance in 176 

outcomes, even with relatively little variance in underlying trait values, if ‘winning’ individuals 177 

monopolise disproportionate shares (as observed in numerous systems, e.g. Dodson et al. 178 

2013; Laturney et al. 2018; Parker 2020; see Discussion). Values of competing individuals must 179 

then be exceeded to achieve substantial reproductive success. 180 

Since non-linear genotype-phenotype maps generally generate intrinsic dominance 181 

(Billiard et al. 2021), it is immediately plausible that threshold(-like) traits could induce such 182 

effects. Indeed, it is well established that threshold traits transform effects that are strictly 183 

additive on underlying liability scales into non-additive effects on observed phenotypic scales 184 

(Gianola 1982; Lynch and Walsh 1998; de Villemereuil 2018). There can therefore be 185 

substantial ‘cryptic’ genetic variation in liability, which has little or no immediate effect on 186 

phenotype, on either side of the threshold (Roff 1996, 1998; Reid and Acker 2022). However 187 

despite these properties, intrinsic dominance, and SSDRs more specifically, have 188 

predominantly been formally theoretically considered in the context of smooth fitness 189 
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surfaces, with little explicit consideration of threshold(-like) traits (Fry 2010; Manna et al. 190 

2011; Connallon and Chenoweth 2019; Vasseur et al. 2019; but see Gilchrist and Nijhout 2001 191 

for treatments of diffusion-gradient-threshold models). This omission is perhaps surprising 192 

since Wright (1934) originally postulated the threshold trait concept as a parsimonious 193 

explanation for otherwise puzzling and inconsistent patterns of apparent inheritance and 194 

dominance (as observed for guinea pig digit numbers). 195 

Further, the threshold trait construction also fundamentally implies that mean 196 

observed phenotype depends not only on mean liability (relative to the threshold) but also 197 

on the variance in liability. This is because the mean and variance jointly define the proportion 198 

of individuals whose liabilities exceed the threshold and hence express the alternative 199 

phenotype (Figure 2, Supporting Information S1, Falconer and Mackay 1996). Hence, in the 200 

context of sex-specific effects, the observed degree of phenotypic sexual dimorphism in a 201 

threshold trait jointly depends on the degrees of sexual dimorphism in the mean and the 202 

variance in liability. Accordingly, sexual dimorphism in mean liability might or might not 203 

translate into sexual dimorphism in phenotype, depending on the degree of sexual 204 

dimorphism in the variance and on the distances of the sex-specific mean liabilities from the 205 

threshold (Figure 2, Supporting Information S1). 206 

Given these well-established properties, the potential for threshold(-like) traits to 207 

generate SSDRs on observed phenotypic scales, with or without explicit genetic SSDRs acting 208 

on underlying liability scales, can be outlined with broad reference to the four recent 209 

empirical studies. 210 

 211 

 212 

 213 
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Linking from empirical studies to concepts of SSDRs in threshold(-like) traits 214 

SSDRs involving large-effect loci: scenarios based on salmonids 215 

Theory on SSDRs, involving either evolution of direct dominance modifiers or intrinsic effects 216 

of non-linear fitness landscapes, primarily envisages large-effect loci that detectably affect 217 

fitness (Fry 2010; Spencer and Priest 2016). Correspondingly, Barson et al. (2015) and Pearse 218 

et al. (2019) demonstrate SSDRs involving large-effect loci that affect related life-history traits 219 

in salmonids: maturation in Atlantic salmon and anadromy in rainbow trout. Both traits are 220 

commonly sexually dimorphic; males mature earlier and are less anadromous than females 221 

on average. Such dimorphisms likely result from sexually antagonistic selection arising 222 

because reproductive success is more strongly positively related to body size in females than 223 

males. This drives female-specific selection for prolonged growth, anadromy and later 224 

maturation, which trades off against increased probability of pre-reproductive mortality 225 

(Barson et al. 2015; Czorlich et al. 2018; Pearse et al. 2019). Meanwhile, the relatively 226 

undifferentiated sex chromosomes of salmonids have been suggested to inhibit sequestration 227 

of sexually antagonistic genes through sex linkage, generating interest in identifying 228 

additional mechanisms that could resolve sexual conflict (Pearse et al. 2019). 229 

In salmon, genome-wide association studies using relatively high-density SNP data 230 

revealed a large-effect locus, VGLL3, where alternative alleles substantially affect the 231 

occurrence of maturation, and hence resulting maturation age, in both sexes (Barson et al. 232 

2015). Genome construction and SNP-based interrogation in trout then revealed a double-233 

inversion supergene that affects occurrence of anadromy (Pearse et al. 2019). In both cases, 234 

field data yielded evidence of SSDRs where heterozygotes show mean maturation ages or 235 

probabilities of anadromy that are to some degree closer to the alternative homozygotes in 236 

females versus males (e.g. Figure 1; Barson et al. 2015; Pearse et al. 2019). Yet, maturation 237 
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and anadromy in salmonids are also highly polygenic heritable traits, affected by numerous 238 

loci of medium or small effect (e.g. Hecht et al. 2013; Weinstein et al. 2019; Sinclair-Waters 239 

et al. 2020). Hence, they can be appropriately conceptualised as sexually dimorphic threshold 240 

traits (Dodson et al. 2013; Debes et al. 2021), where substantial standing polygenic variation 241 

in liability can exist alongside polymorphic large-effect loci. 242 

Simple illustrations then show how such genetic architectures could readily generate 243 

phenotypic SSDRs. To see this, first consider that females have relatively low mean baseline 244 

liabilities to mature at a particular timepoint, with a population-wide distribution that scarcely 245 

spans the threshold (e.g. blue curve on Figure 3A). Meanwhile, males have higher mean 246 

baseline liabilities with identical variance, meaning that the population-wide distribution 247 

substantially spans the threshold (e.g. blue curve on Figure 3B). Consequently, some males 248 

will mature now but most females will not, meaning that sexual dimorphism in mean liability 249 

translates into partial phenotypic sexual dimorphism (Figure 3). 250 

Then, we can consider an alternative allele at a large-effect locus that increases mean 251 

liability equally in both sexes. Population-wide distributions of liabilities of homozygotes for 252 

the alternative allele (i.e. genotype AA instead of baseline aa) could then substantially exceed 253 

the threshold in both sexes, meaning that most males and females will mature now, 254 

potentially still with some phenotypic sexual dimorphism (e.g. grey curves on Figure 3). 255 

Regarding SSDRs, the key question then concerns the locations of the sex-specific 256 

distributions of liabilities of heterozygotes (i.e. genotype Aa) at the large-effect locus relative 257 

to the threshold, and the resulting sex-specific frequencies of the alternative phenotypes. 258 

Here, Figure 3 illustrates how SSDRs can readily emerge, even given purely additive effects 259 

(i.e. co-dominance) of the large-effect alleles on the liability scale. This scenario occurs when 260 

the increase in mean liability due to one copy of the alternative allele is sufficient to cause 261 
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most of the population-wide liability distribution to exceed the threshold in males but not 262 

females (e.g. red curves on Figure 3B versus 3A). Mean heterozygote phenotype (i.e. the 263 

proportion of Aa individuals that express the alternative phenotype) is then closer to that for 264 

the baseline (late maturing or anadromous) homozygote in females and the alternative (early 265 

maturing) homozygote in males, representing phenotypic SSDR (e.g. inset panels on Figure 266 

3). 267 

Given this scenario, Figure 3 illustrates how phenotypic SSDRs emerge from the 268 

combination of three properties: the deviations of the two sex-specific mean baseline 269 

liabilities from the threshold (shown by the two black horizontal lines) which together define 270 

the degree of sexual dimorphism in baseline liability (blue horizontal line) and its translation 271 

into sexual dimorphism in phenotype; and the additive effect size of the alternative allele at 272 

the large-effect locus (red horizontal lines). Diverse forms of symmetrical or asymmetrical 273 

partial or complete SSDR can consequently emerge, depending on the degree to which the 274 

three properties cause the mean liabilities for the heterozygotes and alternative homozygotes 275 

to lie on opposite sides of the threshold in the two sexes (mathematical derivations in 276 

Supporting Information S1).  277 

Such SSDRs can then be further modulated by the variance in liability, and by the 278 

degree of sexual dimorphism in the variance (Supporting Information S1). For example, the 279 

scenario illustrated in Figure 3 can easily generate almost complete rather than partial SSDR 280 

given smaller variance in liability in both sexes (Figure 4A,B versus Figure 3). This is because 281 

the liability distributions for the heterozygotes (red curves) then lie almost completely on 282 

opposite sides of the threshold in females versus males (Figure 4A,B). Sexual dimorphism in 283 

the variance in liability could then generate partial phenotypic dominance in one sex and 284 

complete dominance in the other. 285 
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These scenarios imply that ongoing evolution of the degree of sexual dimorphism in 286 

mean and/or variance in liability, or simply environmental effects on the mean and/or 287 

variance and resulting phenotypic sexual dimorphism, could alter the emerging degree of 288 

phenotypic SSDR. For example, if there were less sexual dimorphism in mean baseline liability 289 

than illustrated in Figure 3, or the same degree of dimorphism but shifted relative to the 290 

threshold, then SSDR can readily disappear (e.g. Figure 4C,D). Hence, the forms of sexual 291 

dimorphism in the mean and variance in baseline liability, and in resulting phenotypes, can 292 

effectively act as dominance modifiers on the large-effect locus. 293 

Indeed, temporal and/or spatial variation in sexual dimorphism in liability could 294 

readily arise in nature if the form of (sex-specific) selection varies among environments, 295 

potentially driving evolution of (sex-specific) plasticity and resulting phenotypic outcomes. 296 

For example, mean salmonid maturation ages and degrees of anadromy and sexual 297 

dimorphism commonly vary among populations, and even among cohorts (e.g. Dodson et al. 298 

2013; Barson et al. 2015; Pearse et al. 2019; Weinstein et al. 2019). Observed degrees of SSDR 299 

could consequently vary among populations or cohorts, even with substantial gene flow and 300 

hence likely very similar genetic architectures. Indeed, the degree of phenotypic SSDR 301 

associated with VGLL3 genotype differed markedly between two Atlantic salmon populations 302 

despite low genetic divergence (low FST, Czorlich et al. 2018). Meanwhile, the genomic 303 

inversion that showed SSDR in anadromy in a Californian trout population (Pearse et al. 2019) 304 

had no detected effect in an Alaskan population (Weinstein et al. 2019). SSDRs can 305 

consequently be environment- and population-specific rather than a fixed intrinsic property 306 

of any particular large-effect locus or biological system, and the intrinsic properties of 307 

threshold traits can readily foster such modulations. Phenotypic dominance modification can 308 
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then be straightforward; it can simply result from additional genetic and/or environmental 309 

effects on liability for any threshold trait. 310 

Yet, while threshold traits can readily generate phenotypic SSDRs given purely additive 311 

allelic effects on liability (Figures 3 and 4), there could in principle be direct SSDRs at the large-312 

effect locus that act on the liability scale (i.e. liabilities of heterozygotes could be closer to 313 

opposite homozygotes in the two sexes, Figure 5, Supporting Information S1). Such liability-314 

scale SSDRs could translate into strong phenotypic SSDRs (Figure 5A,B), but will not 315 

necessarily do so. Indeed, they could in principle even appear as purely additive phenotypic 316 

effects (Figure 5C,D). This could occur if sex-specific dominance coefficients shift the liability 317 

distributions for the heterozygotes so that the proportions of values exceeding the threshold 318 

in each sex equal the means across the two homozygotes (Figure 5C,D). Consequently, the 319 

degree of liability-scale SSDR cannot necessarily be directly inferred by quantifying the degree 320 

of phenotypic SSDR, or vice versa. 321 

Nevertheless, an alternative conceptual model for evolution of sex-specific 322 

dominance modifiers on large-effect loci can be postulated. Current population genetic 323 

models envisage that a focal large-effect locus already exists, and consider whether mutant 324 

(sex-specific) dominance modifiers can invade (given some process that maintains 325 

appreciable heterozygosity at the focal locus, e.g. Otto and Bourguet 1999; Spencer and Priest 326 

2016). Yet, the threshold trait scenario implies that this logic could potentially be reversed: 327 

we could assume that a potential dominance modifier (e.g. sexual dimorphism in mean 328 

liability) already exists, and consider whether a large-effect mutation (or genomic inversion) 329 

can invade. This scenario could remove the initial requirement for appreciable heterozygosity 330 

at the large-effect locus. Since sexual dimorphism in mean trait values can clearly evolve and 331 

show plasticity, and there can also be sexual dimorphism in additive genetic and phenotypic 332 
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variances (Lande 1980; Wyman and Rowe 2014), the background conditions for effective 333 

invasion of genetic variants that show SSDRs may be commonplace. Such scenarios for 334 

evolution of SSDRs can in future be further examined (see Discussion). 335 

In the scenarios depicted in Figures 3-5, population-wide distributions of liabilities are 336 

Gaussian, as is typically assumed in quantitative genetic analyses of threshold traits and is 337 

plausible given manifold genetic and environmental effects (Wright 1934; Falconer and 338 

Mackay 1996; Lynch and Walsh 1998; Moorad and Promislow 2011; Supporting Information 339 

S1). However, in principle, SSDRs in threshold traits could also readily emerge given different 340 

distributions of liabilities (even given uniform distributions, Supporting Information S3); the 341 

same principles as for Gaussian distributions still apply. Consequently, to generate SSDRs in 342 

threshold traits, there is no necessary condition that distributions of liabilities must be 343 

Gaussian or concave around the mean, as is required for genotype-fitness maps to generate 344 

intrinsic SSDRs in sexually dimorphic traits that are directly expressed on observed phenotypic 345 

scales (Fry 2010; Connallon and Chenoweth 2019). Hence, overall, polygenic threshold traits 346 

involving large-effect loci could readily generate substantial and dynamic SSDRs without 347 

requiring any specific or tightly restrictive underlying distributions of liabilities. 348 

 349 

Genome-wide SSDRs: scenarios based on experimental evolution in Drosophila 350 

While the above scenarios and salmonid examples concern SSDRs involving large-effect loci, 351 

evidence of SSDRs that effectively involve highly polygenic variation, without any known loci 352 

of detectably large individual effect, has also emerged. Geeta Arun et al. (2021) undertook a 353 

major experiment that revealed polygenic SSDR for survival through exposure to bacteria 354 

(Pseudomonas entomophila) in Drosophila melanogaster. Such survival is clearly a key fitness 355 

component, implying selection for increased immunity. However, increased immunity may 356 



16 
 

trade-off against reduced mating success, particularly in males (Geeta Arun et al. 2021). 357 

Fitness may consequently be higher in less resistant individuals in the absence of bacterial 358 

exposure. Such trade-offs may be weaker in females, which compete less strongly for mates. 359 

Immunity, and hence survival, can consequently experience sexually antagonistic selection of 360 

a magnitude that depends on bacterial exposure. Further, in general, survival can often be 361 

reasonably envisaged as a highly polygenic threshold trait (Lynch and Walsh 1998; Moorad 362 

and Promislow 2011). 363 

Geeta Arun et al.’s (2021) stock Drosophila showed low survival rates when 364 

experimentally challenged with Pseudomonas, with only slight (not statistically significant) 365 

phenotypic sexual dimorphism. Then, 65+ generations of experimental evolution, where 366 

parents in each generation comprised individuals that survived bacterial challenge, 367 

successfully generated lines that were more resistant, with much higher survival rates and 368 

still little phenotypic sexual dimorphism. This evolutionary response indicates substantial 369 

additive genetic variation underlying survival, with no evidence of sex-linkage (Geeta Arun et 370 

al. 2021). 371 

Geeta Arun et al. (2021) then crossed the evolved resistant lines back to the original 372 

stock, and assayed survival of resulting ‘hybrid’ offspring through further experimental 373 

challenge with Pseudomonas. Sexual dimorphism then emerged, where female hybrids 374 

showed relatively high survival rates (closer to the resistant lines than the stock), while male 375 

hybrids showed relatively low survival rates (closer to the stock than the resistant lines). These 376 

patterns imply (partial) polygenic SSDR, at least assuming the hybrids are relatively 377 

heterozygous at numerous loci compared to the stock and resistant lines (Geeta Arun et al. 378 

2021). 379 
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The question then is whether such SSDRs, with phenotypic sexual dimorphism in 380 

hybrid offspring without substantial phenotypic sexual dimorphism in either the stock or 381 

evolved parental lines, can potentially emerge in a threshold trait even without any explicit 382 

genetic dominance reversal (i.e. with purely additive genetic effects on liability). Simple 383 

scenarios suggest that they potentially can, due to the key property that mean phenotypic 384 

values of threshold traits depend on both the mean and variance in liability (Figure 2). 385 

For example, consider that survival through bacterial challenge constitutes a threshold 386 

trait where the Drosophila stock population has some sexual dimorphism in both mean and 387 

variance in liability, such that males have lower mean and higher variance than females (e.g. 388 

blue curves on Figure 6). This is broadly consistent with a stronger trade-off between 389 

immunity and mating success in males than females, which could stabilise a lower mean yet 390 

maintain more (cryptic) genetic variation. Yet, despite such dual sexual dimorphism in 391 

baseline liability (i.e. in mean and variance), there may be little sexual dimorphism in observed 392 

phenotypic survival rate (Figure 6). Most liability values in both sexes lie below the threshold, 393 

implying relatively low survival rates (as observed by Geeta Arun et al. 2021). 394 

Then, following experimental evolution, mean liabilities for both sexes lie above the 395 

threshold, with little or no sexual dimorphism in either mean or variance, or hence in mean 396 

phenotype (e.g. grey curves on Figure 6). This outcome reflects that the experimental 397 

environment imposes consistent strong selection for increased immunity, potentially altering 398 

the balance of sex-specific trade-offs with mating success and decreasing the degree of sexual 399 

antagonism (as commonly postulated in harsher environments, Berger et al. 2014; Punzalan 400 

et al. 2014; Connallon and Hall 2016; Plesnar-Bielak and Łukasiewicz 2021). Consequently, 401 

following evolution, most individuals of both sexes now survive (as observed by Geeta Arun 402 

et al. 2021). 403 
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Now, given crosses to create hybrid offspring and assuming purely additive genetic 404 

effects, mean liabilities for female and male hybrids could lie above and below the threshold 405 

respectively with some asymmetry (e.g. red curves on Figure 6). Majorities of females and 406 

males consequently survive and die respectively. Mean phenotypic survival for the two sexes 407 

is therefore closer to the evolved versus stock parental lines respectively, constituting (partial) 408 

SSDR (e.g. inset panels on Figure 6, as observed by Geeta Arun et al. 2021). 409 

This simple example illustrates how initial sexual dimorphism in the mean and 410 

variance in liability underlying a threshold trait can potentially generate apparent SSDRs 411 

following experimental evolution and backcrossing, even with purely additive genetic effects 412 

on the liability scale and without substantial phenotypic sexual dimorphism in either the stock 413 

or evolved populations. Such scenarios can be formally conceptualised in analogous ways as 414 

given a large-effect locus, where the shift in mean breeding value generated by experimental 415 

evolution is analogous to the liability-scale effect size of the alternative large-effect allele 416 

(Supporting Information S1). Emergence of SSDRs therefore depends on the sex-specific 417 

means and variances in liability in the baseline and evolved lines. Additional complexities 418 

could arise, for example because variances in liabilities could more plausibly differ between 419 

lines than between groups of individuals that simply differ in genotype at a large-effect locus 420 

(e.g. Figure 6, Supporting Information S1). 421 

But, scenarios such as that sketched in Figure 6 raise questions regarding the 422 

implications of such experimentally-induced SSDRs for the maintenance of genetic variation 423 

and/or resolution of sexual conflict within focal populations in nature, which are key reasons 424 

why SSDRs are of interest. One immediate implication is that widespread expression of 425 

substantial net SSDRs for highly polygenic traits may require frequent introgression among 426 

diverged lines to generate relatively high degrees of genome-wide heterozygosity in offspring 427 
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of parents whose mean liabilities lie on opposite sides of the threshold. Such introgression 428 

could be relatively common in spatially structured systems where locally adapted populations 429 

are linked by dispersal. However, this is not the primary circumstance where additional 430 

explanations for the maintenance of genetic variation are required. Rather, dispersal and 431 

resulting gene flow can directly maintain standing genetic variation exceeding that expected 432 

solely due to mutation-selection balance (McDonald and Yeaman 2018). Further, persistence 433 

of local adaptation despite frequent introgression implies low fitness of hybrid offspring (or 434 

subsequent descendants). This in turn implies epistatic effects resulting in outbreeding 435 

depression or hybrid breakdown, which could eliminate phenotypic SSDRs. Consequently, it 436 

is not yet clear to what degree capacity for SSDRs as observed through experimental evolution 437 

and backcrossing among diverged lines will actually translate into substantial SSDRs in fitness 438 

in nature. 439 

Increased genome-wide heterozygosity within populations, and hence increased 440 

opportunity for SSDRs in highly polygenic traits, could also potentially be generated by 441 

disassortative mating for focal traits given positive cross-sex genetic covariances in allelic 442 

effects. Such disassortative mating is conceivable in systems such as Geeta Arun et al.’s (2021) 443 

Drosophila, for example if high-immunity females are most likely to survive to reproduce 444 

while low-immunity males are most attractive (given the postulated trade-off, Geeta Arun et 445 

al. 2021). This would effectively represent positive assortative mating for fitness, given 446 

sexually antagonistic genetic effects (e.g. Arnqvist 2011). Some substantive degree of SSDR in 447 

fitness may then emerge in resulting offspring. However, more generally, some additional 448 

mechanism may be required to generate divergent sex-specific phenotypic outcomes given 449 

continuously distributed underlying genetic variation. Such mechanisms could potentially 450 
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include evolution of direct liability-scale SSDRs, or further non-linearities resulting from 451 

competitive interactions.  452 

 453 

Genome-wide SSDRs: scenarios based on line-crosses in seed beetles 454 

The potential for competitive interactions to generate phenotypic SSDRs underpinned by 455 

polygenic variation can be considered with reference to Grieshop and Arnqvist’s (2018) line-456 

cross experiment in seed beetles. Here, strong sexually antagonistic selection occurs in the 457 

stock population, with a negative cross-sex genetic correlation for fitness evident at standard 458 

temperatures (Berger et al. 2014). Grieshop and Arnqvist (2018) crossed 16 isogenic (inbred) 459 

lines representing the spectrum of female-beneficial (male-detrimental) versus male-460 

beneficial (female-detrimental) variants in a full-diallel design (i.e. all 16 lines mated with all 461 

16 lines). Lifetime reproductive success (i.e. fitness) of resulting F1 offspring was assayed 462 

through competitive trials. Then, for each of the 16 lines, the covariance between the mean 463 

competitive fitness of F1 offspring resulting from crosses between the focal line and each 464 

other line versus inbred F1s from the other line, was calculated (Grieshop and Arnqvist 2018). 465 

Here, small covariance implies that the focal line contains many dominant alleles, such that 466 

genetic effects of the other lines are effectively irrelevant. Conversely, large covariance 467 

implies that the focal line contains many recessive alleles, such that genetic effects of the 468 

other lines dominate. These covariances were calculated for females and males separately, 469 

and the cross-sex correlation in covariances across the 16 lines was computed, giving a 470 

strongly negative value. Consequently, lines with small covariance across line crosses for 471 

males (implying genome-wide dominance) had large covariance for females (implying 472 

genome-wide recessivity), and vice versa. This implies genome-wide SSDR for fitness 473 

(Grieshop and Arnqvist 2018, reviewed by Connallon and Chenoweth 2019). 474 
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 Of interest here is the assay used to quantify individual fitness. To approximate natural 475 

conditions, Grieshop and Arnqvist (2018) staged competitive mating trials, where focal 476 

individuals competed against (sterilised) reference stock individuals for resources and 477 

fertilisations (females) or paternity (males). Such approximations of natural conditions are 478 

valuable since simple environments can strongly affect outcomes of sexual selection and 479 

associated experiments in model systems (Yun et al. 2017; Plesnar-Bielak and Łukasiewicz 480 

2021; Matzke et al. 2022). Indeed, the form of fitness assay could potentially shape the 481 

manifestation of SSDRs, by turning fitness into a threshold-like trait. 482 

Specifically, if there is a negative cross-sex genetic correlation in underlying additive 483 

genetic value and some degree of non-linear or ‘winner takes all’ fitness outcome in both 484 

sexes, then females and males from female-beneficial (i.e. male-detrimental) lines will have 485 

disproportionately high and low success respectively, while females and males from male-486 

beneficial (i.e. female-detrimental) lines will have disproportionately low and high success 487 

respectively. Simple simulations show how opposite non-additive effects on fitness can then 488 

emerge in females versus males, readily generating a negative cross-sex correlation in line 489 

cross covariance and hence apparent phenotypic SSDR (Figure 7, Supporting Information S4, 490 

as observed by Grieshop and Arnqvist 2018). Indeed Grieshop and Arnqvist (2018) report 491 

some evidence of epistatic variance, which is consistent with a non-linear fitness function. 492 

 Such outcomes depend on the shapes of the relationships between genetic value and 493 

competitive reproductive success in each sex, and on the relative mean value of the reference 494 

population against which competitive reproductive success is assayed (which effectively 495 

defines the threshold for disproportionately high or low success, Figure 7A, Supporting 496 

Information S4). Intrinsic emergence of SSDRs can consequently be shaped by details of the 497 

mating and reproductive systems, which therefore effectively act as dominance modifiers. 498 
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Ongoing evolution of, or ecological or environmental effects on, the mating system and forms 499 

of pre- and post-copulatory sexual selection could consequently shape the manifestation of 500 

SSDRs in fitness. 501 

Yet, the evolutionary implications of outcomes such as those observed in the seed 502 

beetle experiments (Grieshop and Arnqvist 2018) will again also depend on the degree to 503 

which heterozygosity across numerous loci affecting fitness actually arises in nature, and the 504 

resulting degree to which the full intrinsic potential for SSDRs is actually expressed. Genome-505 

wide heterozygosity of magnitudes analogous to those resulting from inbred line crosses 506 

could plausibly arise in invertebrates and plants that can produce inbred or selfed generations 507 

on ephemeral or isolated resources followed by episodes of dispersal and outcrossing, 508 

generating cycles of inbreeding and outbreeding (e.g. Goodwillie et al. 2005; Cornell and 509 

Tregenza 2007; Whitehead et al. 2018), but will typically be more restricted otherwise. 510 

Intrinsic potential for genome-wide SSDRs is therefore intertwined with mating system 511 

dynamics. 512 

 513 

Discussion 514 

SSDRs could, in principle, contribute substantially to maintaining genetic variation and 515 

resolving sexual conflict in nature (Fry 2010; Barson et al. 2015; Spencer and Priest 2016; 516 

Grieshop and Arnqvist 2018; Connallon and Chenoweth 2019; Grieshop et al. 2021). But, the 517 

prevalence, magnitudes and implications of such effects depend on how SSDRs in fitness and 518 

fitness components actually arise in wild populations, and hence on their potential for 519 

evolutionary, ecological and environmental modulation. I highlight how phenotypic SSDRs 520 

could in principle readily arise in threshold(-like) traits characterised by dichotomous and/or 521 

competitive outcomes, potentially allowing rapid modulations that are intertwined with the 522 



23 
 

evolutionary dynamics and plasticity of sexually antagonistic selection, sexual dimorphism 523 

and reproductive systems. New theoretical and empirical efforts are now required to examine 524 

dynamics of locus-specific and genome-wide SSDRs arising in the contexts of natural genetic, 525 

ecological and environmental variation, and to infer short-term and longer-term impacts on 526 

standing genetic variation and sexual conflict. 527 

 528 

Emergence and modulation of SSDRs in threshold(-like) traits 529 

The presented illustrative scenarios show how threshold(-like) traits can readily generate 530 

phenotypic SSDRs that broadly caricature those observed in recent empirical studies, even 531 

given purely additive genetic effects on underlying scales. Given polygenic quantitative 532 

genetic architectures that include large-effect loci, simply the presence of sexual dimorphism 533 

in mean baseline liability relative to the threshold (and potentially also in the variance) can 534 

generate phenotypic SSDRs (e.g. Figures 3 and 4, Supporting Information S1). Given genome-535 

wide effects, substantial phenotypic SSDRs can emerge given crosses among diverged lines, 536 

and/or given a negative cross-sex genetic correlation and a reproductive system that 537 

generates some non-linear or disproportionate outcome (e.g. Figures 6 and 7, Supporting 538 

Information S4). Explicit SSDRs acting directly on underlying scales, for example involving 539 

some form of direct sex-specific genetic dominance modification, could exist but are not 540 

necessarily required, and could conceivably even eliminate rather than generate phenotypic 541 

SSDRs (e.g. Figure 5). 542 

These scenarios show how forms of genetic and phenotypic sexual dimorphism and 543 

reproductive systems, which in turn shape and are shaped by the degrees of sexually 544 

antagonistic selection, can effectively act as broad-sense dominance modifiers that could 545 

modulate the degree of phenotypic SSDR in threshold(-like) traits. While the occurrence of 546 
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sexual dimorphism in trait means is widespread and very well known, the possibility that 547 

there can be sexual dimorphism in genetic and/or environmental trait variances is also 548 

embedded in core aspects of evolutionary quantitative genetic theory and increasingly 549 

evidenced in diverse empirical systems, resulting from some degree of sex-specific autosomal 550 

as well as sex-linked genetic effects (e.g. Lande 1980; Brommer et al. 2007; Ober et al. 2008; 551 

Wyman and Rowe 2014; Janicke et al. 2016; Wolak et al. 2018; Kaufmann et al. 2021; van der 552 

Bijl and Mank 2021). Furthermore, degrees of sexual dimorphism, mating and reproductive 553 

systems and magnitudes of sexually antagonistic selection and sexual conflict can commonly 554 

vary markedly with ecological and environmental conditions (e.g. Post et al. 1999; Punzalan 555 

et al. 2014; Taylor et al. 2014; Connallon 2015; Connallon and Hall 2016; de Lisle et al. 2018; 556 

Perry and Rowe 2018; Whitehead et al. 2018; Zhou et al. 2019; Chelini et al. 2021; Plesnar-557 

Bielak and Łukasiewicz 2021; Matzke et al. 2022). Indeed, numerous threshold traits, 558 

including alternative reproductive tactics, can show rapid environmentally-induced 559 

expression of alternative phenotypes, implying environmental modulation (i.e. plasticity) on 560 

both liability and phenotypic scales (Roff 1996; Dodson et al. 2013; Neff and Svensson 2013; 561 

Reid and Acker 2022). 562 

Taken together, these well-established forms of sexual dimorphism and ecological 563 

variation imply that SSDRs in threshold(-like) traits should not necessarily be viewed as fixed 564 

properties that could act as alternatives to evolved sexual dimorphism in resolving sexual 565 

conflict. Rather, they can be viewed as evolutionarily, ecologically and environmentally labile 566 

outcomes that could emerge from, and potentially co-evolve with, degrees of sexual 567 

dimorphism and reproductive systems. While it is long-established that dominance 568 

relationships emerge as intrinsic properties of non-linear biological systems, such systems are 569 

often considered to be relatively fixed or stable (e.g. involving enzymatic and biochemical 570 
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pathways and overall fitness landscapes generated by stabilising selection, Otto and Bourguet 571 

1999; Fry 2010; Manna et al. 2011; Connallon and Chenoweth 2019; Billiard et al. 2021, but 572 

see Gilchrist and Nijhout 2001). Considering the properties of threshold traits shows how 573 

biological systems that tune the degree of intrinsic SSDR could potentially be highly dynamic, 574 

readily evolve, and be subject to ecological and environmental modulation. 575 

Such possibilities are pertinent because many key life-history traits that affect fitness 576 

in wild, domesticated and human populations can be reasonably conceptualised as polygenic 577 

threshold(-like) traits. Obvious examples include occurrences of maturation, seasonal 578 

migration, diapause, resistance to disease, survival, alternative reproductive tactics and 579 

development of alternative morphologies (Roff 1996; Moorad and Promislow 2011; Pulido 580 

2011; Dodson et al. 2013; Neff and Svensson 2013; Wray and Visscher 2015; Debes et al. 2021; 581 

Reid and Acker 2022). Forms of mate choice, competition and resulting sexual selection can 582 

also readily generate non-linear relationships between phenotypic trait values (and hence 583 

underlying additive genetic effects) and fitness. Such non-linearities arise where single 584 

individuals dominate mating or reproduction (i.e. strongly skewed outcomes of intra-sexual 585 

competition); where all or most individuals preferentially mate with the same chosen mate(s) 586 

(i.e. strongly directional pre- or post-copulatory mate choice); and/or single males achieve 587 

disproportionate fertilisation success through post-copulatory processes (e.g. ‘loaded raffle’ 588 

outcomes of sperm competition and/or strong first- or last-mating precedence). Some degree 589 

of ‘winner takes all’ is consequently commonplace across diverse taxa and reproductive 590 

systems (e.g. Nonacs and Hager 2011; Dodson et al. 2013; Laturney et al. 2018; Parker 2020; 591 

Matzke et al. 2022), including in the seed beetles that generated evidence of genome-wide 592 

SSDRs (Yamane et al. 2015). Fitness will therefore typically be affected by at least one 593 

threshold(-like) trait in many, or most, species. 594 
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Accordingly, the potential for threshold(-like) traits to generate strong phenotypic 595 

SSDRs, including through co-evolutionary feedbacks involving genetic architectures, forms of 596 

sexual dimorphism and reproductive systems, should now be more explicitly examined, both 597 

theoretically and empirically. Such work can aim to more clearly distinguish key points: the 598 

degrees to which SSDRs can in principle arise through combinations of intrinsically non-linear 599 

genotype-phenotype maps and/or explicit genetic dominance modification, and the degrees 600 

to which such SSDRs are actually likely to be expressed, to be dynamic, and to act as 601 

predominant forces that could widely maintain genetic variation and resolve sexual conflict 602 

given forms and impacts of heterozygosity arising in nature. 603 

 604 

Opportunities for theoretical advances 605 

Multiple opportunities for theoretical advances are evident. First, we can examine whether, 606 

by facilitating emergence of phenotypic SSDRs, threshold traits with sexual dimorphisms in 607 

liability could actually facilitate invasion and maintenance of stable polymorphisms for large-608 

effect mutations or complexes of linked genes with sexually antagonistic phenotypic effects. 609 

We can then examine whether such invasions can feed back to shape the form and plasticity 610 

of underlying sexual dimorphism. To date, dynamics of genetic architectures involving large-611 

effect loci or gene clusters have been examined in the context of local adaptation and 612 

migration-selection-drift balance (e.g. Yeaman and Whitlock 2011; Yeaman 2013), but 613 

scarcely explicitly considered in the context of threshold traits or SSDRs (or more widely in 614 

the context of balancing selection, Llaurens et al. 2017). Such work would encompass the key 615 

point that, since phenotypic dominance of any large-effect allele effectively depends on 616 

(polygenic) genetic values for baseline liabilities, SSDRs in threshold traits can substantially 617 

reflect epistasis. While it has been highlighted that forms of additive-by-additive epistasis can 618 
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shape the maintenance of sexually antagonistic genetic variation given SSDRs (Arnqvist et al. 619 

2014), the reciprocal point that intrinsic SSDRs in threshold(-like) traits can effectively result 620 

from epistasis given underlying sexual dimorphism has not been emphasised. 621 

Second, we can examine whether, given initial sexual conflict manifested as negative 622 

cross-sex genetic correlations for fitness, reproductive systems can actually evolve to shape 623 

fitness functions that generate some degree of disproportionate competitive outcome and 624 

thereby generate SSDRs that in turn ameliorate sexual conflict. Such evolution could, for 625 

example, conceivably involve diverse mechanisms that shape the occurrence and outcome of 626 

competition for reproduction, including degrees of directional mate choice, first- or last-627 

mating precedence, and even polyandry itself. Expression of substantial genome-wide SSDRs 628 

shaped by numerous loci of small effect also requires some degree of genome-wide 629 

heterozygosity, which could be fostered by evolution of some degree of disassortative mating 630 

for traits (and resulting assortative mating for fitness given sexual antagonism, Arnqvist 2011). 631 

Yet, by imposing sexual selection for opposite sex-specific phenotypes, evolution of 632 

disassortative mating could potentially exacerbate net sexually antagonistic selection on 633 

target phenotypes, and resulting sexual conflict. Evolution of mechanisms that generate 634 

heterozygosity and thereby foster SSDRs could therefore conceivably strengthen rather than 635 

necessarily reduce conflict, potentially undermining any evolutionary benefit of SSDRs. Any 636 

such joint dynamics of SSDRs and reproductive systems could also usefully be placed in the 637 

context of population structure and environmental variation and change, which can alter the 638 

degrees of heterozygosity and sexual conflict and shape sex-specific evolutionary outcomes 639 

(e.g. Berger et al. 2014; Punzalan et al. 2014; Connallon and Hall 2016; de Lisle et al. 2018; 640 

Perry and Rowe 2018; Chelini et al. 2021; Plesnar-Bielak and Łukasiewicz 2021; Tschol et al. 641 

2022). 642 
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Third, we can examine the plausibility of evolution of explicit dominance modifiers 643 

that act directly on underlying liability scales. In general, loci affecting liabilities could 644 

potentially show relatively high heterozygosity, which is generally required for evolution of 645 

dominance modifiers (e.g. Otto and Bourguet 1999; Spencer and Priest 2016). This is because 646 

such loci can maintain relatively high mutation-selection-drift balance (Roff 1998), which in 647 

turn is because genetic variants typically have no phenotypic effect if occurring in a liability 648 

background which is far from the threshold, and are consequently sheltered from selection. 649 

Yet, by the same logic, any liability-scale SSDRs will not necessarily be phenotypically 650 

expressed (e.g. Figure 5), meaning that otherwise neutral dominance modifiers will not be 651 

subject to (indirect) selection. It is consequently unclear to what degree, or under what 652 

circumstances, direct liability-scale dominance modifiers in threshold(-like) traits could 653 

evolve. 654 

Overall, therefore, there is considerable scope for evolutionary dynamics of both 655 

phenotypic and liability-scale SSDRs in threshold(-like) traits to be formally considered 656 

through new models that jointly track (co-)evolution of multiple routes to generating and 657 

resolving sexual conflict, including sexual dimorphisms and complex reproductive systems. 658 

 659 

Opportunities for empirical advances 660 

There is also considerable scope for future empirical studies to explicitly examine the basis 661 

and modulation of phenotypic SSDRs in threshold(-like) traits. First and most obviously, we 662 

should more explicitly distinguish whether observed phenotypic SSDRs (or lack of SSDRs) 663 

result from direct SSDRs acting on underlying liability scales, or from the properties of defined 664 

non-linear genotype-phenotype or genotype-fitness maps (given purely additive underlying 665 

genetic effects), or both. This distinction requires estimating appropriate liability-scale fixed 666 
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effects and variance components and back-transforming onto observed phenotypic scales, 667 

which has not yet been a primary focus of empirical studies of SSDRs in threshold traits 668 

(Supporting Information S5, but see Debes et al. 2021). Such analyses can be enacted using 669 

established machineries of generalized linear mixed models (GLMMs), which intrinsically 670 

distinguish liability and observed scales, and where algorithms for back-transforming fixed 671 

effects and random effect variances (and variances conditional on fixed effects) are available 672 

(de Villemereuil et al. 2016). Specifically, GLMMs with binomial error distributions and probit 673 

link functions correspond to the threshold trait model. 674 

Second, we should more explicitly quantify the degree to which phenotypic SSDRs are 675 

modulated by ecological and environmental conditions, thereby treating SSDRs as dynamic 676 

rather than fixed entities. This could be achieved, for example, by manipulating 677 

environmental conditions that affect the degree of sexually antagonistic selection, or the 678 

degree or form of competition for reproductive success. Any experiment designed to reveal 679 

SSDRs requires major efforts, even without any ambition to replicate across different 680 

conditions (e.g. Grieshop and Arnqvist 2018). Yet, experiments designed to quantify variation 681 

in SSDRs could potentially be streamlined, for example by focussing on fewer targeted crosses 682 

experiencing different environments. 683 

Third, we should more extensively quantify the frequency, dynamics and net 684 

magnitude of SSDRs arising in threshold(-like) traits in wild populations. This objective will 685 

require attention to how locus-specific or genome-wide heterozygosity arises, and to the 686 

overall phenotypic consequences of such heterozygosity. It has been widely emphasised that 687 

substantial heterozygosity is required for evolution of dominance modifiers (Otto and 688 

Bourguet 1999; Spencer and Priest 2016; Connallon and Chenoweth 2019). Yet, even when 689 

SSDRs arise as intrinsic properties of threshold(-like) traits (or other non-linear systems with 690 
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purely additive underlying genetic effects, e.g. Gilchrist and Nijhout 2001; Fry 2010; Vasseur 691 

et al. 2019) where initial heterozygosity is not required for system evolution, SSDRs will not 692 

be maximally expressed and hence will have reduced biological impact if there is little 693 

heterozygosity across contributing loci. The two recent studies that demonstrated SSDRs in 694 

free-living salmonids focused on large-effect sexually-antagonistic loci (Barson et al. 2015; 695 

Pearse et al. 2019), greatly facilitating direct identification and comparison of heterozygotes 696 

and homozygotes. But, such architectures may generally be more exceptional than typical. 697 

SSDRs involving highly polygenic variation, where individual loci have very small liability 698 

effects that may not be directly phenotypically expressed, should now be explicitly examined 699 

in wild or wild-derived populations in at least semi-natural environmental conditions. This 700 

could potentially be achieved by quantifying sex-specific fitness of known offspring of 701 

immigrant-native crosses relative to parental populations in structured meta-population 702 

systems, or of individuals with different degrees of genome-wide heterozygosity resulting 703 

from local inbreeding versus outbreeding. Emergence of SSDRs can then be evaluated in the 704 

context of architectures that shape the relative fitness of polygenic heterozygotes and 705 

homozygotes, notably the degree of directional dominance (which underpins both inbreeding 706 

depression and heterosis, Falconer and Mackay 1996; Lynch and Walsh 1998). Such data on 707 

genome-wide heterozygosity and fitness components will be increasingly available through 708 

multi-generation individual-based and/or genomic studies of wild populations, and should be 709 

central to ascertaining the potential and actual impacts of dynamic SSDRs in maintaining 710 

genetic variation and resolving sexual conflict in nature. 711 

 712 

 713 

 714 
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Figure 1. Basic illustration of (partial) sex-specific dominance reversal (SSDR), generating 901 

(partial) phenotypic optimisation in both sexes. Given two possible alleles (a and A) at a focal 902 

large-effect locus, the aa homozygote has a lower phenotypic value than the AA homozygote 903 

in both sexes (shown in black and grey). The phenotypic value of the Aa heterozygote is closer 904 

to that of the AA homozygote in the black sex and to that of the aa homozygote in the grey 905 

sex, constituting SSDR. If high and low phenotypic values lead to higher fitness in the black 906 

and grey sexes respectively (asterisks, implying sexually antagonistic selection) then there will 907 

be net heterozygote advantage across the population, generating balancing selection that can 908 

help maintain genetic variation. The dashed line highlights the expected phenotypic value of 909 

the Aa heterozygote given purely additive allelic effects. The illustrated scenario shows 910 

symmetrical SSDR with no phenotypic sexual dimorphism in either homozygote. However 911 

more generally, the two sexes could show different degrees of partial or complete dominance 912 

with some degree of sexual dimorphism in the homozygotes. Sex-specific dominance, but not 913 

SSDR, would arise if phenotypic values for the Aa heterozygotes are above (or below) the 914 

additive expectation in both sexes, but to different degrees. SSDR is typically defined on the 915 

phenotypic scale (as depicted). By analogy, genome-wide rather than single-locus SSDRs could 916 

arise if heterozygous offspring of crosses between (relatively) homozygous parental lines 917 

show mean phenotypes that resemble different parental lines in the two sexes. 918 

 919 

 920 

 921 

 922 

 923 

 924 
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Figure 2. Basic concept of a threshold trait. Individuals have liabilities (x-axis) comprising 925 

genetic and environmental effects which translate into expression of phenotype 2 versus 926 

phenotype 1 when above versus below the threshold (T, black vertical line), generating an 927 

intrinsically non-linear genotype-phenotype map. Dark and light grey curves show 928 

hypothetical distributions of liabilities for two populations or groups (which could be sexes) 929 

with the same number of individuals in each group (i.e. same area under each curve). The 930 

mean (vertical dashed lines) and standard deviation (horizontal dashed lines) of the liability 931 

distributions both differ between the two groups (the dark grey group has a lower mean and 932 

greater standard deviation and hence greater variance). Nevertheless, the proportion of 933 

individuals that expresses phenotype 2 (i.e. the relative area under each curve that exceeds 934 

the threshold), and hence the mean phenotype, is the same for both groups (0.21 in the 935 

depicted example). Hence, sexual dimorphism in liability will not necessarily translate into 936 

sexual dimorphism in observed phenotype. Mathematical treatments are in Supporting 937 

Information S1. 938 

 939 

 940 

 941 

 942 

 943 

 944 

 945 

 946 

 947 
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Figure 3. Illustration of emergence of (partial) sex-specific dominance reversal (SSDR) in a 948 

threshold trait with sexual dimorphism in mean baseline liability and a large-effect locus with 949 

purely additive allelic effects on liability. Blue and grey curves show the population-wide 950 

distributions of liabilities for the two alternative homozygotes at the large-effect locus (aa and 951 

AA, assuming an additional polygenic architecture) in (A) females and (B) males. Red curves 952 

show the population-wide distributions of liabilities for the heterozygotes (Aa), assuming 953 

additive effects of the alternative alleles (i.e. co-dominance) on the liability scale that are the 954 

same in both sexes. The black vertical line denotes the threshold, above which the alternative 955 

phenotype is expressed. Accordingly, inset panels show the proportions of individuals of each 956 

homozygote (blue and grey) and the heterozygote (red) that express the alternative 957 

phenotype. Dotted lines link the proportions for the two homozygotes, visualising that the 958 

proportions for the heterozygotes lie below versus above the additive expectations in females 959 

versus males, constituting SSDR (e.g. Figure 1). On the main figures, vertical dashed lines 960 

denote mean liabilities. Black horizontal lines denote the distances from each sex-specific 961 

mean for the lower homozygote (i.e. blue vertical line) to the threshold. The blue horizontal 962 

line highlights the degree of sexual dimorphism in mean liability (i.e. distance between the 963 

blue vertical lines for males versus females). Red horizontal lines highlight the additive effect 964 

of the alternative allele at the large-effect locus (here, the same in both sexes). Illustrated 965 

liability distributions are Gaussian, but this is not essential to generate SSDRs (Supporting 966 

Information S3). Parameter values for the illustrated example are in Supporting Information 967 

S2. 968 

 969 

 970 

 971 
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Figure 4. Illustrations of emergence of (A,B) complete phenotypic sex-specific dominance 972 

reversal (SSDR) or (C,D) an absence of SSDR, given a threshold trait with sexual dimorphism 973 

in mean baseline liability and a large-effect locus with purely additive allelic effects on liability. 974 

Specifications are as for Figure 3, where blue and grey denote the alternative homozygotes 975 

(aa and AA) and red denotes the heterozygote (Aa). (A,B) Same scenario as Figure 3 except 976 

with smaller variances in liability. Liability distributions for the heterozygotes therefore fall 977 

almost entirely on opposite sides of the threshold in (A) females versus (B) males, resulting in 978 

almost complete SSDR (inset panels). (C,D) Same scenario as Figure 3 except with higher mean 979 

baseline liabilities in both (C) females and (D) males. Liability distributions for the 980 

heterozygotes therefore fall predominantly on the same side of the threshold in both sexes, 981 

resulting in no SSDR (inset panels: red points lie above the dotted lines in both sexes). 982 

Parameter values are in Supporting Information S2. Plotted y-axis scales differ between 983 

panels A and B versus C and D. 984 

 985 
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Figure 5. Illustrations of (A,B) strong phenotypic sex-specific dominance reversal (SSDR) or 996 

(C,D) an absence of phenotypic SSDR, given a threshold trait with sexual dimorphism in mean 997 

liability and liability-scale SSDR in allelic effects at a large-effect locus. Specifications are as for 998 

Figure 3, where blue and grey denote the alternative homozygotes (aa and AA) and red 999 

denotes the heterozygote (Aa). (A,B) Same scenario as Figure 3 except that the alternative 1000 

allele at the large-effect locus shows partial liability-scale SSDR rather than sex-independent 1001 

additivity (baseline allele is dominant in females, alternative allele is dominant in males). 1002 

Strong phenotypic SSDR emerges (inset panels). (C,D) Same scenario as A,B except that the 1003 

alternative allele at the large-effect locus shows reversed partial liability-scale SSDR (baseline 1004 

allele is dominant in males, alternative allele is dominant in females). The inset panels show 1005 

that the proportions of heterozygotes that exceed the threshold match the additive 1006 

expectations (i.e. lie on the dotted lines in both females and males). Consequently, there is 1007 

no phenotypic SSDR, and in fact no phenotypic dominance, despite liability-scale SSDR. On all 1008 

panels, red horizontal lines highlight the sex-specific effects of one copy of the alternative 1009 

allele at the large-effect locus relative to the baseline homozygote, encompassing allelic effect 1010 

size and dominance coefficient. Parameter values are in Supporting Information S2. 1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 
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Figure 6. Illustration of emergence of (partial) sex-specific dominance reversal (SSDR) in a 1019 

threshold trait with sexual dimorphism in the mean and variance in baseline liability, following 1020 

hypothetical experimental evolution and subsequent backcrossing. Blue curves show the 1021 

distributions of baseline liabilities in the stock population in (A) females and (B) males. Grey 1022 

curves show the distributions of liabilities following experimental evolution. Red curves show 1023 

the distributions of liabilities in hybrids resulting from backcrosses between evolved and stock 1024 

populations given purely additive genetic effects on means. Here, variance in liability might 1025 

be slightly higher in males, depending on what mechanisms create and maintain sexual 1026 

dimorphism in variance in the stock population. Black vertical lines denote the threshold, 1027 

above which the focal trait (e.g. survival through bacterial exposure) is expressed. 1028 

Accordingly, inset panels show the proportions of individuals of the stock (blue), evolved 1029 

(grey) and hybrid (red) populations that express the phenotype (i.e. survive). There is little 1030 

sexual dimorphism in either the stock or evolved populations, since similar proportions of the 1031 

liability distributions exceed the threshold in both sexes. Dotted lines link the proportions for 1032 

the stock and evolved populations, visualising that the proportions for the hybrids lie above 1033 

versus below the basic additive expectation in females versus males, representing partial 1034 

SSDR. On the main figures, vertical dashed lines denote mean liabilities. Blue horizontal 1035 

dashed lines highlight the standard deviations in liability in the stock population. There is 1036 

therefore sexual dimorphism in both mean and variance in liability in the stock population, 1037 

but not necessarily in the evolved population. Illustrated distributions are Gaussian, but this 1038 

is not essential to generate SSDR. Parameter values are in Supporting Information S2. 1039 

 1040 

 1041 

 1042 
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Figure 7. Summary of simulations that generate sex-specific dominance reversals (SSDRs) in 1043 

competitive fitness in a full diallel line-cross given underlying additive genetic effects. (A) 1044 

Form of the assumed non-linear relationship between an individual’s additive genetic value 1045 

and its probability of paternity or maternity in competition with a reference individual. The 1046 

depicted relationship is relatively extreme ‘winner takes all’, designed to illustrate key 1047 

concepts. Simulations with less extreme relationships are in Supporting Information S4. The 1048 

vertical dashed line indicates the mean genetic value of simulated lines. (B) Emerging negative 1049 

cross-sex correlation between covariances between competitive fitness measured in F1 1050 

offspring of crosses between each focal line and each other line (i.e. cross success) versus F1 1051 

of the other line (i.e. line success). In the depicted simulation, the emerging correlation 1052 

coefficient was strongly negative (-0.60). The solid line denotes the linear regression. (C,D) 1053 

Illustrations of the relationships between cross success and line success for three 1054 

representative focal lines (white, grey and black symbols) showing opposite covariances in (C) 1055 

males versus (D) females. For example, the black-symbol line shows a small line success versus 1056 

cross success covariance in males but a large positive covariance in females, and these effects 1057 

are reversed in the grey-symbol line. These covariances form the points depicted in panel B 1058 

across 50 simulated lines. Details of simulations and illustrative parameterisations are in 1059 

Supporting Information S4. 1060 

 1061 
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Supporting Information S1. Derivations of SSDRs given a threshold trait with a 

large-effect locus 

 

Conditions for emergence of sex-specific dominance reversals (SSDRs) given a quantitative 

genetic (i.e. polygenic) threshold trait with an architecture that includes a large-effect locus 

can be examined by generating expressions for the proportions of homozygote and 

heterozygote individuals in any focal population or sex whose liabilities fall below versus 

above the threshold given any distribution of liabilities. 

 

In quantitative genetics, distributions of liabilities underling threshold traits are typically 

assumed to be Gaussian (or transformable to Gaussian, Falconer and Mackay 1996, Ch. 18; 

Lynch and Walsh 1998, Ch. 25). The proportion (PG) of any group of individuals whose 

liabilities (X) lie below any defined threshold (T) given mean liability μG and standard deviation 

in liability σG can then be calculated given well known properties of the cumulative normal 

distribution, giving: 

PG(X<T) = ½[1+erf((T-μG)/σG√2)]     (S1.1) 

where erf denotes the error function. 
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While the erf for the normal distribution cannot be evaluated in closed form in terms of 

elementary functions (and is typically evaluated approximately or numerically), equation S1.1 

shows that the outcome depends on the deviation of the group mean liability μG from the 

threshold T (i.e. T-μG) and on the group standard deviation in liability σG (and hence the 

variance in liability, Gianola 1982). Since the mean and variance in liability both affect PG, they 

are non-identifiable based solely on point phenotypic observations. Consequently, the 

deviation of the mean liability from the threshold for any group is typically expressed as a 

proportion of the group’s standard deviation in liability (Falconer and Mackay 1996). 

However, to facilitate conceptual development rather than estimation, equation S1.1 retains 

the full parameterisation. 

 

The conditions for emergence of phenotypic SSDRs can then be derived given a standard 

expression for quantifying dominance (E.g. following Czorlich et al. 2018, Geeta Arun et al. 

2021): 

D1 = (PHet1 – Paa1)/(PAA1 – Paa1)      (S1.2) 

where D1 is the degree of dominance of allele A versus a in sex 1 and PHet1, Paa1 and PAA1 are 

the mean phenotypes for heterozygotes and the two homozygotes in sex 1. Here, D1 is the 

deviation of the heterozygote from the defined baseline homozygote (here, aa), standardised 

by the difference between the two homozygotes. Values of D1<0.5 and D1>0.5 respectively 

denote dominance of the baseline and alternative alleles (a and A respectively). Values of 0 

and 1 denote complete dominance, and 0.5 denotes co-dominance (i.e. additive allelic 

effects). 
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Substituting equation S1.1 into all four elements of equation S1.2 and simplifying gives the 

phenotypic dominance at a large-effect locus underlying a threshold trait in sex 1: 

D1 = [erf((T-μHet1)/σ1√2) - erf((T-μaa1)/σ1√2)] / [erf((T-μAA1)/σ1√2) - erf((T-μaa1)/σ1√2)]

 (S1.3) 

This substitution applies because the mean phenotype for a dichotomous threshold trait 

equals the proportion of individuals that express one phenotype versus the other (i.e. 

PG(X<T)). 

 

Equation S1.3 can then be re-parameterised in terms of the liability-scale homozygote effect 

size (β1) and dominance coefficient (h1) of the alternative allele at the large-effect locus acting 

in sex 1 such that: 

D1 = [erf((T-μaa1+h1.β1)/σ1√2) - erf((T-μaa1)/σ1√2)] / [erf((T-μaa1+β1)/σ1√2) - erf((T-μaa1)/σ1√2)]

 (S1.4) 

This is because μAA1=μaa1+β1 and μHet1=μaa1+h1.β1. 

 

Consequently, the phenotypic dominance of allele A versus a in sex 1 (D1) depends on four 

key parameters: the deviation of the mean liability for the baseline homozygote from the 

threshold (T-μaa1), the homozygote effect size (β1) and dominance coefficient (h1) of the 

alternative allele, and the sex-specific standard deviation (and hence variance) in liability (σ1). 

This expression assumes that the standard deviation in liability (σ1) is the same irrespective 

of the genotype at the large effect locus (i.e. AA, aa or Aa), but this can be relaxed (see below). 

 

Similarly, the dominance of allele A versus a in sex 2 (D2) is: 
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D2 = [erf((T-μaa2+h2.β2)/σ2√2) - erf((T-μaa2)/σ2√2)] / [erf((T-μaa2+β2)/σ2√2) - erf((T-μaa2)/σ2√2)]

 (S1.5) 

 

Equations S1.4 and S1.5 allow sexual dimorphism in all four key parameters (i.e. μaa, σ, β and 

h). The threshold T is assumed constant and identical in both sexes, but this is arbitrary since 

the values of μaa1 and μaa2 can be re-calibrated as deviations from any desired threshold. 

Indeed, T is typically taken as 0, but is retained in equations S1.1-S1.5 for completeness. 

Conceptualising genetic and environmental effects on liabilities rather than thresholds 

facilitates formulations in terms of basic quantitative genetic theory without requiring any 

restrictive assumptions (e.g. no gene-by-environment or sex-by-environment interactions), 

and facilitates estimation of fixed effects and (co)variances using established machineries of 

Generalized Linear Mixed Models (e.g. Lynch and Walsh 1998; de Villemereuil et al. 2016; 

Reid and Acker 2022). 

 

In general, the definition of phenotypic SSDR is that D1<0.5 and D2>0.5 (or conversely D2<0.5 

and D1>0.5), where D1 and D2 are the phenotypic dominance values in sexes 1 and 2. Hence 

the two resulting inequalities need to be simultaneously satisfied. For sex 1: 

[erf((T-μaa1+h1.β1)/σ1√2) - erf((T-μaa1)/σ1√2)] / [erf((T-μaa1+β1)/σ1√2) - erf((T-μaa1)/σ1√2)] < 0.5 

Which reduces to: 

erf((T-μaa1+h1.β1)/σ1√2) < 0.5[erf((T-μaa1+β1)/σ1√2) + erf((T-μaa1)/σ1√2)]  (S1.6) 

 

By analogy for sex 2: 

erf((T-μaa2+h2.β2)/σ2√2) > 0.5[erf((T-μaa2+β2)/σ2√2) + erf((T-μaa2)/σ2√2)]  (S1.7) 
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These inequalities cannot be straightforwardly generically reduced due to the complex 

properties of the error function. However some further simplifications can be helpful. For 

example, if the alternative alleles at the large-effect locus are co-dominant in both sexes 

(hence h1=h2=0.5) with equal allelic effects in both sexes (hence β1=β2), then for sex 1: 

erf((T-μaa1+0.5β1)/σ1√2) < 0.5[erf((T-μaa1+β1)/σ1√2) + erf((T-μaa1)/σ1√2)]  (S1.8) 

 

For sex 2: 

erf((T-μaa2+0.5β1)/σ2√2) > 0.5[erf((T-μaa2+β1)/σ2√2) + erf((T-μaa2)/σ2√2)]  (S1.9) 

 

Then, trivially, if there is no sexual dimorphism in the mean or variance in liability (μaa1 = μaa2 

and σ1=σ2) then inequalities S1.8 and S1.9 are incompatible and there cannot be SSDR. 

Otherwise, the degree of SSDR depends on the deviations of the sex-specific mean liabilities 

from the threshold relative to the effect size of the alternative allele at the large effect locus, 

scaled by the sex-specific standard deviations. 

 

Expressions S1.3-S1.9 assume that sex-specific variances in liabilities do not depend on 

genotype at the large-effect locus. However this could be relaxed to give for sex 1: 

erf((T-μaa1+h1.β1)/σHet1√2) < 0.5[erf((T-μaa1+β1)/σAA1√2) + erf((T-μaa1)/σaa1√2)] (S1.10) 

where σHet1, σAA1 and σaa1 are the standard deviations in liability in the heterozygote and the 

two homozygotes respectively. 

 

By analogy for sex 2: 

erf((T-μaa2+h2.β2)/σHet2√2) > 0.5[erf((T-μaa2+β2)/σAA2√2) + erf((T-μaa2)/σaa2√2)] (S1.11) 
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Instead of considering a large-effect locus, this same formulation could be interpreted as 

considering the outcomes of crosses between ancestral and derived (evolved) lines (e.g. as in 

Geeta Arun et al. 2021). Here, the values for the two homozygotes in expressions S1.3-S1.11 

can be taken as the values for the two parental lines, and the values for the heterozygotes 

can be taken as the values for the backcross hybrids. The value of β then denotes the degree 

of divergence of mean value between the ancestral and derived lines, and h denotes the 

degree of genome-wide dominance. In this circumstance, it becomes more plausible that the 

liability scale variances could differ substantially between sexes and/or lines and resulting 

hybrid crosses. 

 

All these expressions and outcomes could become even more complex if the distributions of 

liabilities are skewed, where the form of skewness could differ between the sexes. Indeed, 

broadly analogous expressions could be generated given any other (i.e. non-Gaussian) 

distributions of liabilities (see Supporting Information S3). 

 

Since expressions S1.8-S1.11 contain ratios (of means to variances) there is a large parameter 

space where SSDRs could arise. Even though there are no closed form solutions for the error 

function, outcomes for any parameter space of interest can be readily evaluated using known 

values for the cumulative normal distribution. R code is provided. 

 

Environmentally-induced variation in SSDRs, for example among years or cohorts, could be 

examined by including additional terms in the expression for PG, for example: 

PG(X<T) = ½[1+erf((T-μG+yGi)/σG√2)]       (S1.12) 

where yGi is an additive effect on mean liability of group G associated with year i. 
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Supporting Information S2. Parameter values 

 

Parameter values used to generate Figures 3-6 are shown in Tables S2.1 and S2.2. Values are 

arbitrary and simply chosen to illustrate key conceptual points. 

 

 

Table S2.1. Parameters values for illustrative examples of conditions affecting emergence of 

SSDRs in threshold traits with a large-effect locus, as shown in main figures. The threshold 

value is taken as zero in all cases. SD is the standard deviation (i.e. square root of the variance). 

Dominance values of 0.5 imply co-dominance (i.e. additive effects) on the liability scale. 

Parameter Fig 3 Fig 4A,B Fig 4C,D Fig 5A,B Fig 5C,D 

Mean baseline liability, females -15 -15 -7 -15 -15 

Mean baseline liability, males -5 -5 3 -5 -5 

SD in liability, females 6.5 2.5 6.5 6.5 6.5 

SD in liability, males 6.5 2.5 6.5 6.5 6.5 

Additive effect size of single copy of 

the alternative allele at the large-

effect locus, both sexes 

10 10 10 10 10 

Dominance of alternative allele, 

females 

0.5 0.5 0.5 0.68 0.32 

Dominance of alternative allele, 

males 

0.5 0.5 0.5 0.32 0.68 
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Table S2.2. Parameters values for illustrative example of conditions causing emergence of 

SSDRs in threshold traits in hybrids of crosses between baseline (stock) and evolved lines 

(shown in main Figure 6). The threshold value is taken as zero. SD is the standard deviation 

(i.e. square root of the variance). 

Parameter Fig 6 

Mean baseline liability, females -2.5 

Mean baseline liability, males -11 

SD in baseline liability, females 3 

SD in baseline liability, males 9 

Mean liability of evolved line, both sexes 5 

SD in liability of evolved line, both sexes 5.5 

Mean liability of hybrids, females 1.25 

Mean liability of hybrids, males -3 

SD in liability of hybrids, females 5 

SD in liability of hybrids, males 6 
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Supporting Information S3. Illustration of emergence of SSDRs given uniform 

distributions of liabilities 

 

Emergence of SSDRs in threshold traits does not necessarily require underlying distributions 

of liabilities to be Gaussian, or indeed require any form of curved (concave or convex) density 

distribution. For example, Figure S3.1 illustrates that SSDRs can arise given uniform 

distributions. Figure S3.1 envisages the same kind of scenario as main figure 3, with sexual 

dimorphism in mean baseline liability but not in the variance, and a large-effect locus with co-

dominance of alternative alleles (and hence additive effects on liability that are the same in 

both sexes). This example is not intended to imply that uniform distributions of liability are 

likely to occur, but simply serves to illustrate the generality of the principle by which threshold 

traits can generate phenotype SSDRs given additive effects on underlying liabilities. 

Mathematical conditions for SSDRs given uniform distributions of liabilities could readily be 

derived (analogous to those presented for Gaussian distributions in Supporting Information 

S1). 
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Figure S3.1. Illustration of emergence of (partial) sex-specific dominance reversal (SSDR) in a 

threshold trait with sexual dimorphism in mean liability and a large-effect locus with purely 

additive allelic effects given uniform distributions of liabilities. Blue and grey lines show the 

ranges of the uniform distributions of liabilities for the two alternative homozygotes (i.e. aa 

and AA) at the large-effect locus (assuming an additional polygenic architecture) in (A) 

females and (B) males. Red lines show the ranges of the uniform distributions of liabilities for 

the heterozygotes (i.e. Aa), assuming additive effects of the alternative alleles (i.e. co-

dominance) on the liability scale that are the same in both sexes. The y-axis dimension is 

effectively meaningless; the elevations of the red, blue and grey lines are jittered for visual 

clarity. The black vertical line denotes the threshold, above which the alternative phenotype 

is expressed. Accordingly, inset panels show the proportions of individuals of each 

homozygote (blue and grey) and the heterozygote (red) that express the alternative 

phenotype. Dotted lines link the proportions for the two homozygotes, visualising that the 

proportions for the heterozygotes lie below versus above the additive expectations in females 

versus males, representing SSDR. On the main figures, vertical dashed lines denote mean 

liabilities for the aa, Aa and AA genotypes. 
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Supporting Information S4. Emergence of genome-wide SSDRs in a full diallel 

line-cross 

 

Simple simulations illustrate how phenotypic SSDRs could emerge in a full diallel line-cross 

experiment given purely additive genetic effects on individuals’ values for reproduction and 

some form of competition that causes non-linear (i.e. non-additive) outcomes. 

 

Consider N isogenic lines, each of which is assigned additive genetic values for hypothetical 

traits that determine capability for reproductive success (i.e. fitness) in females and males. 

These sex-specific values can be negatively correlated across lines, envisaging sexually 

antagonistic selection (i.e. a negative cross-sex genetic correlation). Values are draw from a 

multivariate normal distribution, with means μF and μM for females and males and variance-

covariance matrix where σ2F and σ2M are the sex-specific variances and σFM is the cross-sex 

covariance (giving a cross-sex correlation rFM). All N lines are then subject to a full diallel cross, 

where sex-specific genetic values for F1 offspring are taken as the arithmetic mean of the sex-

specific values of their parental lines. This effectively assumes purely additive sex-specific line 

effects with no SSDR on the scale of genetic values (and no sampling variance, but these 

assumptions could be relaxed). 

 

The probability of successful parentage (i.e. maternity or paternity) for each F1 in competition 

with a reference individual is taken as: 

P(Success) = (eXi)α/((eXi)α + (eXr)α)    (S4.1) 
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where Xi is the additive genetic value of the focal individual, Xr is the additive genetic value of 

the competing reference individual and α is a parameter that controls the outcome of 

competition. This function has previously been used in models of competitive reproductive 

outcomes (e.g. Bocedi and Reid 2015). Values of α>1 skew the outcome towards ‘winner takes 

all’, such that the individual with the higher additive genetic value has a disproportionately 

higher probability of parentage. Values of α<1 generate more equal probabilities of parentage 

than otherwise expected, with the extreme that α=0 yields probabilities of 0.5 for both the 

focal and competing reference individuals irrespective of their additive genetic values. For the 

scenario shown in main Figure 7, P(Success) was computed taking α=1.75 in both sexes, and 

Xr as a constant of 1.5 less than the sex-specific mean. This decrement represents a 

reproductive disadvantage of the reference individuals, which could reflect adaptation of 

focal lines and/or inbreeding depression in reference individuals relative to the F1s (which is 

plausible since F1 offspring of isogenic line crosses will be highly heterozygous). Together, 

these conditions yield an asymmetric function for P(Success), with a fairly strong degree of 

‘winner takes all’ (main Figure 7A). 

 

Realised reproductive success for each F1 offspring is then generated as a binomial outcome 

given its P(Success) and a fixed maximum possible reproductive success. For each line and 

sex, the covariance between the realised reproductive success of each crossed F1 and that 

for the other line involved in the cross was calculated. The cross-sex correlation in covariances 

was then calculated across lines (as done by Grieshop and Arnqvist 2018). 

 

To illustrate key concepts, main Figure 7 envisages a strong ‘winner takes all’ scenario in both 

sexes. Figure S4.1 illustrates a simulation with a lower value of α, yielding less strong ‘winner 
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takes all’ in both sexes. Figure S4.2 illustrates a simulation with sex-specific values of α, 

yielding less strong ‘winner takes all’ in females than males. All parameter values are 

summarised in Table S4.1, and were chosen to illustrate conceptual points, not to attempt to 

quantitatively replicate results in Grieshop and Arnqvist (2018) or any other particular 

biological system. Numerous different mathematical forms of competition, and translation 

into observed reproductive success, could be formulated given an aim to capture key aspects 

of any particular real system. The simulated number of isogenic lines was set to 50 to reduce 

sampling variance in the cross-line correlation (large full diallel crosses are much easier to do 

in a computer than in reality!), envisaging one observed offspring per cross. Full R code is 

provided as additional Supporting Information. 

 

 

Figure S4.1. Summary of simulations that generate evidence of sex-specific dominance 

reversals (SSDRs) in competitive fitness in line-cross experiments given purely additive 

underlying genetic effects. (A) Form of the assumed non-linear relationship between an 

individual’s additive genetic value and its probability of paternity or maternity in competition 

with a reference individual. Here, the relationship is a less extreme ‘winner takes all’ scenario 

than in main Figure 7. The vertical dashed line indicates the mean genetic value of simulated 

lines. (B) Emerging negative cross-sex correlation between line covariances between 

competitive fitness measured in F1 offspring of crosses between each focal line and each 

other line (i.e. cross success) versus F1 of the other line (i.e. line success). In the depicted 

simulation, the emerging correlation coefficient was strongly negative (-0.55). The solid line 

denotes the linear regression. (C and D) Illustrations of the relationships between cross 
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success and other line success for three representative focal lines (white, grey and black 

symbols) showing opposite covariances in (C) males versus (D) females. 
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Figure S4.2. Summary of simulations that generate evidence of sex-specific dominance 

reversals (SSDRs) in competitive fitness in line-cross experiments given purely additive 

underlying genetic effects. (A) Form of the assumed non-linear relationships between an 

individual’s additive genetic value and its probability of paternity or maternity in competition 

with a reference individual. Here, the relationships differ between males (black, steeper 

relationship) and females (blue, less steep relationship). The vertical dashed line indicates the 

mean genetic value of simulated lines. The vertical dotted lines indicate the 5% and 95% 

quantiles of the ranges of values for males (black) and females (blue). These values differ 

slightly between the sexes due to sampling variance. (B) Emerging negative cross-sex 

correlation between line covariances between competitive fitness measured in F1 offspring 

of crosses between each focal line and each other line (i.e. cross success) versus F1 of the 

other line (i.e. line success). In the depicted simulation, the emerging correlation coefficient 

was strongly negative (-0.59). The solid line denotes the linear regression. (C and D) 

Illustrations of the relationships between cross success and other line success for three 

representative focal lines (white, grey and black symbols) showing opposite covariances in (C) 

males versus (D) females. 
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Table S4.1. Summary of parameter values used in simulations of full diallel crosses shown in 

main and supporting figures. Parameter values apply to both females and males unless 

denoted F or M. 

Parameter Fig 7 Fig S4.1 Fig S4.2 

Number of isogenic lines (N) 50 50 50 

Mean genetic value (μ) 5 5 5 

Variance in genetic value (σ2) 2 2 2 

Cross-sex genetic covariance (σFM) -1 -1 -1 

Resulting cross-sex genetic correlation (rFM) -0.5 -0.5 -0.5 

Maximum reproductive success 100 100 100 

Parentage function parameter (α) 1.75 1 1.75(M), 0.8(F) 

Relative value of reference population -1.5 -1.5 -1.5 
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Supporting Information S5. Empirical estimation of SSDRs 

 

The four recent empirical studies used diverse statistical approaches to test for SSDRs on 

phenotypic and/or underlying scales, and thereby achieve their immediate objectives. 

However, none formally or comprehensively examined models for threshold(-like) traits 

representing the scenarios depicted in main Figures 3-7 (i.e. explicitly encompassing means 

and variances in baseline liabilities, or forms of reproductive competition). Consequently, it is 

not possible to fully or directly infer which scenarios apply, or to quantitatively compare 

aspects of the different studies. 

 

For example, Barson et al. (2015) depict phenotypic SSDRs in salmon age at maturity (their 

Figure 3a) and test for SSDRs on an underlying latent scale (a threshold logistic model using a 

logit link, e.g. their Extended Data Figure 5, Extended Data Table 2), considering genotype-

specific but sex-independent thresholds. 

 

Pearse et al. (2019) depict phenotypic SSDRs in the probability of detecting a tagged individual 

near the focal stream mouth at a particular size (interpreted to represent anadromy, their 

Figure 3 and Extended Data Figure 7). The data were analysed using Generalized Additive 

Models but the scale is unclear, and a model with sexual dimorphism and additive allelic 

effects was apparently not considered (their Supplementary Table 5). 

 

Geeta Arun et al. (2021) depicted phenotypic SSDRs in proportional survivorship (their Figures 

1 and S2), and present multiple data analyses comprising direct analysis of proportional 
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survivorship and also logistic regression analyses of survival at the end of a 96-hour 

observation period, further backed up by cox proportional hazards models (their Table 1). 

 

Grieshop and Arnqvist (2018) calculated the required line covariances, and the cross-sex 

correlation in covariances, based on residual values after standardising for environmental and 

epistatic variances in the full diallel cross. 
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