
Genetic benefits of extreme sequential polyandry in a terrestrial-1 

breeding frog 2 

 3 

Sequential polyandry may evolve as an insurance mechanism to reduce the risk that females 4 

choose mates that are genetically inferior (intrinsic male quality hypothesis) or genetically 5 

incompatible (genetic incompatibility hypothesis). The prevalence of such indirect benefits 6 

remains controversial, however, because studies estimating the contributions of additive and 7 

non-additive sources of genetic variation to offspring fitness have been limited to a small 8 

number of taxonomic groups. Here, we use artificial fertilisation techniques combined with a 9 

cross-classified breeding design (North Carolina Type II) to simultaneously test the ‘good 10 

genes hypothesis’ and the ‘genetic incompatibility hypothesis’ in the brown toadlet 11 

(Pseudophryne bibronii); a terrestrial breeding species with extreme sequential polyandry. 12 

Our results revealed no significant additive or non-additive genetic effects on fertilisation 13 

success. Moreover, they revealed no significant additive genetic effects, but highly significant 14 

non-additive genetic effects (sire by dam interaction effects), on hatching success and larval 15 

survival to initial and complete metamorphosis. Taken together, these results indicate that 16 

offspring viability is significantly influenced by the combination of parental genotypes, and 17 

that negative interactions between parental genetic elements manifest during embryonic and 18 

larval development. More broadly, our findings provide quantitative genetic evidence that 19 

insurance against genetic incompatibility favours the evolution and maintenance of sequential 20 

polyandry.  21 
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A long held notion in sexual selection theory has been that males, but not females, enhance 24 

their reproductive success by gaining multiple mates (Bateman 1948; Trivers 1972). 25 

However, in the last two decades advances in molecular techniques for assigning paternity 26 

have revealed that polyandry is prevalent in most animal taxa (Simmons 2005; Parker and 27 

Birkhead 2013). The reasons why females routinely mate with multiple males is now one of 28 

the most compelling, but least understood, questions in evolutionary biology (Simmons 2005; 29 

Slatyer et al. 2012; Parker and Birkhead 2013; Pizzari and Wedell 2013; Taylor et al. 2014). 30 

Copulation is potentially costly to females through time and energy expense (Sih et al. 1990), 31 

exposure to predators (Fairbairn 1993), increased risk of disease transmission (Thrall et al. 32 

1997) and mechanical damage (Eberhard 1996). Therefore, unnecessary matings should be 33 

strongly selected against. In some species, females may be coerced into mating by 34 

promiscuous males and accept additional matings to reduce the costs of sexual harassment 35 

(Rice et al. 2006; Boulton et al. 2018). However, in cases where females actively solicit 36 

copulations with multiple males we can assume that polyandry is an adaptive female mating 37 

strategy (Byrne and Roberts 2012). 38 

Arguments about the adaptive advantage of polyandry fall into two broad categories: 39 

direct ‘material’ benefits and indirect ‘genetic’ benefits. Material benefits may be attained if 40 

polyandry insures against male infertility (Walker 1980; Reding 2015), insures against nest 41 

site failure (Byrne and Keogh 2008), provides extra nutrients for progeny (Zeh and Smith 42 

1985; Birkhead 1995), or secures additional paternal care (Griffith et al. 2002). Genetic 43 

benefits may also be attained in multiple ways. Early theoretical models centered on the idea 44 

that polyandry may increase the genetic diversity of a female’s progeny as a buffer against 45 

disease, sibling competition and/or environmental perturbation (Yasui 1998; Oldroyd and 46 

Fewell 2007; Aguirre and Marshall 2012). More recently, theoretical models have focused on 47 

the idea that polyandry may improve the genetic quality of a female’s progeny, either by 48 



safeguarding against females mating with a male that is genetically inferior (intrinsic male 49 

quality hypothesis) or genetically incompatible (genetic incompatibility hypothesis)(Yasui 50 

2001; Yasui and Garcia‐Gonzalez 2016).  51 

The ‘intrinsic male quality hypothesis’ (akin to the good genes model of mate choice) 52 

is based on the premise that variation in offspring viability is paternally inherited and predicts 53 

that polyandry (coupled with post-copulatory processes that enable differential fertilization, 54 

i.e. cryptic female choice and sperm competition) will facilitate the selection of intrinsically 55 

high quality alleles (good genes) (Yasui 1998; Fox and Rauter 2003; García‐González and 56 

Simmons 2005). Selection for good genes is predicted to generate additive genetic variance in 57 

offspring fitness, whereby a male carrying good genes will produce offspring with higher 58 

fitness, independent of a female’s genotype (Jennions 1997; Neff and Pitcher 2005). By 59 

contrast, the genetic incompatibility hypothesis postulates that offspring viability is 60 

determined by an interaction between male and female genotypes, and that polyandry 61 

increases the likelihood that females secure compatible genes. The central premise being that 62 

incompatibilities, resulting from allelic interactions within or between loci (dominance and 63 

epistasis) cause non-additive genetic variance in fitness, whereby only specific allelic 64 

combinations (male x female male crosses) elevate offspring viability (Neff and Pitcher 65 

2005). 66 

Across a diversity of taxa, numerous studies have reported positive correlations 67 

between polyandry and offspring viability (Arnqvist and Nilsson 2000; Jennions and Petrie 68 

2000; Fisher et al. 2006; Taylor et al. 2014). Nevertheless, the capacity for genetic 69 

mechanism to underpin polyandry remains strongly debated, largely because experimental 70 

evidence for widespread genetic benefits remains limited (Simmons 2005; Akçay and 71 

Roughgarden 2007; Slatyer et al. 2012; Taylor et al. 2014). One reason for this may be that 72 

studies attempting to comprehensively partition phenotypic variance in offspring traits into 73 



components of additive and non-additive genetic variance have been limited to a small 74 

number of taxonomic groups. In recognition of this significant knowledge gap, there has been 75 

an emerging focus on using quantitative genetic breeding experiments to critically test the 76 

predictions of competing genetic-benefit hypotheses for the evolution of polyandry (García‐77 

González and Simmons 2005; Pitcher and Neff 2006; Evans et al. 2007; Marshall and Evans 78 

2007; Pitcher and Neff 2007; Rodríguez-Muñoz and Tregenza 2008; Lumley et al. 2016).  79 

Animal systems with external fertilisation provide un-rivalled opportunities to 80 

perform large-scale quantitative genetic breeding experiments required to accurately estimate 81 

sources of genetic variation in offspring fitness. Using artificial fertilisation (AF) 82 

technologies to manipulate and control parentage, it is possible to employ cross-classified 83 

breeding designs that restrict or eliminate non-genetic sources of variation (i.e. non genetic 84 

paternal or maternal effects). This is not possible in systems characterised by internal 85 

fertilisation, primarily because males can influence fertilisation outcomes by delivering 86 

variable amounts of sperm or seminal fluid (Bromfield et al. 2014), and females can alter 87 

offspring viability through post fertilisation provisioning (Gilbert et al. 2006). Critically, such 88 

effects can amplify or mask genetic processes (Kotiaho et al. 2003) and hinder accurate 89 

assessment of the relative importance of good genes versus compatible genes. One 90 

quantitative genetic approach increasingly being used (in combination with AF) to test for 91 

genetic benefits of polyandry in externally fertilising species is the North Carolina Type II 92 

breeding design; a cross-classified design whereby a set of sires and dams are crossed in 93 

every possible pairwise combination (Lynch and Walsh 1998). By splitting the clutch of each 94 

female between multiple males it is possible to hold maternal effects constant so that ‘half 95 

sibs’ differ only in paternally-inherited genes. Across multiple crosses (families), variance in 96 

offspring fitness can then be precisely partitioned among additive genetic effects (good 97 

genes), non-additive effects (compatible genes) and maternal effects (encompassing maternal 98 



genetic effects and environmental effects) (Simmons 2005). Importantly, in this design the 99 

influence of environmental effects can be manipulated and minimised by raising half sibs in a 100 

controlled environment (Rudin-Bitterli et al. 2018). 101 

A growing number of studies have used the North Carolina type II breeding design to 102 

test for genetic benefits of polyandry in species with external fertilisation, and there is 103 

emerging evidence that offspring fitness can be influenced by good genes (Marshall and 104 

Evans 2007; Kekäläinen et al. 2010), compatible genes (Rudolfsen et al. 2005; Dziminski et 105 

al. 2008; Rodríguez-Muñoz and Tregenza 2008), or combinations of the two (Wedekind et al. 106 

2001; Pitcher and Neff 2006; Evans et al. 2007; Pitcher and Neff 2007). However, additional 107 

studies, spanning a diversity of externally fertilising polyandrous taxa, are urgently needed to 108 

enable an analysis of the relative importance of additive versus non additive genetic effects, 109 

and help elucidate interspecific variation in the magnitude of these effects. Because the type 110 

of genetic benefit afforded to a species can vary considerably depending on the type of fitness 111 

trait examined (Ivy 2007), there is a critical need for studies that evaluate genetic effects on 112 

multiple components of offspring performance across different life stages. Such work will 113 

help to pin point the types of traits influenced by additive and non-additive effects, and shed 114 

light on developmental points where genetic benefits begin to manifest. Ultimately, future 115 

work should also target model species where the genetic mating system has been resolved so 116 

that breeding experiments are designed to reflect natural rates of polyandry. This will ensure 117 

that experimental mating contexts (and resultant fitness consequences) are ecologically and 118 

evolutionary relevant (Lumley et al. 2016). There is also a critical need to test for genetic 119 

benefits in species with sequential polyandry. In these systems we can be sure that females 120 

have control over mating and that polyandry is an active female mating strategy. 121 

Here, we use a North Carolina type II breeding design to test the intrinsic male quality 122 

hypothesis and the genetic compatibility hypothesis in the Australian terrestrial toadlet 123 



Pseudophryne bibronii. A previous study quantifying the genetic mating system of this 124 

species revealed it has highest level of sequential polyandry of any vertebrate studied to date 125 

(Byrne and Keogh 2008). During a breeding season, all females are polyandrous, dividing 126 

their clutches between the nests of up to eight males (mean =5 males). Long-term field 127 

monitoring of nest sites has shown that polyandry provides a direct fitness benefit by insuring 128 

against nest failure (Byrne and Keogh 2008). However, we suspect that genetic benefits may 129 

strongly contribute to the evolution and maintenance of polyandry in this species because 130 

clutches containing inviable embryos are regularly observed in nature (Woodruff 1976b). The 131 

aim of our study was to test whether differences in offspring fitness are underpinned by good 132 

genes effects and/or compatible genes effects. If the acquisition of good genes is an important 133 

selective pressure favouring polyandry in P. bibronii, we expect to see significant differences 134 

in offspring fitness that depend on sire identity. Alternatively, if compatible genes are 135 

important we expect to see differences in offspring fitness that depend on sire by dam 136 

interactions. The relative importance of good genes and compatible genes to offspring fitness 137 

will be revealed by the amount of additive, and non-additive, genetic variance, respectively.  138 

Methods 139 

STUDY SYSTEM 140 

Pseudophryne bibronii (Fig. 1) is a small terrestrial-breeding myobatrachid frog (22-36 mm 141 

snout-vent length) that is restricted to temperate regions of south-eastern Australia. Breeding 142 

occurs from March to June (austral Autumn to Winter) and typically occurs along ephemeral 143 

water courses that seasonally inundate (Woodruff 1976a). Males enter a breeding site before 144 

females and construct shallow nests in moist soil underneath leaf litter, logs or rocks 145 

(Woodruff 1976a; Mitchell 2001). Males remain at a nest site for the duration of a breeding 146 

season (typically 3-5 months) and use distinct calls to attract mates and deter rivals (Byrne 147 



2008), though chemicals are also used in communication (Mitchell 2005; Byrne and Keogh 148 

2007). Gravid females (those carrying mature oocytes) enter breeding sites after significant 149 

rain events (correlated with peaks in calling activity) and typically spend several days 150 

assessing multiple males before mating (Byrne unpublished data). Amplexus is inguinal and 151 

eggs are fertilised externally as females oviposit into the terrestrial nest. Embryo’s develop 152 

quickly within gelatinous egg capsules until Gosner stage 26-28 (hind limb-buds developed) 153 

(Fig. 1A), at which point development is suspended (Woodruff 1976b; Bradford and 154 

Seymour 1985). Development resumes when heavy rainfall floods the nest and hypoxia 155 

triggers tadpoles to hatch into shallow pools. Tadpoles develop within these pools over winter 156 

and metamorphose between late austral spring and early summer when pools begin to dry 157 

(Woodruff 1976a; Bradford and Seymour 1985).  158 

STUDY POPULATION AND ANIMAL COLLECTION 159 

The study was conducted using frogs collected from a natural population located in an area of 160 

remnant Eucalypt, Banksia and Casurina bushland near Wrights Beach in Jervis Bay National 161 

Park, New South Wales, Australia. Breeding was restricted to an ephemeral creek line and 162 

drainage pan which was dry at the time of the study. Reproductively mature males and 163 

females were randomly gathered from the population. Reproductively mature males (Fig. 1C) 164 

were collected from their nests after haphazardly locating nest sites by tracking a resident 165 

male’s advertisement call. Gravid non-amplexed females were collected from within male 166 

nests, with their presence revealed by the resident male calling at an elevated rate, and/or 167 

releasing courtship calls (Byrne 2008). Males (n=15) and females (n=14) were collected 168 

during three breeding episodes, corresponding with three experimental blocks (see below). 169 

Episode 1 took place between 14-17/4/2010, episode 2 between 23-27/4/10 and episode 3 170 

from 2-4/5/10. For each experimental block, males and females were collected over two 171 



nights and were used for artificial fertilisation trials that were conducted in a field station 172 

located approximately 1km from the study site. 173 

BREEDING DESIGN 174 

A North Carolina type II breeding design was used to control parentage and partition sources 175 

of genetic and phenotypic variance in offspring fitness (Lynch and Walsh 1998). This design 176 

allowed a simultaneous test of the intrinsic male quality hypothesis and the genetic 177 

incompatibility hypothesis (Fig. 2). A total of three experimental blocks were performed, 178 

hereafter referred to as block 1, block 2 and block 3. In block 1, five sires and four dams were 179 

mated in all 20 combinations (5 x 4 male-by-female factorial crosses). In block 2 and block 3, 180 

five sires and five dams were mated in all 25 combinations (5 x 5 male-by-female factorial 181 

crosses; Fig. 3). Each female was mated to a single male in each cell (i.e. fertilisations were 182 

non-competitive), and no males or females were used more than once. The final combined 183 

design for our genetic analysis generated 70 families of paternal and maternal half siblings. 184 

The body size range of frogs used in the experiment (male mass = 0.81 – 1.26g, mean ± SE = 185 

1.03 ± 0.031g, n = 15; female mass = 1.18 – 3.39g, mean ± SE = 2.37 ± 0.164g, n=14) 186 

reflected variation in body size (and presumably age) observed in the study populations 187 

(Byrne, P.G. unpublished data). Therefore, on the assumption that body size (or age) and 188 

genetic quality are associated, we are confident that our design provided ample opportunity to 189 

detect intrinsic quality effects. 190 

 191 

COLLECTION OF GAMETES AND ARTIFICIAL FERTILISATION (AF)  192 

All crosses (matings) were performed using artificial fertilisation techniques previously 193 

developed for a closely related species, Pseudophryne guentheri (Silla 2013). Sperm 194 



suspensions were prepared by removing and macerating the testes of euthanized (double-195 

pithed) males. There is no evidence that anuran sperm obtained via testes macerates have 196 

lower viability (and hence potential to influence embryo viability) than sperm released as 197 

natural ejaculates. Testes were macerated in 200-300 µL of chilled 1:1 simplified amphibian 198 

ringer (SAR: 113 mM NaCL, 1 mM CaCL2, 2 mM KCl, 3.6 mM NaHCO3; 220 mOsmo kg-1) 199 

in 1.5 mL Eppendorf tubes. The sperm concentration in each suspension was measured using 200 

an Improved Neubauer Haemocytometer chamber (0.1 mm depth; Bright Line, Optik Labor, 201 

Germany). A homogenised 1-µL sub-sample of each sperm suspension was diluted in 19 µL 202 

of SAR, homogenised and pipetted into the chamber, with the number of spermatozoa present 203 

in five quadrats recorded. Dilution and counting protocols were repeated twice per 204 

suspension, and sperm counts averaged. Sperm suspensions were refrigerated for ~12 h 205 

before use in fertilisation assays. Refrigerated storage of Pseudophryne sperm for this 206 

duration does not alter sperm performance or viability (Silla 2013). Sperm suspensions were 207 

pre-prepared in advance so that artificial fertilisations could be conducted immediately once 208 

oocytes were obtained from the females. 209 

Oocytes were obtained from females according to non-invasive techniques described 210 

previously (Silla 2011, 2013). Briefly, females were hormonally induced to ovulate following 211 

the administration of synthetic gonadotropin-releasing hormone (GnRH-a, leuprorelin 212 

acetate, Lucrin, Abbott, Australia). GnRH-a was administered in two injections; a priming 213 

dose (0.4 µg g–1 bodyweight) followed by an ovulatory dose (2 µg g–1 bodyweight) twenty-214 

six hours later. Each hormone injection was diluted in 100 µL SAR and administered 215 

subcutaneously into the dorsal lymph sac. Oocytes were obtained from each female 10-11 216 

hours after the administration of the ovulatory dose. Expulsion of oocytes from the oviduct of 217 

each female was facilitated by holding the frog with legs unrestrained, and gently applying 218 



pressure to the abdomen (a process termed stripping). Females that had ovulated expelled 219 

oocytes within 10-90 seconds of abdominal pressure being applied. 220 

Oocytes from each female were evenly distributed among five dry plastic fertilisation 221 

trays (60 mm L x 60 mm W x 20 mm D), following a balanced fully factorial split clutch 222 

breeding design. Because females had different clutch sizes, the total number of eggs 223 

allocated to each family differed, though sub-clutches allocated to each sire were 224 

approximately equal in size. An aliquot of sperm suspension (at a pre-calculated volume) was 225 

added to the edge of each fertilisation tray (without contacting the oocytes). Chilled 226 

fertilisation medium (1: 4 SAR; 50 mOsm kg–1) was then added, such that the final solution 227 

was exactly 200 µL with a fixed concentration of 1000 spermatozoa µL–1. This procedure 228 

ensured that sperm concentrations were identical both within and among blocks (Evans et al. 229 

2007). The fertilisation tray was agitated for exactly one minute by moving the tray back and 230 

forth between two markers spaced 5 cm apart. The order that a male’s sperm was added to 231 

each fertilisation tray was randomised to avoid potential order effects, and trays were 232 

randomly allocated to a position on the experimental table to avoid potential spatial effects. 233 

The position of each fertilisation tray was changed daily to ameliorate potential room effects 234 

and fertilisation trays were covered in parafilm to reduce the risk of bacterial contamination. 235 

FERTILISATION ASSAYS 236 

Artificial fertilisations were conducted at 0900 h at room temperature (17.0 – 19.5°C). 237 

Developing embryos were supplied with 200 µL of 1: 4 SAR (50 mOsm kg–1) at 2, 4, 6 and 238 

8 h after fertilisation. A further 200 µL was provided every 12–24 h until 168 h post 239 

fertilisation as required to maintain adequate hydration throughout early development. Room 240 

temperature during early development ranged from 11.0 – 25.5°C. Fertilisation success was 241 

determined as the proportion of embryos developing to Gosner Stage 13 (neural groove) 242 



(Gosner 1960), achieved at approximately 72 h after fertilisation. After approximately 96 243 

hours, once embryos reached Gosner stage 17 (tail bud) (Gosner 1960) any unfertilised eggs 244 

were removed using a plastic pipette. At 168 h post fertilisation, once embryos had reached 245 

Gosner stage 20 (tail elongation) (Gosner 1960) a piece of sponge (55 mm L x 55 mm W x 2 246 

mm D) saturated with 3 ml of reverse osmosis water (Pureau, Australia) was added to each 247 

tray underneath the developing embryos to prevent them desiccating. 248 

OFFSPRING REARING AND SURVIVAL ASSAYS 249 

At 408 hours post-fertilisation, once embryos reached Gosner stage 27 (hind limb bud 250 

development) (Gosner 1960), eggs were transferred to individual plastic containers (one egg 251 

per container; 20 mm L x 20 mm W x 20 mm D) and flooded with 4 ml of reverse osmosis 252 

water to trigger hatching. For each cross, embryo viability was estimated by calculating the 253 

proportion of developing embryos that survived to hatching. Freshly hatched tadpoles were 254 

then transported to Monash University (Clayton, Victoria) where they were housed in a 255 

constant temperature room set to 20°C (range=18–21°C). The following day, tadpoles were 256 

moved to larger, cylindrical plastic rearing containers (one tadpole per container; 10cm D x 257 

10.5cm H) holding 500ml of reverse osmosis water (Pureau, Australia). The rearing 258 

containers were positioned on a large flat shelf in a constant temperature room and containers 259 

were randomised with respect to family ID to avoid potential spatial effects. To prevent 260 

developmental disorders associated with UV deficiencies, UV-B lights, and reflectors 261 

(Reptisun 10.0 UVB 3600 bulb; Pet Pacific, Australia) were suspended approximately 30cm 262 

above each experimental container. Artificial lighting was maintained on an 11.5:12.5 light: 263 

dark cycle. Every second day, each rearing container received a 50% water change, and 264 

tadpoles were subsequently fed approximately 0.025 g dry mass of ground fish flakes 265 

(75:25mixtureofSeraFlora/SeraSans; SERA,Germany). This feeding regime ensured that food 266 

was provided ad libitum. To prevent water fouling, excess food and excrement was siphoned 267 



from each rearing container once a week using a 30ml plastic syringe connected to a 15cm 268 

length of aquarium tubing (inner diameter = 3mm). At the point of forelimb emergence 269 

(Gosner stage 42), the water level in each rearing container was dropped by 75% of the 270 

original volume and the container was raised on one side to allow metamorphosing 271 

individuals to crawl from the water. In addition, a small piece of sponge (95×72×10 mm) was 272 

added to prevent recently metamorphosed individuals from drowning. From the point of 273 

forelimb emergence to full tail reabsorption (Gosner stages 42–46) tadpoles were not 274 

provided with any food because tadpoles stop feeding during this developmental stage 275 

(Hourdry, et al, 1996). For each family (cross), larval viability was calculated as the 276 

proportion of individuals that survived to i) initial metamorphosis (the point where an 277 

individual had left the water and begun breathing air) and ii) complete metamorphosis (the 278 

point where an individual had completely resorbed its tail). 279 

STATISTICAL ANALYSIS 280 

To estimate effects of sires, dams and their interaction on offspring fitness, Generalized 281 

Linear Mixed Effects Models (GLMM) with binomial error distribution, Laplace 282 

approximation logit link function were used to partition sources of phenotypic variation in 283 

four fitness-determining traits: 1) fertilisation success, 2) hatching success (embryo survival 284 

to hatching), 3) larval survival to initial metamorphosis and 4) larval survival to complete 285 

metamorphosis. For these analyses, we also implemented restricted maximum-likelihood 286 

methods (REML). Binary values were used for individual traits (e.g., 0 = dead; 1 = alive). 287 

GLMM models partitioned total variance as following: 288 

𝑌  ൌ  𝜇  𝑆   𝐷   𝐼  𝐵  𝑒  289 

where sire (S), dam (D), the interaction between sire and dam (I), and experimental blocks 290 

(B) were treated as random effects. Models were also compared using block as fixed effect. 291 



The significance of each random effect was determined using Akaike information criterion 292 

(AIC) and the likelihood ratio tests (LRT) between the full model and a reduced model 293 

without the tested effect. Variance components were extracted from the GLMMs as VS (sire), 294 

VD (dam) and VI (sire x dam interaction). Confidence intervals (95%) for the variance 295 

components were produced using a bootstrap method. Assuming that epistasis is negligible, 296 

additive (VA), non-additive (VNA, including dominance) and maternal variance (VM) were 297 

calculated based on (Lynch and Walsh, 1998) as follows: VA = 4VS; VNA = 4VI; VM = VD 298 

– VS. The sire variance component (covariance among paternal half siblings) provided an 299 

estimate of additive genetic effects and the dam variance component (the covariance between 300 

maternal half siblings) provided an estimate of genetic and environmental maternal effects. 301 

The sire x dam interaction variance provided an estimate of the genetic variance due to non-302 

additive nuclear gene action (dominance and extra nuclear interactions) (Evans et al. 2007). 303 

Prior to running the GLMM models, we used Linear Mixed Effects Models (LME) to test for 304 

any effect of egg number per sub-clutch (family) on fertilisation success, embryo viability 305 

and/or survival to initial or complete metamorphosis. In these models, sire and dam ID were 306 

included as random effects. These analyses revealed that number of eggs had a significant 307 

effect on fertilisation success (LME: F1, 67 = 4.615, P = 0.035), but this variable had no 308 

significant effect on either embryo viability (LME: F1, 67 = 0.796, P = 0.375), survival to 309 

initial metamorphosis (LME: F1, 67 = 0.015, P = 0.900) or survival to complete 310 

metamorphosis (LME: F1, 67 = 1.507, P = 0.542). Therefore, the number of eggs per sub-311 

clutch was not included as a covariate in any of the GLMM models. Finally, we examined 312 

interrelationships between fertilisation success, hatching success (embryo viability) and 313 

survival to metamorphosis using Linear Mixed Effect (LME) Models. In these LME models, 314 

one response variable was treated as the predictor variable (fixed effect) while the other was 315 

treated as the response variable. Sire ID, Dam ID and Block number were treated as random 316 



effects. Assuming that genetic effects manifest at fertilisation and carry across life stages, we 317 

predicted significant positive inter-relationships between all fitness measures. Analyses were 318 

performed using R (R Development Core Team, 2015) and JMP V11 (SAS Institute, USA). 319 

Mixed-effect models were performed with the lme4 package (Bates et al. 2015). 320 
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Results 328 

Crosses produced fertilised eggs in 98.5% of cases (69/70 crosses). Excluding the cross that 329 

did not produce fertilised eggs, mean ± SEM fertilisation success was 89.086 ± 0.018%. 330 

From these successful fertilisations, a mean of 83.043 ± 0.027% of individuals survived to 331 

hatching, of which a mean of 72.739 ± 0.033% survived to initial metamorphosis, and 332 

57.550± 0.031 % survived to complete metamorphosis. 333 

Across families, fertilisation success ranged from 0 -100%, and hatching success 334 

ranged from 20-100% (see supplementary information). For families with less than 100% 335 

hatching success, embryo death occurred anytime from the point that fertilisation was scored 336 

(Gosner stage 13-neaural plate formation) through to the point where development was 337 

suspended (Gosner stage 27-fully developed larvae). Larval survival to metamorphosis was 338 

also highly variable across families, with certain crosses producing 100% viable larvae that 339 



successfully reached initial or complete metamorphosis, while others produced larvae that all 340 

died before initial or complete metamorphosis. 341 

The results of the quantitative genetic analysis (including parameter estimates and 342 

coefficients of variation) are presented in Table 1. Our analysis of fertilisation success 343 

showed a highly significant female-variance component (dam effect), though no significant 344 

male-variance component (sire effect), and no interaction between these effects (sire x dam 345 

effect). Our analysis of hatching success (embryo viability) also revealed a highly significant 346 

female-variance component (dam effect) and no significant male variance component (sire 347 

effect). By contrast, however, embryo viability was significantly influenced by the interaction 348 

between sires and dams. Our analysis of survival to initial and final metamorphosis yielded 349 

similar results. For both of these fitness traits there was no sire effect, though a significant 350 

dam effect, and a highly significant sire x dam effect. These results indicate high levels of 351 

non-additive genetic variance for embryo and larval viability and survival to initial and 352 

complete metamorphosis. Block had a significant effect on fertilisation success, but did not 353 

have a significant effect on any of the offspring fitness traits. Overall, additive genetic effects 354 

explained less than 3.5% of the variance in fertilisation success, and less than 0.1% of the 355 

variance in hatching success and larval survival to initial and complete metamorphosis (Table 356 

2). By contrast, non-additive genetic effects explained between 45% and 91% of the observed 357 

phenotypic variance in offspring fitness traits. Maternal effects explained between 358 

approximately 8% and 22% of the phenotypic variance (Table 2). 359 

We also examined the interrelationships between fertilisation success, embryo 360 

viability (hatching success) and survival to metamorphosis. Fertilisation success was not 361 

significantly interactive with either embryo viability (LME: F1, 67 = 2.28, P = 0.135), survival 362 

to initial metamorphosis (LME: F1, 67 = 0.004, P = 0.951), or survival to complete 363 

metamorphosis (LME: F1, 67 = 1.122, P = 0.293). However, there was a strong and significant 364 



inter-relationship between embryo viability and survival to initial metamorphosis (LME: F1, 365 

67 = 9.284, P = 0.003), but not with survival to final metamorphosis (F1, 67 = 3.592, P = 366 

0.062). There was also a strong and significant inter-relationship between survival to initial 367 

metamorphosis and survival to complete metamorphosis (LME: F1, 67 = 107.79, P < 0.001). In 368 

all of these LME models, random effects (sire ID, dam ID and block number) were non- 369 

significant (P< 0.05). 370 

Discussion 371 

Despite a growing body of evidence demonstrating that polyandry improves offspring 372 

viability, adaptive genetic explanations remain conjectural. Here we use a North Carolina 373 

type II breeding design to experimentally investigate the potential for polyandrous brown 374 

toadlets to supply their offspring with genetic benefits, either by increasing the probability of 375 

procuring ‘good genes’ (intrinsic male quality hypothesis) or ‘compatible genes’(genetic 376 

compatibility hypothesis). We found: i) no significant additive or non-additive genetic effects 377 

on fertilisation success, ii) no significant additive genetic effects, but highly significant non-378 

additive genetic effects, on hatching success and larval survival to initial and complete 379 

metamorphosis, and iii) no relationship between fertilisation success and offspring viability, 380 

but strong positive correlations between embryo viability and larval viability. These findings 381 

provide no support for the ‘good genes hypothesis’, but support for the ‘genetic compatibility 382 

hypothesis’, and suggest that negative interactions between parental genetic elements 383 

manifest during early development. Taken together, our findings suggest that indirect genetic 384 

benefits may contribute to the evolution and maintenance of polyandry in terrestrial toadlets. 385 

Non-additive genetic effects can arise due to a combination of dominance and 386 

epistatic effects (Lynch and Walsh 1998). However, based on our variance estimates, there is 387 

reason to suspect that epistatic effects are particularly important in P. bibronii. In the North 388 



Carolina Type II design, models used to calculate genetic variance assume a negligible 389 

amount of epistasis, and therefore overestimate genetic variance when it occurs (Lynch and 390 

Walsh 1998; Pitcher and Neff 2007). Because the genetic effects we detected were so high 391 

(variance estimates up to 99%), we can deduce that epistasis was an important factor in our 392 

experiment. Similar results have come from quantitative genetic analysis of offspring 393 

survivorship in several species of polyandrous fish (Wedekind et al. 2001; Rudolfsen et al. 394 

2005; Pitcher and Neff 2007). In these studies, genetic and environmental effects exceeded 395 

100%, and genetic estimates of non-additive effects were considered maximums (Pitcher and 396 

Neff 2007). In accordance with this line of reasoning, it would be prudent to assume that our 397 

estimates of non-additive effects in P. bibronii were inflated (either as an outcome of 398 

epistasis or possibly other maternal genetic effects). Nevertheless, the highly significant 399 

interactive effects we found, and the congruence in findings across our three measures of 400 

offspring fitness, indicates that genetic incompatibility is an important component of the P. 401 

bibronii breeding system (at least in our study population).  402 

 In other animal systems, genetic incompatibilities between parents have been linked 403 

to inbreeding depression, outbreeding depression, selfish genetic elements, segregation 404 

distortion and immunological effects (Zeh and Zeh 1996; Tregenza and Wedell 2000). While 405 

further research will be required to ascertain the relative importance of these effects in P. 406 

bibronii, we suspect that outbreeding depression may be particularly important. In general, a 407 

major cause of outbreeding depression is the breakup of co-adapted gene complexes, which 408 

are typically observed in locally adapted populations characterised by limited dispersal, 409 

restricted gene flow and high levels of genetic differentiation (Templeton 1986; Keller and 410 

Waller 2002). High levels of local adaptation can be expected in P. bibronii because both 411 

sexes display extreme site fidelity (Byrne & Silla unpublished data) and phylogenetic work 412 

has revealed pronounced genetic differentiation between neighbouring populations 413 



(Donnellan, S.C. personal communication). Such genetic divergence is likely to create a high 414 

risk of genetic incompatibility in matings between non-kin. In support of this notion, crosses 415 

made between P. bibronii males from our study population and females from several 416 

neighbouring populations have produced families with extremely high proportions of inviable 417 

and/or deformed embryos and larvae (Byrne and Silla unpublished data). Furthermore, in a 418 

recent study using genomic tools to investigate mate choice in the red backed toadlet P. 419 

coriacea, a sister species to P. bibronii, females preferred to mate with more related males 420 

(O'Brien 2019). Interestingly, polyandry is extremely rare in P. coriacea (O'Brien et al. 421 

2018), which raises the intriguing possibility that outbreeding depression has favoured the 422 

evolution of two alternative mating systems in toadlets: 1) monandry, whereby stringent mate 423 

choice facilitates genetically compatible pairings, and 2) sequential polyandry, whereby 424 

mating with multiple males ameliorates the costs of incompatible pairings.  425 

Irrespective of the source of the incompatibilities observed, our detection of non-426 

additive genetic effects across multiple life stages suggests that genetic benefits of polyandry 427 

may be substantial. For amphibians, mortality risk is usually highest during the embryonic 428 

and larval life stages (Matthews et al. 2013), and survival to metamorphosis is known to be 429 

an important predictor of population persistence (Biek et al. 2002). Therefore, elevated 430 

offspring survival during early development could strongly favour polyandrous behaviour. 431 

However, the role that genetic benefits have played in the evolution of polyandry in P. 432 

bibronii remains unclear because polyandry also provides a major direct benefit. In a 433 

prolonged field study that tracked offspring survival of an entire P.bibronii population, 434 

extreme polyandry was found to elevate female fitness by insuring against nest failure (Byrne 435 

and Keogh 2008). The primary cause of offspring mortality was the desiccation of embryos 436 

or larvae resulting from females depositing eggs in nests that failed to flood, or nests that 437 

flooded too early or too late in the breeding season (Byrne and Keogh 2008). Notably, Byrne 438 



and Keogh (2008) reported that egg loss resulting from inviable embryos was low, suggesting 439 

that direct benefits contributed more to female fitness than genetic benefits. However, it is 440 

important to consider that genetic benefits in this system are likely to be context dependant, 441 

with non-additive genetic variance dependant on environmental context, and fitness gains 442 

only evident under specific environmental conditions (Marshall and Evans 2007; Rudin-443 

Bitterli et al. 2018). For instance, during breeding seasons where rainfall patterns allow 444 

offspring to persist in nests for extended periods, there may be much stronger effects of 445 

compatible matings on female fitness. This notion is supported by a quantitative genetic study 446 

on the terrestrial toadlet P. guentheri, which showed that the magnitude of non-additive 447 

genetic effects for desiccation tolerance varied depending on the soil-moisture environment 448 

in which offspring developed (Eads et al. 2012). Assuming that P. bibronii experiences 449 

similar effects, a dynamic interplay between the hydrolic environment and direct and indirect 450 

benefits of polyandry may provide sustained fitness gains across breeding years and explain 451 

why polyandry in this species is so extreme.  452 

Unexpectedly, we did not observe strong and significant parental interaction effects 453 

on fertilisation success, indicating that genetic incompatibilities do not manifest at the 454 

gametic level. This finding is in stark contrast with the results of previous quantitative genetic 455 

studies that have tested for genetic benefits of polyandry in external fertilisers. In various free 456 

spawning marine invertebrates, and a semi-aquatic frog species with simultaneous polyandry, 457 

highly significant male x female interaction effects on fertilisation success have been reported 458 

(Evans and Marshall 2005; Marshall and Evans 2005; Dziminski et al. 2008). In such 459 

systems, egg surface proteins have been implicated as mediating the binding of sperm to the 460 

egg surface, and it has been suggested that such gametic level interactions could provide a 461 

filtering mechanisms to ensure the combination of compatible genotypes (Dziminski et al. 462 

2008). Selective fertilisation may not have evolved in P. bibronii simply because polyandry 463 



is sequential rather than simultaneous. Considering that females only mate with one male at a 464 

time (and the sperm of multiple males are not available to fertilise eggs), effective blocks to 465 

incompatible sperm would result in entire clutches (or sub clutches) remaining unfertilised. 466 

Undoubtedly, this would represent a much larger fitness cost to females than producing a 467 

partial clutch of low quality offspring where some individuals might still survive and 468 

reproduce. Given that both simultaneous and sequential polyandry are common in anuran 469 

amphibians (Roberts and Byrne 2011; Byrne and Roberts 2012), this group provides 470 

excellent opportunities for comparative research aimed at investigating how different forms 471 

of polyandry influence the evolution and operation of gamete recognition systems for 472 

selective fertilisation.  473 

Although our findings provide support for the genetic incompatibility hypothesis, it is 474 

important to recognize that our experimental approach may have contributed to the sire x dam 475 

effect reported. Specifically, half sib families were reared as batches during embryo 476 

development, so it is possible that ‘batch specific’ micro-environmental conditions affected 477 

offspring survival, and inflated our estimates of non-additive genetic variance. Because the 478 

position of fertilization trays was changed daily, it is highly unlikely that room effects created 479 

batch specific differences in micro-environmental conditions. Moreover, because we found 480 

no evidence for relationships between egg number and offspring fitness, we have no reason to 481 

think that differences in sub-clutch size led to micro environmental differences. It is possible, 482 

however, that different batches harbored distinct microbial communities that differentially 483 

influenced offspring fitness. Past studies in fish have demonstrated that bacterial colonization 484 

of egg surfaces during culture can significantly influence embryo and larval growth and 485 

survival (Hansen and Olafsen 1999). Saying this, any inter-batch differences in microbial 486 

activity are unlikely to have been significant. Our procedures were all conducted using sterile 487 

equipment, fertilization mediums and rearing solutions, so there was little opportunity for 488 



bacterial contamination. Furthermore, males were aseptically dissected to obtain sperm, and 489 

sperm suspensions obtained in this way are known to have very low bacterial abundance 490 

(Keogh et al. 2017). Microbes may have been vertically transmitted from mothers to eggs 491 

(and later tadpoles) (Walke et al. 2011), though any negative impacts on embryos are likely 492 

to have been negligible. Frog eggs, particularly those of terrestrial breeding species, are 493 

coated in extremely thick protective jelly coats that provide a physical barrier against 494 

bacterial and fungal infection, and they also contain proteins (lectins) and proteinase 495 

inhibitors with bacteriostatic activity known to play a defensive role in resistance to invasion 496 

of pathogens (Peavy et al. 2003; Fleming et al. 2009). Moreover, even if microbes were 497 

maternally transmitted, microbial communities on frog eggs tend to be stable, showing very 498 

similar assemblages among different maternal hosts (Hughey et al. 2017). Therefore, there is 499 

no logical reason to expect that impacts on offspring fitness would have manifested as non-500 

additive effects (i.e. extremely low levels of paternally inherited microbiota and stable 501 

maternally inherited microbial communities would have restricted opportunities for 502 

significant interactions between parental biomes). Nevertheless, to exclude the possibility that 503 

micro-environmental variations among sub clutches might influence estimates of genetic 504 

variance, future studies should aim to separate embryos immediately after fertilization and 505 

rear offspring independently. This approach has been effectively employed by studies testing 506 

for additive and non-addive genetic effects on offspring survivorship and performance in 507 

various externally fertilizing fish species ((Jacob et al. 2007; Wedekind et al. 2008; Jacob et 508 

al. 2010; Clark et al. 2013a; Clark et al. 2013b; Pompini et al. 2013; Brazzola et al. 2014; 509 

Stelkens et al. 2014; da Cunha et al. 2018; da Cunha et al. 2019)).   510 

In addition to finding significant non-additive genetic effects, we found significant 511 

maternal effects on both fertilisation success and offspring fitness. In the NCII design, 512 

maternal effects encompass additive genetic effects as well as non-genetic maternal effects 513 



(indirect maternal influences on offspring phenotypes). Therefore, until additional 514 

quantitative genetic experiments are conducted, the relative importance of genetic versus 515 

environmental-maternal effects on offspring fitness in P.bibronii will remain uncertain. 516 

Nevertheless, we expect that environmental-maternal effects may be substantial because they 517 

are known to have strong effects on offspring performance in various amphibians (Merilä et 518 

al. 2004; Eads et al. 2012; Rudin-Bitterli et al. 2018). Causes of environmental-maternal 519 

effects are diverse, but they are typically related to variation in the degree to which females 520 

invest in offspring (Wolf and Wade 2016). Pseudophryne bibronii has no maternal care, and 521 

females in our study had no opportunity to interact with their offspring. Therefore, we can 522 

eliminate differential maternal investment as contributing to variance in offspring viability. 523 

However, because amphibians provision their eggs before fertilisation, there is considerable 524 

opportunity for egg-mediated maternal effects. In various frog species, egg yolk volume has 525 

been shown to have major effects on embryonic and larval survival (Dziminski and Roberts 526 

2006; Dziminski et al. 2009; Rudin-Bitterli et al. 2018). Moreover, such effects have been 527 

found in the terrestrial toadlet P. guentheri (Eads et al. 2012), and are expected to be common 528 

in the Pseudophryne genus because prolonged terrestrial development has selected for 529 

extremely large eggs with sizeable yolk reserves. Variation in yolk composition may also 530 

explain the significant maternal effects we observed. Across various oviparous taxa there is a 531 

rapidly growing body of evidence to suggest that offspring quality is impacted by the extent 532 

to which yolk is provisioned with antioxidants, antibodies, steroids, fatty acids, and amino 533 

acids (Schwabl 1996; Royle et al. 2001; Saino et al. 2003; Saino et al. 2005; Newcombe et al. 534 

2015). Investigating how differential allocation of these compounds influences offspring 535 

fitness in P. bibronii and other amphibians would be a fruitful area for future research. 536 

Overall, the findings of our study advance our understanding of the importance of 537 

genetic benefits as a driver of polyandry in anuran amphibians. Although polyandry is 538 



widespread in anurans (Roberts and Byrne 2011; Byrne and Roberts 2012), and correlations 539 

between polyandry and offspring viability have implicated genetic benefits (Byrne and 540 

Whiting 2011), our study is only the third to dissect the genetic architecture of offspring 541 

fitness in a polyandrous frog. Using a similar experimental approach to ours, Dzminsiki et al. 542 

(2008) revealed significant non additive genetic effects on fertilisation success and offspring 543 

survival in the Western Australian quacking frog Crinia georgiana. In a more recent study in 544 

this species (also using a North Carolina II breeding design), Bitterli et al (2018) confirmed 545 

high levels of non-additive genetic variance for offspring fitness, and showed that levels of 546 

non-additive genetic variation were significantly higher when offspring were reared under 547 

stressful conditions. In quacking frogs, males force copulation and multiple male amplexus 548 

imposes large fitness costs to females through reduced fertilisation success (Byrne and 549 

Roberts 1999). Therefore, any genetic benefits that flow from multi-male spawning are likely 550 

to be compensatory (Byrne and Robert 2000). This contrasts with the mating system of 551 

P.bibronii where females’ solicit matings and polyandry is likely to be an active female 552 

mating strategy. Such differences suggest that genetic incompatibility contributes to the 553 

evolution or maintenance of polyandry under various breeding contexts. This is not surprising 554 

because there is a growing body of evidence to suggest that genetic incompatibility (linked to 555 

genetic relatedness) plays a pervasive role in amphibian breeding biology. Controlled mating 556 

experiments have shown that females prefer more genetically similar males (Chandler and 557 

Zamudio 2008; Cayuela et al. 2017), artificial crosses within and between populations have 558 

provided evidence for high levels of genetic incompatibility (Sagvik et al. 2005; Eads et al. 559 

2012), and sperm competition experiments have revealed that males who are more 560 

genetically similar to females achieve higher fertilisation success (Sherman et al. 2008). From 561 

an ecological perspective, it is logical to expect a strong role for genetic incompatibility in 562 

amphibian breeding because levels of genetic differentiation between amphibian meta 563 



populations (and the potential for local adaptation) are higher than for any other vertebrate 564 

class. Such fine-scale genetic structuring in amphibians, typically resulting from an uneven 565 

distribution of breeding sites, strong site fidelity and low dispersal, is likely to create a high 566 

risk of outbreeding depression. As more studies use quantitative genetic approaches to test 567 

competing genetic benefit hypotheses in amphibians, it may become increasingly apparent 568 

that insurance against genetic incompatibility contributes to the widespread occurrence of 569 

polyandry in this vertebrate class.  570 

More broadly, our results add to a growing list of studies demonstrating non additive 571 

genetic effects on offspring viability in polyandrous species with external fertilisation. Such 572 

effects have been demonstrated in diverse taxonomic groups (broadcast spawning marine 573 

invertebrates, fishes, and anuran amphibians), and across a broad spectrum of fitness-574 

determining traits (growth and development, hatching success and survival)(Wedekind et al. 575 

2001; Rudolfsen et al. 2005; Pitcher and Neff 2006; Evans et al. 2007; Pitcher and Neff 2007; 576 

Dziminski et al. 2008; Rodríguez-Muñoz and Tregenza 2008). This emerging pattern 577 

suggests that insurance against genetic incompatibility may be a widespread driver of 578 

polyandry in external fertilisers. Saying this, the importance of genetic compatibility may 579 

vary considerably within taxonomic groups. For example, in fish (where most quantitiative 580 

genetic studies have been conducted) the genetic architecture of offspring survivorship 581 

appears to be highly complex. In Chinook Salmon (Oncorhynchus tshawytscha) and Alpine 582 

whitefish (Coregonus sp.), both additive and non-addive genetic variance have been shown to 583 

contribute significantly to variance in offspring survivorship (Brazzola et al 2014; Pitcher and 584 

Neff, 2006, 2007; Wedekind et al 2001; Wedekind et al2008; Clarke et al 2014). By contrast, 585 

in a slow growing small type Alpine whitefish) (C. albellus ) and brown trout (Salmo trutta), 586 

offspring survival appears to be pre-dominantly influenced by additive genetic effects, with 587 

no or negligible non-additive genetic effects reported (Brazzola et al 2014; Jacob et al 2010; 588 



Marques da xunha 2018; Jacob et al 2007; Stelkens et al 2014 ). This differs from Atlantic 589 

cod (Gadus Morhua L.), where, similar to our study, only non-additive effects appear to be 590 

important (Rudolfsen et al 2005). Such variation is likely to reflect specific-specific 591 

differences in population genetic structure resulting from a complex interplay between the 592 

level of gene flow, the rate of genetic drift, and the strength and direction of various selective 593 

processes (Shaw et al 2018).  594 

With a view towards better understanding the relative importance of additive versus 595 

non-additive genetic effects across taxa, and elucidating causes of interspecific variation, we 596 

encourage studies in a greater diversity of species. Studies targeting species with sequential 597 

polyandry, where females have pre-copulatory control over mating, would be particularly 598 

valuable. Only by working with such systems can we confidently conclude that polyandry is 599 

an active female mating strategy.. Moreover, given we know that genetic benefits can be 600 

context dependent (Marshall and Evans 2007; Uller et al. 2011; Smith and Spence 2013; 601 

Rudin-Bitterli et al. 2018), there is also a critical need for studies that test for spatial and 602 

temporal variation in the magnitude of genetic benefits. Finally, based on the growing body 603 

of evidence that polyandry supplies females with multiple benefits, we strongly support the 604 

view that theoreticians and empiricists need to move away from the conventional approach of 605 

attempting to identify a single mechanism driving polyandry and consider how benefits 606 

obtained through combinations of mechanisms contribute to total fitness gains (Ivy 2007). 607 

Such work will greatly improve our capacity to understand the adaptive significance of 608 

polyandry. 609 

 610 

LITERATURE CITED 611 



Aguirre, J. D. and D. J. Marshall. 2012. Does genetic diversity reduce sibling competition? Evolution: 612 
International Journal of Organic Evolution 66:94‐102. 613 

Akçay, E. and J. Roughgarden. 2007. Extra‐pair paternity in birds: review of the genetic benefits. 614 
Evolutionary ecology research 9:855. 615 

Arnqvist, G. and T. Nilsson. 2000. The evolution of polyandry: multiple mating and female fitness in 616 
insects. Animal behaviour 60:145‐164. 617 

Bateman, A. J. 1948. Intra‐sexual selection in Drosophila. Heredity 2:349‐368. 618 
Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015. lme4: Linear mixed‐effects models using 619 

Eigen and S4. R package version 1.1–7. 2014. 620 
Biek, R., W. C. Funk, B. A. Maxell, and L. S. Mills. 2002. What is missing in amphibian decline 621 

research: insights from ecological sensitivity analysis. Conservation Biology 16:728‐734. 622 
Birkhead, T. 1995. Sperm competition: evolutionary causes and consequences. Reproduction, 623 

Fertility and Development 7:755‐775. 624 
Boulton, R. A., M. Zuk, and D. M. Shuker. 2018. An Inconvenient Truth: The Unconsidered Benefits of 625 

Convenience Polyandry. Trends in ecology & evolution. 626 
Bradford, D. F. and R. S. Seymour. 1985. Energy conservation during the delayed‐hatching period in 627 

the frog Pseudophryne bibroni. Physiological Zoology 58:491‐496. 628 
Brazzola, G., N. Chèvre, and C. Wedekind. 2014. Additive genetic variation for tolerance to estrogen 629 

pollution in natural populations of A lpine whitefish (C oregonus sp., S almonidae). 630 
Evolutionary applications 7:1084‐1093. 631 

Bromfield, J. J., J. E. Schjenken, P. Y. Chin, A. S. Care, M. J. Jasper, and S. A. Robertson. 2014. 632 
Maternal tract factors contribute to paternal seminal fluid impact on metabolic phenotype 633 
in offspring. Proceedings of the National Academy of Sciences 111:2200‐2205. 634 

Byrne, P. and J. Robert. 2000. Does multiple paternity improve fitness of the frog Crinia georgiana? 635 
Evolution 54:968‐973. 636 

Byrne, P. and J. Roberts. 1999. Simultaneous mating with multiple males reduces fertilization success 637 
in the myobatrachid frog Crinia georgiana. Proceedings of the Royal Society of London. 638 
Series B: Biological Sciences 266:717‐721. 639 

Byrne, P. G. 2008. Strategic male calling behavior in an Australian terrestrial toadlet (Pseudophryne 640 
bibronii). Copeia 2008:57‐64. 641 

Byrne, P. G. and J. S. Keogh. 2007. Terrestrial toadlets use chemosignals to recognize conspecifics, 642 
locate mates and strategically adjust calling behaviour. Animal Behaviour 74:1155‐1162. 643 

Byrne, P. G. and J. S. Keogh. 2008. Extreme sequential polyandry insures against nest failure in a frog. 644 
Proceedings of the Royal Society B: Biological Sciences 276:115‐120. 645 

Byrne, P. G. and J. D. Roberts. 2012. Evolutionary causes and consequences of sequential polyandry 646 
in anuran amphibians. Biological Reviews 87:209‐228. 647 

Byrne, P. G. and M. J. Whiting. 2011. Effects of simultaneous polyandry on offspring fitness in an 648 
African tree frog. Behavioral Ecology 22:385‐391. 649 

Cayuela, H., J.‐P. Léna, T. Lengagne, B. Kaufmann, N. Mondy, L. Konecny, A. Dumet, A. Vienney, and 650 
P. Joly. 2017. Relatedness predicts male mating success in a pond‐breeding amphibian. 651 
Animal Behaviour 130:251‐261. 652 

Chandler, C. and K. Zamudio. 2008. Reproductive success by large, closely related males facilitated 653 
by sperm storage in an aggregate breeding amphibian. Molecular Ecology 17:1564‐1576. 654 

Clark, E. S., R. B. Stelkens, and C. Wedekind. 2013a. Parental influences on pathogen resistance in 655 
brown trout embryos and effects of outcrossing within a river network. PloS one 8:e57832. 656 

Clark, E. S., L. G. Wilkins, and C. Wedekind. 2013b. MHC class I expression dependent on bacterial 657 
infection and parental factors in whitefish embryos (Salmonidae). Molecular ecology 658 
22:5256‐5269. 659 

da Cunha, L. M., A. Uppal, E. Seddon, D. Nusbaumer, E. L. Vermeirssen, and C. Wedekind. 2019. No 660 
additive genetic variance for tolerance to ethynylestradiol exposure in natural populations of 661 
brown trout (Salmo trutta). 662 



da Cunha, L. M., L. G. Wilkins, L. Menin, D. Ortiz, V. Vocat‐Mottier, and C. Wedekind. 2018. 663 
Consumption of carotenoids not increased by bacterial infection in brown trout embryos 664 
(Salmo trutta). PloS one 13:e0198834. 665 

Dziminski, M. and J. Roberts. 2006. Fitness consequences of variable maternal provisioning in 666 
quacking frogs (Crinia georgiana). Journal of evolutionary biology 19:144‐155. 667 

Dziminski, M. A., J. D. Roberts, and L. W. Simmons. 2008. Fitness consequences of parental 668 
compatibility in the frog Crinia georgiana. Evolution: International Journal of Organic 669 
Evolution 62:879‐886. 670 

Dziminski, M. A., P. E. Vercoe, and J. D. Roberts. 2009. Variable offspring provisioning and fitness: a 671 
direct test in the field. Functional Ecology 23:164‐171. 672 

Eads, A. R., N. J. Mitchell, and J. P. Evans. 2012. Patterns of genetic variation in desiccation tolerance 673 
in embryos of the terrestrial‐breeding frog, Pseudophryne guentheri. Evolution: 674 
International Journal of Organic Evolution 66:2865‐2877. 675 

Eberhard, W. 1996. Female control: sexual selection by cryptic female choice. Princeton University 676 
Press. 677 

Evans, J. P., F. García‐González, and D. J. Marshall. 2007. Sources of genetic and phenotypic variance 678 
in fertilization rates and larval traits in a sea urchin. Evolution 61:2832‐2838. 679 

Evans, J. P. and D. J. Marshall. 2005. Male‐by‐female interactions influence fertilization success and 680 
mediate the benefits of polyandry in the sea urchin Heliocidaris erythrogramma. Evolution 681 
59:106‐112. 682 

Fairbairn, D. 1993. Costs of loading associated with mate‐carrying in the waterstrider, Aquarius 683 
remigis. Behavioral Ecology 4:224‐231. 684 

Fisher, D. O., M. C. Double, S. P. Blomberg, M. D. Jennions, and A. Cockburn. 2006. Post‐mating 685 
sexual selection increases lifetime fitness of polyandrous females in the wild. Nature 444:89. 686 

Fleming, R. I., C. D. Mackenzie, A. Cooper, and M. W. Kennedy. 2009. Foam nest components of the 687 
tungara frog: a cocktail of proteins conferring physical and biological resilience. Proceedings 688 
of the Royal Society B: Biological Sciences 276:1787‐1795. 689 

Fox, C. W. and C. M. Rauter. 2003. Bet‐hedging and the evolution of multiple mating. Evolutionary 690 
Ecology Research 5:273‐286. 691 

García‐González, F. and L. Simmons. 2005. The evolution of polyandry: intrinsic sire effects 692 
contribute to embryo viability. Journal of evolutionary biology 18:1097‐1103. 693 

Gilbert, L., K. Williamson, N. Hazon, and J. Graves. 2006. Maternal effects due to male attractiveness 694 
affect offspring development in the zebra finch. Proceedings of the Royal Society B: 695 
Biological Sciences 273:1765‐1771. 696 

Gosner, K. L. 1960. A simplified table for staging anuran embryos and larvae with notes on 697 
identification. Herpetologica 16:183‐190. 698 

Griffith, S. C., I. P. Owens, and K. A. Thuman. 2002. Extra pair paternity in birds: a review of 699 
interspecific variation and adaptive function. Molecular ecology 11:2195‐2212. 700 

Hansen, G. and J. Olafsen. 1999. Bacterial interactions in early life stages of marine cold water fish. 701 
Microbial ecology 38:1‐26. 702 

Hughey, M. C., J. Delia, and L. K. Belden. 2017. Diversity and stability of egg‐bacterial assemblages: 703 
The role of paternal care in the glassfrog Hyalinobatrachium colymbiphyllum. Biotropica 704 
49:792‐802. 705 

Ivy, T. 2007. Good genes, genetic compatibility and the evolution of polyandry: use of the diallel 706 
cross to address competing hypotheses. Journal of evolutionary biology 20:479‐487. 707 

Jacob, A., G. Evanno, B. A. von Siebenthal, C. Grossen, and C. Wedekind. 2010. Effects of different 708 
mating scenarios on embryo viability in brown trout. Molecular Ecology 19:5296‐5307. 709 

Jacob, A., S. Nusslé, A. Britschgi, G. Evanno, R. Müller, and C. Wedekind. 2007. Male dominance 710 
linked to size and age, but not to'good genes' in brown trout (Salmo trutta). BMC 711 
Evolutionary Biology 7:207. 712 



Jennions, M. D. 1997. Female promiscuity and genetic incompatibility. Trends in Ecology & Evolution 713 
12:251‐253. 714 

Jennions, M. D. and M. Petrie. 2000. Why do females mate multiply? A review of the genetic 715 
benefits. Biological Reviews 75:21‐64. 716 

Kekäläinen, J., G. Rudolfsen, M. Janhunen, L. Figenschou, N. Peuhkuri, N. Tamper, and R. Kortet. 717 
2010. Genetic and potential non‐genetic benefits increase offspring fitness of polyandrous 718 
females in non‐resource based mating system. BMC evolutionary biology 10:20. 719 

Keller, L. F. and D. M. Waller. 2002. Inbreeding effects in wild populations. Trends in ecology & 720 
evolution 17:230‐241. 721 

Keogh, L. M., P. G. Byrne, and A. J. Silla. 2017. The effect of gentamicin on sperm motility and 722 
bacterial abundance during chilled sperm storage in the Booroolong frog. General and 723 
comparative endocrinology 243:51‐59. 724 

Kotiaho, J. S., L. W. Simmons, J. Hunt, and J. L. Tomkins. 2003. Males influence maternal effects that 725 
promote sexual selection: a quantitative genetic experiment with dung beetles Onthophagus 726 
taurus. The American Naturalist 161:852‐859. 727 

Lumley, A. J., S. E. Diamond, S. Einum, S. E. Yeates, D. Peruffo, B. C. Emerson, and M. J. Gage. 2016. 728 
Post‐copulatory opportunities for sperm competition and cryptic female choice provide no 729 
offspring fitness benefits in externally fertilizing salmon. Royal Society open science 730 
3:150709. 731 

Lynch, M. and B. Walsh. 1998. Genetics and analysis of quantitative traits. Sinauer Assocs. Inc., 732 
Sunderland, MA 980. 733 

Marshall, D. and J. Evans. 2005. The benefits of polyandry in the free‐spawning polychaete 734 
Galeolaria caespitosa. Journal of evolutionary biology 18:735‐741. 735 

Marshall, D. J. and J. P. Evans. 2007. Context‐dependent genetic benefits of polyandry in a marine 736 
hermaphrodite. Biology Letters 3:685‐688. 737 

Matthews, J. H., W. C. Funk, and C. K. Ghalambor. 2013. Demographic approaches to assessing 738 
climate change impact: an application to pond‐breeding frogs and shifting hydropatterns. 739 
Wildlife conservation in a changing climate:58‐85. 740 

Merilä, J., F. Söderman, R. O'hara, K. Räsänen, and A. Laurila. 2004. Local adaptation and genetics of 741 
acid‐stress tolerance in the moor frog, Rana arvalis. Conservation Genetics 5:513‐527. 742 

Mitchell, N. J. 2001. Males call more from wetter nests: effects of substrate water potential on 743 
reproductive behaviours of terrestrial toadlets. Proceedings of the Royal Society of London. 744 
Series B: Biological Sciences 268:87‐93. 745 

Mitchell, N. J. 2005. Nest switching in the brown toadlet (Pseudophryne bibroni): do males use 746 
chemical signals? Herpetological Review 36:19‐20. 747 

Neff, B. D. and T. E. Pitcher. 2005. Genetic quality and sexual selection: an integrated framework for 748 
good genes and compatible genes. Molecular ecology 14:19‐38. 749 

Newcombe, D., J. Hunt, C. Mitchell, and A. J. Moore. 2015. Maternal effects and maternal selection 750 
arising from variation in allocation of free amino acid to eggs. Ecology and evolution 5:2397‐751 
2410. 752 

O'Brien, D. M., J. S. Keogh, A. J. Silla, and P. G. Byrne. 2018. The unexpected genetic mating system 753 
of the red‐backed toadlet (Pseudophryne coriacea): A species with prolonged terrestrial 754 
breeding and cryptic reproductive behaviour. Molecular ecology 27:3001‐3015. 755 

O'Brien, D. M. J. S. K. A. J. S. a. P. G. B. 2019. Female choice for more related males in wild red‐756 
backed toadlets. Behavioral Ecology In press. 757 

Oldroyd, B. P. and J. H. Fewell. 2007. Genetic diversity promotes homeostasis in insect colonies. 758 
Trends in ecology & evolution 22:408‐413. 759 

Parker, G. A. and T. R. Birkhead. 2013. Polyandry: the history of a revolution. Philosophical 760 
Transactions of the Royal Society B: Biological Sciences 368:20120335. 761 



Peavy, T. R., C. Hernandez, and E. J. Carroll. 2003. Jeltraxin, a frog egg jelly glycoprotein, has calcium‐762 
dependent lectin properties and is related to human serum pentraxins CRP and SAP. 763 
Biochemistry 42:12761‐12769. 764 

Pitcher, T. E. and B. D. Neff. 2006. MHC class IIB alleles contribute to both additive and nonadditive 765 
genetic effects on survival in Chinook salmon. Molecular Ecology 15:2357‐2365. 766 

Pitcher, T. E. and B. D. Neff. 2007. Genetic quality and offspring performance in Chinook salmon: 767 
implications for supportive breeding. Conservation Genetics 8:607‐616. 768 

Pizzari, T. and N. Wedell. 2013. Introduction: the polyandry revolution. Philosophical Transactions: 769 
Biological Sciences 368:1‐5. 770 

Pompini, M., E. S. Clark, and C. Wedekind. 2013. Pathogen‐induced hatching and population‐specific 771 
life‐history response to waterborne cues in brown trout (Salmo trutta). Behavioral Ecology 772 
and Sociobiology 67:649‐656. 773 

Reding, L. 2015. Increased hatching success as a direct benefit of polyandry in birds. Evolution 774 
69:264‐270. 775 

Rice, W. R., A. D. Stewart, E. H. Morrow, J. E. Linder, N. Orteiza, and P. G. Byrne. 2006. Assessing 776 
sexual conflict in the Drosophila melanogaster laboratory model system. Philosophical 777 
Transactions of the Royal Society B: Biological Sciences 361:287‐299. 778 

Roberts, J. D. and P. G. Byrne. 2011. Polyandry, sperm competition, and the evolution of anuran 779 
amphibians. Pp. 1‐53. Advances in the Study of Behavior. Elsevier. 780 

Rodríguez‐Muñoz, R. and T. Tregenza. 2008. Genetic compatibility and hatching success in the sea 781 
lamprey (Petromyzon marinus). Biology Letters 5:286‐288. 782 

Royle, N. J., P. Surai, and I. R. Hartley. 2001. Maternally derived androgens and antioxidants in bird 783 
eggs: complementary but opposing effects? Behavioral Ecology 12:381‐385. 784 

Rudin‐Bitterli, T. S., N. J. Mitchell, and J. P. Evans. 2018. Environmental Stress Increases the 785 
Magnitude of Nonadditive Genetic Variation in Offspring Fitness in the Frog Crinia georgiana. 786 
The American Naturalist 192:461‐478. 787 

Rudolfsen, G., L. Figenschou, I. Folstad, J. Nordeide, and E. Søreng. 2005. Potential fitness benefits 788 
from mate selection in the Atlantic cod (Gadus morhua). Journal of evolutionary biology 789 
18:172‐179. 790 

Sagvik, J., T. Uller, and M. Olsson. 2005. Outbreeding depression in the common frog, Rana 791 
temporaria. Conservation Genetics 6:205‐211. 792 

Saino, N., R. Ferrari, M. Romano, R. Martinelli, and A. P. Møller. 2003. Experimental manipulation of 793 
egg carotenoids affects immunity of barn swallow nestlings. Proceedings of the Royal Society 794 
of London. Series B: Biological Sciences 270:2485‐2489. 795 

Saino, N., M. Romano, R. P. Ferrari, R. Martinelli, and A. P. Møller. 2005. Stressed mothers lay eggs 796 
with high corticosterone levels which produce low‐quality offspring. Journal of Experimental 797 
Zoology Part A: Comparative Experimental Biology 303:998‐1006. 798 

Schwabl, H. 1996. Maternal testosterone in the avian egg enhances postnatal growth. Comparative 799 
Biochemistry and Physiology Part A: Physiology 114:271‐276. 800 

Sherman, C., E. Wapstra, T. Uller, and M. Olsson. 2008. Males with high genetic similarity to females 801 
sire more offspring in sperm competition in Peron's tree frog Litoria peronii. Proceedings of 802 
the Royal Society B: Biological Sciences 275:971‐978. 803 

Sih, A., J. Krupa, and S. Travers. 1990. An experimental study on the effects of predation risk and 804 
feeding regime on the mating behavior of the water strider. The American Naturalist 805 
135:284‐290. 806 

Silla, A. J. 2011. Effect of priming injections of luteinizing hormone‐releasing hormone on 807 
spermiation and ovulation in Gϋnther's toadlet, Pseudophryne guentheri. Reproductive 808 
Biology and Endocrinology 9:68. 809 

Silla, A. J. 2013. Artificial fertilisation in a terrestrial toadlet (Pseudophryne guentheri): effect of 810 
medium osmolality, sperm concentration and gamete storage. Reproduction, Fertility and 811 
Development 25:1134‐1141. 812 



Simmons, L. W. 2005. The evolution of polyandry: sperm competition, sperm selection, and offspring 813 
viability. Annu. Rev. Ecol. Evol. Syst. 36:125‐146. 814 

Slatyer, R. A., B. S. Mautz, P. R. Backwell, and M. D. Jennions. 2012. Estimating genetic benefits of 815 
polyandry from experimental studies: a meta‐analysis. Biological Reviews 87:1‐33. 816 

Smith, C. and R. Spence. 2013. The potential additive and non‐additive benefits of mate choice in the 817 
threespine stickleback (Gasterosteus aculeatus). Evolutionary Ecology Research 15:331‐341. 818 

Stelkens, R. B., M. Pompini, and C. Wedekind. 2014. Testing the effects of genetic crossing distance 819 
on embryo survival within a metapopulation of brown trout (Salmo trutta). Conservation 820 
genetics 15:375‐386. 821 

Taylor, M. L., T. A. Price, and N. Wedell. 2014. Polyandry in nature: a global analysis. Trends in 822 
ecology & evolution 29:376‐383. 823 

Templeton, A. R. 1986. Coadaptation and outbreeding depression. Conservation biology: the science 824 
of scarcity and diversity:105‐116. 825 

Thrall, P., J. Antonovics, and J. Bever. 1997. Sexual transmission of disease: implications for disease 826 
heterogeneity and host mating system evolution. Am. Nat 149:485‐506. 827 

Tregenza, T. and N. Wedell. 2000. Genetic compatibility, mate choice and patterns of parentage: 828 
invited review. Molecular Ecology 9:1013‐1027. 829 

Trivers, R. L. 1972. Parental investment and sexual selection. In ‘Sexual Selection and the Descent of 830 
Man 1871–1971’.(Ed. B. Campbell.) pp. 136–179. Aldine: Chicago, IL. 831 

Uller, T., G. M. While, C. D. Cadby, A. Harts, K. O’Connor, I. Pen, and E. Wapstra. 2011. Altitudinal 832 
divergence in maternal thermoregulatory behaviour may be driven by differences in 833 
selection on offspring survival in a viviparous lizard. Evolution: International Journal of 834 
Organic Evolution 65:2313‐2324. 835 

Walke, J. B., R. N. Harris, L. K. Reinert, L. A. Rollins‐Smith, and D. C. Woodhams. 2011. Social 836 
immunity in amphibians: evidence for vertical transmission of innate defenses. Biotropica 837 
43:396‐400. 838 

Walker, W. F. 1980. Sperm utilization strategies in nonsocial insects. The American Naturalist 839 
115:780‐799. 840 

Wedekind, C., G. Evanno, D. Urbach, A. Jacob, and R. Müller. 2008. ‘Good‐genes’ and ‘compatible‐841 
genes’ effects in an Alpine whitefish and the information content of breeding tubercles over 842 
the course of the spawning season. Genetica 132:199‐208. 843 

Wedekind, C., R. Müller, and H. Spicher. 2001. Potential genetic benefits of mate selection in 844 
whitefish. Journal of Evolutionary Biology 14:980‐986. 845 

Wolf, J. B. and M. J. Wade. 2016. Evolutionary genetics of maternal effects. Evolution 70:827‐839. 846 
Woodruff, D. S. 1976a. Courtship, reproductive rates, and mating system in three Australian 847 

Pseudophryne (Amphibia, Anura, Leptodactylidae). Journal of Herpetology:313‐318. 848 
Woodruff, D. S. 1976b. Embryonic mortality in Pseudophryne (Anura: Leptodactylidae). Copeia:445‐849 

449. 850 
Yasui, Y. 1998. Thegenetic benefits' of female multiple mating reconsidered. Trends in Ecology & 851 

Evolution 13:246‐250. 852 
Yasui, Y. 2001. Female multiple mating as a genetic bet‐hedging strategy when mate choice criteria 853 

are unreliable. Ecological Research 16:605‐616. 854 
Yasui, Y. and F. Garcia‐Gonzalez. 2016. Bet‐hedging as a mechanism for the evolution of polyandry, 855 

revisited. Evolution 70:385‐397. 856 
Zeh, D. W. and R. L. Smith. 1985. Paternal investment by terrestrial arthropods. American Zoologist 857 

25:785‐805. 858 
Zeh, J. A. and D. W. Zeh. 1996. The evolution of polyandry I: intragenomic conflict and genetic 859 

incompatibility. Proceedings of the Royal Society of London. Series B: Biological Sciences 860 
263:1711‐1717. 861 

 862 


