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Abstract

Extra-pair paternity (EPP), where offspring are sired by a male other than the social male,
varies enormously both within and among species. Trying to explain this variation hak prove

difficult because the majority of the interspecific variati®phylogeneticallybased. Ideally,
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variation in EPP should be investigated in closely related species, but clades with sufficient
variation are rare. We present a comprehensive multifactorial test to explain variation in EPP
among individuals in 20 population$ nine speciesver 89 yearfrom a single bird family
(Maluridae) Femaleshad higher EPP in the presence of more helpers, more neighbatirs, or
paired ineestuously. Furthermohegher EPP occurred years with many incestuous pairs,
populations witho-many helpers, and species with high male density or in which nosdiele pr
less careAltogether, these variables accounted for 48% of the total and 89% of the
interspecific and intepopulation variation in EPP. These findings indicate why consistent
patterns in EPR_have been so challenging to detect and suggest that a single gredictor i
unlikely to'account fothe enormous variation in EPP acréeseels of analysisNevertheless,

it alsoshows that existing hypotheses can explain the variation in EPP well and that the
density of males particularis agood predictor to explain variation in EPP among species

whena large part of theonfoundingeffectof phylogenyis excluded

| ntroduction

It is now clearthat completegenetic monogamy is the exception rather than theirule
socially monoegamous birds, and this discovery has revolutionized our view of mating
systemgBennett & Owens 2002)ot least because it changes understanding dhe way
selection worksThe suge in studies investigating genetic matingteys revealed that
extrapalir paternity (EPR)where offspring are sired by a male other than the female’s social
partner,occurs in over70% of species that have been studieviewed in: Griffithet al.
2002).

Attemptsto explainvariation in EPRateswithin species have exploredwide range
of factors including the role of ecology (Spottiswoode 2004; &adf. 2013; Schlichit al.
2015) life-history (Richardson & Burke 1999; Bouwmaah al. 2007)and genetic diversity
(Forstmeieret al»2002; Foersteet al. 2003). Strikingly, despite 30 years of research, the
enormouszameunt of variatiammong species in the occurrence and levels of EPP remains
largely unexplaineqPetrie & Kempenaers 1998; Griffitlt al. 2002; Macedcet al. 2008)
other than.that over 50% of the interspecific variation in EPP rates can be attributed to
phylogeny‘eccuring at or above the family level (Arnold & Owens 2002; Grdfigh. 2002).
Thus, the man associationsbetween ecology and EPP might be duehtgherievel
phylogenetic history,and variation amongspecies might not reflect current selective
pressures. ldeally, one shouleereforestudyinter-specificvariation in EPP between closely

related species
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85 The widespread occurrence of EPP among different clades of bimaslleas thevast

86 number of proposed explanatio(Sriffith et al. 2002) suggest that multiple factors could

87 play a role indeterminingEPPrates Thus far most studies have focussedtestingthe role

88 of a single or few alternative hypotheses, obscuring inferences about which factors are most
89 important: Another complexity is that ER&escan vary at multiple levels, for example, over

90 time, among individuals in the same population, or among populations or species. Different
91 factors may predominate at different levels of variation. For example, bresadiogreny

92  correlatesywithvariation in EPRatesamong specie€Stutchbury 1998; Spottiswoode 2004;

93 Bonig et al. 2014) but not among individuals imany species(e.g.. Weatherhead &

94  Yezerinac'1998; Sainet al. 1999; Kraaijeveldet al. 2004; Lindstedit al. 2007) Ideally,

95 multiple hypatheses should be tested simultaneously at different levedsiation, as this

96 would allow for'assessment of the relative importance of each hypothesis.

97 Whether a pattern is detected will also depend on the amount of variation in both EPP
98 ratesand the explanatory factor. This raiseshallenge studiesexaminingvariation in EPP

99 ideally requirecloselyrelated species to avoid confounding effects of phylogeny, yet the
100 strong phylegenetic signal also means that variation in both EPP and the explaacttory f

101 are often limited within clades, hampering detectiopaiferns. There alsare fewclades for

102  which EPP data‘from multiple populations of multiple spearesavailable.

103 Here we'simultaneouslytest five hypotheses that have often been proposed in the
104 literature as possible explanations for variation in EfEB: breeding synchronylensity

105 constrained female, inbreeding avoidance difig-history (male survival) hypotheses

106  (explained in Table 1, for remiv see: Griffith et al. 2002; Westneat and Stewart 2003)
107  Alternative hypotheses have been proposed that we have not considered here, either because
108 they do not lead to testable predictions or the data to test them are unavailable for the
109  Maluridae“(see dcussion). Wetest how well the five hypotheses explain individual,

110 temporaljnter-population, andnter-specificvariation in EPRatesusingdatacollected over

111 89 study years:from nine species spanning 20 populations of a single family of birds, the
112 Maluridae(fairy<, emu and grassvrens) These species exhibiates of EPP that span the

113 entire natural range: from complejeneticmonogany to extreme promiscuit{0%- 80% of

114  offspring; thisustudy Cockburn et al. 2013)in addition, Maluridae is probably the best

115  studied aviarfamily with respect to genetic mating systé@ockburnet al. 2013),so there

116  aredata on many species and populations. Finaihcesspecies of this family are a model

117  system inbehavoural and evolutionary ecology, detailed information on their behaviour, life
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history and ecologgxists(Buchanan & Cockburn 2013)hich also &hibits sufficientintra-
and interspecific variation to teety hypotheses in a meaningful way.

M ethods
Sudy systemrand‘data collection
The Maluridae are endemic to Australia and Papua New Guinea and all species included here
(and most'likely all' species in the family) are facultative cooperative breeders, with multiple
subordinate males and sometimes also females often assisting thamtgain to rear young
(Rowley & Russell 1997)All species maintain territories during the breeding season.
We'collated published and unpublished data from 4,072 broods and 10,665 offspring
collected aver 89 study years from nine species of Maluridaensmp20 populations (see
Supporting Informatio’\ for an overview of the data). Our dataset included 7 populations of
superb fairywren (Malurus cyaneus, Double & Cockburn 2003; ColombelNégrel et al.
2009; Bain et _al. 2014) two populations each ofvhite-shouldered fairwren (M.
alboscapulatus; for details seeSupporting InformationA), redwinged fairywren (M.
elegans, Brouweret al. 2014) variegated fairywren (M. lamberti; for details se&upporting
InformationA; . Johnsor2016, red-backed faiy-wren (M. melanocephalus, VarianRamoset
al. 2012; Baldassarre & Webster 2018nhd splendid fairyvren (M. splendens,; Brooker et
al. 1990; Websteet al. 2004; Tarviret al. 2005),andone population each plurple-crowned
fairy-wren (M. coronatus, Kingmaet al. 2009) southern emuwren (Sipiturus malachurus;
Maguire & Mulder 2008)and thickbilled grasswrenAmytornis modestus; Louter 2016)
Studies were included for all populations where genetic parentage analyses had been
conducted and sufficient data were available to estimate the majority of the predictors of
interest (see below). We report data on EPP here, but it should be notad tstiroates of
EPP are almost identical to the rate of exfraup paternity (i.e. paternity by males from
outside the.social group), as witlgnoup subordinates rarely gain paterr(iulder et al.
1994; Webstert al. 2004; Brouweret al. 2011) EPP dta are based primarily on data
collected from=nestlingbetween 2 and 8 days old, except fbralboscapulatus, for which
fledglings.were sampledbtarvation of nestlings is rare, and incomplete sampling is usually
due to predatien. Genotyping was based on microsatellite data except for the populdtion of
splendens from Perth which was genotyped using allozyni@sookeret al. 1990) andA.
modestus, which was based on RAD sequencing (Louter 2016). Although these methods
differ in their ability to assigmparentage to extrgroup males, all of them are excellent in

determining mismatches with the territorial male, and hence should produacatie
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152  estimates of EPP (methods are unbiased; Kaisal. 2017). Re-analysing the tonodels

153  after excluding theM. alboscapulatus and M. splendens studies showed that the results
154  remain largely unchanged, althouthfe association between EPP and the number of helpers
155  receives more support at the species ratherttiepopulation levelsee Table §.

156

157  Defining and measuring predictors of EPP

158  Each hypothesis resulted in a specific set of predictions with regartteongaof individual,

159  temporal, inter-population and interspecific variation in EPP (explained in Table 1)

160 1. Breedingsynchrony hypothesisn Maluridae females have been shown to control extra

161 pair mating by visiting the extrpair male’s territoryat dawn (Double & Cockburn 2000)

162 and mgst/commonly obtain EPP from neighbouring males (Double & Cockburn 2003;
163 Brouwer et "al. 2011; Kingmaet al. 2013). Furthermore, more synchronous broods
164 contained more EPP iNl. coronatus (Kingma et al 2013). Consequently, we used the
165 same approach as Kingnet al. (2013) and calculated breeding synchrony at the
166 individual level as the number of days between dmges of a focal nest and the
167 immediate-neighbour with the closest lay dates. In addition, breeding synchroaiswas
168 calculatedas/the mean difference between lay dates of a focaluithsall its immediate

169 neighbours, butsingthis methoddid not change the results (Fig. ABince we do not

170 have suchedetailed spatial (iesry bordej data for all populations, we used a different
171 approach at the population levélor each population, an estimate of the proportion of
172 simultaneously fertd females was calculated #ise variance of the proportion of
173 dominant femalethat started egg layingach monthBy taking the variance this measure
174 also accounts for the length of the breeding season. In addition, we calculated a breeding
175 synchrony index following Kempenaers (1998he mearnof each measurper species

176 was used as a predictor at the species level.

177 2. Density.hypothesis: at the individual level the number of adjacent neighbouritgyites

178 was used=as a proxy of density. Some species papdlations inhabit riparian or

179 fragmented-habitat in which territories are linearly arrarggetionly share boundaries at
180 the twerextremes of the territgrywhereas others occupy contiguous habitat, with
181 neighbours,on all sides. An index of annual malpupation density was estimated by
182 dividing the median number of neighbouring dominant males for a given habitat type
183 (two for linear, four for contiguous habitat) by the average territory length of a given
184 population in a given year. We only included doamnhmales here since dominant males
185 gain the majority of EPP in most species (Double & Cockburn 2003; Webste2004;
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Brouweret al. 2011)and in this way we can disentangle density from a direct effect of
the number of helpers (constrained female hypothesis, see below). The index of male
density was fitted on a logarithmic scale. The means of annual male density per
population and per species were used as predictors at the population and species level
respectively; whereas the annual deviation opibygulation mean was used as a predictor

for temporal variatior{within-subject centring; van de Pol & Wright 2009). In addition,

to investigate whether variation in EPP is explained by habitat geometry, geometry
(contiguous or linear) was used as a proxy for density at the population and speties le
(Brouwer et al. 2014; Bainet al. 2014) Habitat geometry of a population did not
correlate significantly with our index of male density (Pearse+0.36,P = 0.14).

. Constrained female hypothesis: the presence of helpers might reduce the dgpehdenc

the female“on care by the dominant male, as helpers can potentially compensate for
reduced investment or desertion by the dominant, allowing the female greadenfriae
pursue EPRMulder et al. 1994) Consequently, at the individual level we used the
number, of male and female helpers per female as a predictor. The mean of the annual
number.ofhelpers per population and per species were used as predictors at the
populaten.and species level respectively, whereas the annual deviation of the population
mean number of helpers was used as a predictor for temporal variation. In additien, at t
populationsand species level we also used male care as a predictor, calcul&ied as t
average proportion of provisioning rates made by males without helpers.

Inbreeding avoidance hypothesis: inbreeding avoidance via EPP is potentially most
beneficial in closely related social pairs, thus incestuous (between first order relatives)
socialpairing' was used as a predictor. For¥Mhecyaneus ACT population a pedigree was

used to_determine whether a pair was incestuous or not. For other populationaspair
considered incestuous when its pairwise relatedmyssalculated from the molecula
markers(Lynch & Ritland 1999; Wang 2002yas within the range of the mean + 1.5

S.D. of*kmown first order relatives. We choose this measure rather than a fixedival

r = 0.5)=teraccount for genotyping errors and because relatedness values will var
depending on the microsatellites used. Whether a pair was incestuous or not was used as a
predictortat, the individual level. The means of the annual proportion of incestuous
pairings per population and per species were used as predictors at the populdtio
species level respectively, whereas the annual deviation of the population mean was used

as a predictor for temporal variation.
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219 5. Life-history (survival) hypothesis: mean annual adult male survival per population and

220 per species were used as predicforsthe population and species level, respectively.
221 Since male faiywrens are extremely philopatri¢Margraf & Cockburn 2013), this

222 survival estimate is unlikely to suffer from problems associated with undetected dispersal,
223 as is'often'the case in other species.

224

225  Satistical analyses

226  We created two models. Temporal, population and interspecific variation ina¥Pwere

227 analysed simultaneously in a single model. Individual variation in EPP was analysed in a
228  separate model, as for some studies a complete dataset with all predictors of interest was not
229 available at'the‘individual level (but only available as an aggregate statistic on a subset of the
230 data, e.g. mean EPP for females wimeighbours). At the individual level, the number

231  extrapair offsprirg / total number offspring) for groups of individuals with associated values
232 of the predictor of interest (e.g. number of neighbours) was fitted in a binomialsiegres

233  weighedby.the total number of sampled offspring and identity of the population iasda f

234  effect. Model.selection (see below) was performed by comparing the models with and
235  without thepredictor of interest.

236 To test which hypotheses could explain temporal, iptgrulation and interspecific

237  variation in EPP, the proportion of EPP per year in a population (numbetpext@fspring/

238 total number offspring sampled) was fitted as a binomial response in algedetaear

239  mixed model (GLMM) weighted by the total number of sampled offspi¥iegr, ppulation

240 and species identity were enterechastedandom effects (intercepts) to account for the fact

241 that we have multiple data points from the same populasipesies(see for R code

242  Supporting_InformatiorB). Sincewe do not have replicate populations for each species, the
243  predictors‘at the population level also contain information at the speciésdemsequently,

244  to investigate. whether variation among species is more important than variatbmg am

245  populations;yweralso assessed whether the variable of interest averaged per species is a better
246  predictor thansthe population-averaged predictor.

247 Foravarious reasons (e.g. data were not collected, experimentgyutaéions, or

248  limited projectyduration) not all predictor variables were available for gaal/population

249  (seeSupporting InformatiorC). Missing values (9% missing) were assumed to be missing
250 completely at random and set to zero after transforming\ea@ble to zscoregNakagawa

251 & Freckleton 2011). This enabled us to use the full dataset and test the different hygpothese
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252  simultaneously with a multifactorial model selection approach. Testingrtakenfiodel on a

253  dataset without missing values did goialitatively change the results.

254 To select the most parsimonious model, we used Akaike’s information criterion
255 corrected for sample size (A, with sample size conservatively set to the number of
256  populations=(N=20)(Akaike 1973; Burnham & Anderso8002) Models that are better

257  supported/by the data result in lower Al@alues.For the analyses on temporal, inter
258  population”and interspecific variation we used ansaliset approach with apossible

259 combinations opredictors (see Table 1) included as main effects, whereby predictors at the
260 level of the population and species were not included simultaneously (since ringsetly

261 confounded). \We reported the top models within adC. of the best supported model only
262 (out of madel set 010,000models; seeTable 2 for detailed model selection results).
263  Additionally, we report the Akaike weights to assess the relative likelihoambropeting

264 models. The proportional change in variance between the null (without predadrshe

265 final model was calculated to detem@ how much of the intgoopulation and intespecific

266  variance can be attributed to the predictors included in the final ridedb 2005) Finally,

267  we calculate,the"R(Snijders & Bosker 1999p estimate the proportion of the total variance
268  explainedat,each levelby the best model and to assess the relative importance of different
269  variables.All"statistical analysesvere performed in R3.2.4R Development Core Team
270  2015)using RStudio (RStudio Team 201&nd packages Ime@Bateset al. 2014),MuMIn

271 (Barton 2015) and mateable (Wagenius et al. 2016).

272 Although we stukd closely related species from a single family, phylogenetic
273  patterns at a lower taxonomic level could still affect the results. To investigate whether our
274  results can be explained by pbgeny, the variables from the top model were fittedain

275  phylogenetic_mixed model approaaksing R package MCMCglmm (Hadfield 2010)

276 Unfortunately, the phylogeny of Maluridae has not been fully resolved, with the position of
277 M. coronatus..béing ambiguous (Cockburet al. 2013). To account for phylogenetic

278  uncertaintywe=followed a similar approach aRosset al. 2013. We downloadedl, 300

279  different trees=from BdTree.org(Jetz et al. 2012 see Supporting Information)Dand

280 sampled astree from the posterior distribution of trees at itertatianningthe MCMC model

281  for 1,000 iterations and saving the median from each run. This process was repeated for 1,300
282  iterationswherewe disposedaf the first 300 as a busim. A. modestus has only recently been

283  considered as a different species frantextilis (Black et al. 2010), but unfortunately this has

284  not been included in phylogenies yet. Consequently, we used the phylogenetic data for

285 textilis here.The results showed that after accounting for phylogeny, all variables from the
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286  best supported model remained statistically signifieauat effect sizes barely changedth
287 the phylogenetic signal being rather weéak- 0.13, Pagel 1999seeSupporting Information
288 A).

289

290 Results

291  VariationinEPP across levels

292  There wassconsiderable variation in EPP rates at each of the differentid#@Isatescross
293  Maluridaevariedoetween 0% and 80% of offsprirfgig. 1a).We compared observed rates
294 of EPP againstithose predicted from a binomial distribution that assured that all
295 populationsspecieshave theglobal averageEPPof 0.57 (6097out of 10665 offspring Fig.
296 1la). Moreithan half of the populationgreoutside the 95% quantjlevenfor thosein which
297 the powerstosdetect such a departwas low because of small sample si¥®or the best
298  studied speciebl. cyaneus, differences among the sevpopulations accounted f@4% of
299 thespeciesVvariation in EPRates Similarly, the annual rates of EPP for tbagest-running
300 population™studyillustrate hat therecan be substantialinter-annual variation within a
301 population, as28% of 25 annual meansvere outside the 95% quantilef a temporally
302 invariant binomial distributiofFig. 1b).

303 Forty=six _percenbf the variation in EPP was at the temporal leaad the other 54%
304 at thespeCies and population levebith more variation at thepecies (47%) than at the
305 population level (7%), but note that species and population are partly confounded).

306

307 Variation among individuals

308 Variation in EPP among individuals was most consistent with predictiotiseofiensity,
309 constrained femaleand particularly the inbreedingvoidance hypothesis, but nthe
310 breeding synchrony hypothesksor the latter, althoughome populations appeaito have
311  higher andotherslower EPP rates with increasing synchrony, theasno overall pattern
312 and including=synchronyeduced model suppofAAIC. = 1.9; Fig. 2a). Support for the
313  density hypothesisomesfrom theassociation between ERIRd the number of neighbouring
314  territories, but,this association wasiondinear and was strongesthen thee were few
315 neighbours(Fig. 2b. Indeed,fitting EPP as a logarithmic function of the number of
316  neighboursvasbest supportetly the data4AIC. = -14).

317 Consistent with the constrained female hypothesis, groups with more helpers

318 generally hadcigher EPRAAIC. = -80), but primarily so in populations witbverall higter
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319 EPPlevels (Fig. 2¢ adding theinteraction between the average E&R the number of
320 helpersof a populationyieldedAAIC. = -16 compared to a linear effect of the number of
321  helpers). Finallyconsistent with the inbreeding avoidance hypoth@stgstuous pairbad
322 higher levels of EPP than namcestuous pairg all nine populationgor which data were
323 available(Figr2d;AAIC . = -210).

324

325 Variation amongyears

326 Temporal wariation in EPP was consistent with the inbreeding avoidance hypdihéesiet
327 with the density and constrained female hypotheses (FigiiiBAPatterns at the temporal
328 level showed that only annual variation in the proportion of incestuauswasconsistently
329 included in'the top models (Table 2).

330

331  Variation among populations

332 Patterns at the populatidevel were consistent witlthe constrained female hypothedisit
333  notwith thebreeding synchronynbreeding avoidance and kfestory hypotheseg¢Fig. 3Bi-

334  vii). Although.pepulations with higher ERfRere assoctad with higher density (Fig. 3Bj a
335 modelthat'includeddensity as a predictor at the species lexglainedthe variation in EPP
336 much betterAAIC . = -9.6), and therefore thereas no evidence that densitgan explain
337 variation in_EPP among populationshe constrained female hypothesiss supported,
338  becausdiigher EPRvasassociated witipopulations withmore helperg¢Table2, models 14;

339  Fig. 3Biv).. Furthermore, there was some evidence for higher EPpojpulations with
340 reduced male care (Talle models 2, & 5; Fig. Bv), although this hypothesigas actually
341  better supported at the species level (see below)

342

343  Variation among species

344  Patterns,at thgpeciedevel were consistent withoth thedensity andhe constrained female
345  hypotheseshutinot withthe inbreeding avoidancer life-history hypothess (Fig. 3Ckvii).

346 There was=also not much suppéost the breeding synchrony hypothesis, because adding
347  breeding.synchrony to the top model increased.Alues (Table 2, model 1 vs. model 2 &
348  3). Replacing euibreedingsynchrony measure by the breeding synchrony index following
349 Kempenaers (1993) showehat the latter was not a better predictor for variation in EPP
350 (Table2, model 6 vs. model)3The density hypothesis was strongly suppogsdominant
351 male density was consistently inded in the topl82 models Table ), indicating that
352  Maluridaewith a higher male densitywere associated withigher EPPrates(Fig. 3Cii). An
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353 additional effect of habitat geometry was not supported by the datidne addition of

354 geometry to the best supported model increased. Aéies AAIC. = 2.5, Fig. 3Ciii).

355  Supportfor the constrained female hyposiiecame from the association that species with
356 reducedmale cargTable2, models 13 & 6; Fig. 3v) hadhigher EPPAIthough there was

357 some support=for this hypothesis at the population level, replacing the populatiacctigore
358  with the species predictan the top modelseduced AICc values (Table 2, models. model

359 1 AAIC. =-1.4) indicating that there was littlevielence for additional variation among
360 populations There was no evidence that the number of helpers at the species level explained
361 variation in.EPP better than the number of helpers at the populatior{Texxéd 2, model5

362 vs modes 1:4).

363

364  Explanatoryvalue and relative importance of hypotheses

365 Thesix bestsupported model® explain variation in EPP in Maluridae within 2 Al@nits

366  of the top model (Tabl@) account for29% of the Akaike model weighOverall, thebest

367 supported modetxplained 48% of the total variation in EPP among years, populations and
368  speciesCaleulating the proportioof change in variancef the null versus the best supported
369 model shoawedhat 89% of theamongpopulation andamongspecies variatiorcould be

370 attibuted to variation in male density, male care and the number of helpéns:

371 multifactorial.analysis also allowed for assessing the relative importance of predictor
372  variables: of thesevenpredictors tested at the species lewehle density was mucimore

373 important than male care, because it explained 2.2 times as much of thspauific

374  variation (Rmae cae= 0.11 vs. F%density = 0.24) Habitat geometry, number of helpers,
375 incestuous pairingdreeding synchrongndmale survivalonly explained marginal amounts
376  of variation(R®< 0.05). Theimportance obur multifactorial approacts further exemplified

377 by the fact that iled to different resultghan a unifactorial approactn a unifactorial

378  approach,tathe populationlevel the density hypothesis (Tabl@, $nodel5845 and at the

379 species level=the inbreeding avoidance hypothesis (Tahlem8del 5751 would have

380 received support, whereas thpportion of male carevould have ben better supported at
381 the populatiorrather than the specitsvel (Table 2, model4879 vs. model 6348).

382

383 Discussion

384 This is the first comprehensivanalysisto simultaneouslytest multiplekey hypothesesat

385 different taxonomic levelsUsing datafrom possibly thebeststudied family of birds with
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respect to genetic mating system, we fotimat variation in EPPateswere consistent with

the inbreeding avoidance, constrained female and demmsitynotwith the life-history or
breeding synchronitypothesesAt the individual level, femalekad higher EPP if they had
more helpers,more neighbourspr were paired incestuouslifurthermore, gars with nany
incestuous ‘pairgopulations withmany helpes, and species withigh male densityand/or

low levels of male care were associated with higher EPP rates. Together, these factors
explained48% of the totalvariationin EPPand even 89% of the variation amadv@luridae
populations andpeciesin particular, the density of malegas agood predictor of/ariation

in EPP among species in Maluridaghowingthat existing hypotheses can explain the
variation in,EPP well

Implications for 'key hypotheses and alter native explanations

Density has receivecbnsiderablattentionin studiesnvestigating variation in EPBecause

a higher encounter rate between individuals should facilitatengfhg (Westneatet al.
1990). Pevious work comparing EPP among populations with different densities have shown
mixed results(Griffith et al. 2002). This may bebecausethe number of populations
comparedtistusually small and the variation in both density and &€Mmited. A
comparative analysison 72 species providad some evidence that density explains
intraspecific_variatio(Westneat & Shermah997)and a recent study on 13 populations of
the reed buntingEmberiza schoeniclus) showed a positive association between density and
EPP both_within and among subpopulations (Mayer & Pasinelli 20¥3re we have
similarly shown thatfemales living athigher densityand species witla higher density of
dominant ‘/males were associated wltigher EPP. Thus, there is emerging evidence that
density plays _a key role in explaining infgwpulation and intespecific variation in EPP
whenconsideringstudies that have sufficient power of detectibime geographicaicale over
which extrapair/behaviouroccurs(i.e. the distancefemales travel to malas neededo
interpretthesedensity effectskingma et al.(2009) suggest that habitatonfiguration can
reduce thedlikelihood that a female encounters a male of sufficient qualigki guckolding

her matewerthwhile which may helpexplain why effectswere most pronounced at low
densities in‘our,analyses. Furthermore, species diffeownmany territoriefemalestraverse

in order to mateso that identifying a density metric that is both general and biologically
relevant is challengingparticularly in broaescale comparative studies on species that vary
widely in their behaviour)We haveusedthe density of immediate neighbowsich reflects

the modal distance ofxtrapair siresin Maluridae for which this is known(Double &
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Cockburn 2003; Brouweet al. 2011; Kingmaet al. 2013) but we cannot exclude the
possibility that some species travel further and that this may explain the mixed aesuiis
speciedor individuatlevel density effects.

A general problenwith the constrained female hypothesss thatthe direction of
causality"can*be uncertain. Specifically, a reduced dependency on care will allal@sfém
pursuemore EPPput more EPP could also result in reduced investment bysmBiledence
exists for both pathwaysfor example experimental inase of cuckoldry risk reduced a
male’s investment in paternal care in dung bedt@ghophagus taurus, Hunt & Simmons
2002) whereas. an increase in territory quality resulted in reduced depermlen®le care
and increased EPP in seri{®rinus serinus, Hoi-Leitneret al. 1999).We found higher EPP
in specieswith'less male care amompminant males, which can albe interpreted in both
ways as a driver or consequence of EPP. In contrast, our findimgs females and
populations withhmore helpers had highéFEsupports the hypothesis thawering female
corstraints from_male care favours highd&tPP, as helpersprovide care butrarely gain
paternity from their mothersn their own territory Further supporaigainst a reversal of
causalitycomes.frombehaviourakvidencehatrelatedness to the offspring does not predict a
male’s prowvisioning rateén two Malurus species (VariatlRamoset al. 2012; L. Brouwer,
unpublished data).

The inbreeding avoidance hypothesis was first proposed to expldaigthecidence
of incestuous pairing and high levels of EPBVinsplendens (Brookeret al. 1990) although
this hypothesiss still hotly debated (e.g.: Aret al. 2015; Forstmeier 2015; Nakagaetzal .
2015). rrelations between the occurrencenafestuous pairs and EPP could be the result of
other factors, like population density, or be a sffect of males investing less in mate
guarding when_paired to a closely related fem&lewever there areseveral lines of
evidence whichsupport the idea that extpmir mating helps avoid inbreedin§irst, the
proportion‘of.incestuous pairings predicted variation in EPP better than density or the number
of helpersi(Fig3Ai-iii). Secondjn Maluridae females have been shown to controbepair
mating by=wisiting the extrpair male’s territory at dawnmaking it unlikely that mate
guarding_plays a role in this systgdouble & Cockburn 2000). Thirdn all Maluridae
species and"pepulatianacestuoupairshadhigher EPP thanon-incestuous pairé~ig. 2d)
Furthermoreit has beershown thafemales were less relatedegtrapair sires tharo their
social maes (Tarvin et al. 2005; Brouweret al. 2011; Kingmaet al. 2013), and that
experimental manipulatioof pair relatednesdid affect EPP rate@/arianrRamos & Webster

2012). Kin-recognition is likely to be the underlying mechanism of inbreeding avoidance

This article is protected by copyright. All rights reserved



454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486

through EPPalthougha role of sperm compatibility cannot be excludBiéverthelessit
seems unlikely thatextrapair mating primarily serves as an inbreeding avoidance
mechanismpecause irmany Maluridae populations/species the majority of females gain
EPR while only a minorityare paired incestuously{some of uhaveeven argued thatause
and effeet of'this association could be in the opposite direction: populations @sspébi
high levels of EPP would allow females to form incestuous social ffaaskburnet al.
2013).

Alternative (ultimate)hypotheses have been proposed that we have not considered
here, either because they do not lead to testable predictions or the data to tesarthem
unavailablefor the Maluridae. For example, EPP has been suggested to bpradogt of
selectionon other characteristics of the mating systéinngvist & Kirkpatrick 2005;
Forstmeieret al. 2011),a mechanisnfor females to choose their preferr@ugh quality)
mate(Mgller 1992 Lifjeld et al. 1993)or genetically compatible maléBall & Parker2003;
Griffith & Immler 2009) when social mate choice is restrictethwever,identifying suitable
predictor variables for thedaeypothesesand collecting the biological dafar meaningful
tests is extremely challenginiloreover, it is likely thatsome of thesedeas like male

guality and\genetic compatibility, will be correlated with male density.

Implications forshow we study variation in EPP

Strong "phylogenetic signals prevent meaningful testing of hypotheses that explain
interspecific variation in EPP, highlighting the importance of iAtaaily comparisons.
However, investigation of the kdyypotheses closelyrelated specieis often problematic
becausevariation in both EPP and the explanatory factors is generally limited, hamperin
detection of patterns. Our study has several important implications. Firstudbyinst a
family of birds that exhibits sufficient variation in both EPP and the predictors of intarest
large part/of thénterspecificvariation in EPP rates was explainétie idea that intréamily
comparison‘can’lead to different insights is exemplified by the density hypotbesssty is
typically correlated with many other factors, such as breeding system, and previous
comparativestudies across species in many families did not find any evidence for a role of
density in interspecific variation in ER®Westneat & Sherman 1997; Wink & Dyrcz 1999)

By contrast, here we have shown that dendites explaina large percentageof the
interspecific variation in EPP when comparing closely related species with relatively similar

breeding systems.
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The second implication of our study is that investigating multiple hypotheses
simultaneously may lead to different insights tisandyingthe roleof single variablesn
isolation For example, a unifactorial approach showed support for the density hypothesis at
the populatiorevel, whereashis hypothesis was not supporieda multifactorial approach
after accounting for theonstrained femalbéypothesis. &rthermore both male density and
male care’explained a substantial amount of the interspecific variation inbEP&ensity
was relatively moremportant Finally, we did not find evidence for a role of habitat
geometry invariationin EPP rateswhich at first sight seems to contradict the result that
individuals_with. more neighbours had higher EPP. However, we foundrthlat density
explained ‘variation in EPP better than geometry, possibly becaaisedensity can still be
relatively low in"econtiguous habitat due to large territory sizes.

The third(although not very surprisingmplication of our study is that it is premature
to reject hypotheses on the basis of analysis at only a singleofevatiation While some
hypothesesnjoyed strong support at particular levels of analysis, no single factor was
associated.with variation in EPP at all lev&lariation in EPP among species, which was
partly explained/by male densijthas beemetermined on a very different evolutionaiyé
scale compared to variation among yeavhich was best explained by the proportion of
incestuous pairings Male density of a species will very much depend on habitat
characteristigswhereas the proportion of incestuous pairings will vary with theuann
dynamics of the populatiofhe lack of support for a single hypothesis at all levielour
studymay_helpexplain whyprevious studies have shown so many mixed reéalifith et
al. 2002).

Finally, we showed that including different predictors for the same hypotheses
combined with a good understanding of the behaviour might help disentangle cause and
effect of carrelationsOur interpretation that a reduction of female’s constraints allows for
higher EPP.wabased on botkhe effect of a male contribution to care, anithe number of
helpers(see~above)Experimental studies may provide an alternative way to disentangle
cause and-effectHowever experiments on EPP in the wild are often not straightforward and
additionally=run the risk of unknowingly manipulating several variables rather than the
purported sole,experimental variable. For example, by manipulating density of a population,
the resources available for a female might be affected too, altering séragats in pursuing
EPP.

To conclude, our findings that different hypotheses play a role in explaining EPP at

different levels also indicates that these results are context dependent and thus will vary with
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the specific characteristics of the study syst&ve studied a family of birds th& quite

atypical in that all species are cooperative breedérs. presence of helpers specifically,
reduces constraints for females to a much larger extent than could be expected in systems
without helpers. Neverthelgsadditional comparative studies on closedyated species are
needed to confirm whether patterns generally are more apparent at thefavitlynlevel,

and whether a revaluation of the evidence provided by breadle comparative studies on

EPP isneeded. However, there are impediments to assembling data from more families,
namely the need for sufficient knowledge of behaviour and variation in EPP and ecology, the
challenges_to ,define biologically relevant predictors when species vary widetlyer
behaviour;;and.the immense research effort needed for detailed field studies. Despite such an
arduous task/that requires concerted research efforg, éine substantiaéwards of growing

insight into ‘how and why EPP oceur
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Figure legends:

Figure 1. The proportion of extrgair paternity versus the number of offspring sampled for
a) 20 different Maluridae populations and b)y&farsof a singleM. cyaneus population. The
guantiles are.derived by sampling from a binomial distribution with an average of 0.57 (a

and 0.66"(b).respectively.

Figure 2. Theproportion ofextrapair paternity (number extjaair offspring/ total number

offspring at that category levetpr females from different Maluridae populatiangelation
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to a)breeding asynchrony, b) the number of neighbouring territories, c) the number of helpers
in a group and djocial pairingRegression linefr which the 95% CI of the slope did not
overlap with zerare depicted by solid lines. The size of symimjsoportional to theube

root of thesample sizel-or legend see Figure 1.

Figure 3. Thewariation in proportion PP inMaluridaeat theA) temporal, B inter
population.and Linterspecific leveln relation to predictors of the breeding synchrony,
density, constrained female, inbreeding avoidance and life-history hypothbeesze of
symbols are proportional to the cube root of the sampleEsstmates fortendlineswere
derived from Table 2, thosé predictorswhich received support by the data are shown in
solid, whereasthose that were not supported are dashed. NateGhpthe mean habitat
geometry of a species can vary between 0 (cootig) and 1 (linear) due to populations of a

single speies having different geometries. For legend see Figure 1
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Table 1. Hypotheses proposed for variation in EPP together with their predictions, and predictors used to test them in this study at the level of the

individual, year and population/species. Predictors shown underlined received support in our analyses.

Level of variation

Hypothess Explanation Prediction Individual Temporal Inter-population/
I nter specific
Breeding
synchrony: a. Breeding synchronously facilitates simultaneo a. Breeding more synchronously wil
a. Male comparison of different males (Westneat etal.  result in higher EPP rates.
Breeding _ Breeding
assessment 1990).
b. Breeding more synchronously wil| ~ Synchrony synchrony
b. Male b. Synchrony results in trade-off for males betwe ot in lower EPP rates.
trade-oit mate guarding and EP mating (Stutchbury &
Morton 1995)
Density The encounter rates between individuals affect t Higher population or breeding densi| No. neighbours Male density Male density (sp)

Constrained

female

Inbreeding

rate of EPP (Westneat et al. 1990).

Females are constrained in pursuing EPP, beca
it can result in retaliation by the male, leading to
reduced paternal care when the male loses

confidence in paternity (Birkhead & Mgller 1996)

Inbreeding can be reduced by mating with an

extrapair partner (Brooker et al. 1990; Pusey &

This article is protected by copyright. All rights reserved

increases the rate of EPP.

Reduced dependency on care by th
male (more helpers or population
where males contribute less) will
result in higher EPP.

EPP rates will increase with higher

rates of pairings between highly

No. helpers

Incestuous

&

Habitat geometry

No. helpers No. helpers
&

Proportion

male care

Proportion Proportion

incestuous incestuous



avoidance Wolf 1996) related individuals. pairing pairings pairings

Life-history Risk of retaliation by males with a short lifespan Lower survival will result in higher _ _ Male survival
(male low, as it is not adaptive for them to abandona EPP.
survival) reproductive event. (Wink & Dyrcz 1999)
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Table 2. Summary of model selection results testing the key hypotheses to explain temporal, inter-population and interspecific variation in EPP.

Coefficients are shown with SE’s based on standardized predictor variables (z-scores) and are on the logit scale. N.a. means that predictor

variables were either not available, or that the variable does not vary at that level of investigation; “-’means that predictor variable was not fitted

in that partieular model. N = 89 years from 20 populations of 9 specieaulllimodel with random effects only had a AAIC.= 27 czspeciesz
1.56, GZPopulation: 0.25, GZYear =0.03

Hypothesis Breeding synchrony Density Constrained female Inbreeding | Life
avoidance | histo
ry
Mod AAse=Model Intercept o°syp 6% Gy Level of Var(prop | breeding | LogMale | Habitat No. Proportio | Proportion | Male
el IC." “weight p variation ortion synchrony density geometr helpers n male incestuous | survi
fertile index y* care pairs val
females)
1 0 0.08 -0.22+0.12 0.0 0.17 0.02 Temporal n.a. n.a. - n.a. - n.a. 0.13+0.04 n.a.
Inter- - - - - 0.4940.10 - - -
population
Interspecific - - 0.83+0.16 - - -0.65+0.13 - -
2 0.7 0.06 -0.20£0.09 0.0 0.07 0.02 Temporal n.a. n.a. - n.a. - n.a. 0.14+0.04 n.a.
Inter- - - - - 0.28+0.09 -0.47+0.09 - -
population
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Interspecific

0.36+0.12

- 0.67+0.11 - - - - -

Temporal

s Inter-
C population
m Interspecific

4 1.w).04 -0.21+0.13 0.0 0.18 0.02

n.a.

n.a. - n.a. - n.a. 0.13+0.04 n.a.

0.45+0.10 -0.57+0.12 - -

- 0.78+0.16 - - - - -

6 1 .03 -0.21+0.10 0.0 0.10 0.02

Temporal

Inter-
population

4+
< Interspecific

This article is protected by copyright. All rights reserved

n.a.

n.a. - n.a. - n.a. 0.14+0.04 n.a.

0.41+0.09 - -

0.35+t0 0.66+0.13 - -
.15

-0.66+0.11 - -



ference category is contiguous habitat.

|
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