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Abstract

The social environment can influence phenotypes through indirect genetic effects (IGEs),
whereby genetic variance among interacting individuals explains some of the phenotypic variance.
Empirical studies of wild populations often ignore IGEs especially among unrelated individuals,
probably due to data limitations. This is problematic because IGEs can crucially affect estimates of
heritable variation and subsequently influence the predicted evolutionary change. We here present a
quantitative genetic analysis of biparental care in a natural bird population using a genetic pedigree.
For both sexes, the conventionally calculated repeatability (15% in the female trait and 19% in the
male trait) was lower than the total heritable variation including IGEs (24% in the female trait, and
25% in the male trait). These estimates of total heritable variation was also larger compared to
conventionally calculated heritability (13% in both sexes), suggesting that parental care can evolve
through social selection. Furthermore, we detected statistically significant genetic covariance
between direct genetic effects, and between IGEs and direct genetic effects. Our work showcases
how IGEs can represent substantial and important hidden heritable variance and highlights the

importance of considering IGEs for theoretical models of parental care for ecology and evolution.
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Introduction

All organisms behave and interact with conspecifics, and the knowledge of how interactions among

phenotypes feedback into an individual’s behaviour is crucial to understanding how phenotypic and

genotypic variance of interactive behaviours is maintained. Furthermore, understanding feedback

between social interactions and phenotypes can help us to understand how selection can act on

interactive behaviours, and how they evolve.

Interactive traits by definition
involve more than one individual.
Interacting individuals can influence
each other’s phenotypes, and,
depending on the trait in question,
even fitness (Bijma et al. 2007). Thus,
the variation of a phenotype in a
population will partly depend on the
social environment (Bergmiiller &

Taborsky 2010; Bleakley et al. 2010).

Box 1: Terminology

In the existing literature the term, indirect genetic effects
is also referred to as associative genetic effects, which
means the same (Bijma et al. 2007) but can lead to
confusion. Note that neither term does not clarify the
origin of the genetic effect. The term indirect genetic
effect is used to mean a range of things; it can even
represent effects between different species, adding to the
confusion (see for example (Bailey et al. 2011). In this
work, the terms social effect refers to an effect that stems
from a social environment: from one, or more, social
interaction(s) with other individual(s), as opposed to
indirect effects from an abiotic environment. Following
this, an social environmental effect is one that stems from
a social environment, but without an additive genetic
component, while an indirect genetic effect (IGE) is a
social genetic effect. A maternal genetic effect is a
special form of IGE in which the interacting individual is
the mother (Wilson et al. 2005).

This concept is similar to the idea of an extended phenotype (Dawkins 1999), except that the focus

is on social interactions rather than abiotic factors influencing phenotypes (Moore et al. 1997).

Variance in phenotypes is conventionally partitioned into variance due to genetic effects, and that

due to environmental effects. The environmental influence on phenotypes can partially stem from

the social environment (Moore et al. 1997; Bleakley et al. 2010; McGlothlin et al. 2010). Some of

this variation explained by the social environment can, in turn, be determined by genetic variation

in the interacting individuals. This genetic variation in the interacting individuals, that affects the

phenotypes of another individual, is a social, or indirect genetic effect, or IGE (Box 1). As selection

is expected to act on IGEs, IGEs should be considered when studying the how interactive traits can
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evolve in a changing world. In fact, the non-consideration of IGE’s is discussed as one reason for
the so often missing response to selection in the wild (Pujol et al. 2018).

IGEs can be surprisingly large (Wolf et al. 1998). Importantly, if the IGE is large, a trait still
has the potential for rapid evolution even when the estimate of direct heritable variance is close to
zero. Positive covariance between the direct genetic effect and the IGE can accelerate the evolution
of a trait, and negative covariance can constrain it (Moore et al. 1997; Wolf et al. 1998; Bijma
2011). Therefore, if IGEs are not accounted for, the additive genetic variance might be under- or
over-estimated (Wolf et al. 1998; Bijma 2011). Such an error can affect our judgment of the
potential evolutionary trajectory of the trait (Wolf et al. 1998). While the importance of IGEs is
appreciated in breeding programs (Muir 2005), only a few ecological and evolutionary studies have
quantified IGEs among unrelated individuals in natural animal populations (with the exception of
maternal genetic effects, which are better studied (McAdam & Boutin 2004, Wilson et al. 2005;
McAdam et al. 2014)). The few studies to date on wild animal populations have focused on SGEs
on aggressive behaviours (Wilson et al. 2011), and on IGEs on a single-sex life-history trait — the
timing of breeding (Brommer & Rattiste 2008; Teplitsky et al. 2010, Fisher et al. 2018). However,
cooperative behaviours between unrelated individuals, due to their highly social and interactive
nature, may harbour a larger potential for important and interesting IGEs, and would therefore seem
to be promising traits to study. The lack of studies of IGEs on cooperative behavioural traits may be
due to the limited availability of long-term observational data on behavioural traits from wild,
pedigreed populations (Fisher & McAdam et al. 2008). Here, we study parental care in a wild bird
population.

In species with biparental care, the amount and type of care delivered to dependent offspring
is often dependent on the amount and type of care delivered by the social mate. Therefore, social
mate effects including IGEs are likely to affect the phenotypic trait expressed by the other

individual of a pair. Yet, absent or reduced parental care has dire fitness consequences, and parental
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care is generally expected to come at a cost to the individual delivering the care, posing a conflict
between biparental care parents (Clutton-Brock 1991; Royle et al. 2012). This close relation to
fitness implies that heritable variation in this trait may have been depleted by selection. However,
there is suggestive evidence that parental care has a heritable component in at least some
populations (Walling et al. 2008; Dor & Lotem 2010). We lack, however, empirical evidence from
wild populations on IGEs of parental care between the mostly unrelated members of a social pair.
As parental care behaviour is under strong phenotypic selection — because offspring survival
depends on it — the knowledge of, and if so, how, IGEs affect the phenotype is crucial to
understanding the evolutionary ecology of parental care behaviour (Bijma & Wade 2008;
McGlothlin et al. 2010).

Here, we study IGEs on parental care — provisioning behaviour to dependent young —
observed in a natural, genetically pedigreed, population of house sparrows (Passer domesticus).
House sparrows exhibit biparental care, and males are phenotypically more predictable carers than
females (Nakagawa et al. 2007a). Furthermore, males flexibly adjust their paternal care according
to the identity of their partners (Schroeder et al. 2016). Therefore, we predicted that in this species,
IGEs might differ by sex. We used uni— and multi—variate ‘animal models’ (Kruuk 2004) to estimate
sex-specific quantitative genetic parameters, namely repeatability, heritability, IGEs, genetic
correlations and total heritable variation, of parental care behaviour. We found evidence supporting
IGEs, genetic correlations, and social environmental effects in parental care. Our work showcases
the importance of accounting for social effects in the framework of evolutionary and ecological

studies.

Methods

Field data

Data were collected from the house sparrow population breeding on Lundy Island, UK (51°10°N,
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4°40°W). This long-term nest-box population has been closely monitored since 2000, such that we
know the complete life-histories from birth for nearly every bird in the population (Schroeder et al.
2012a, 2015). All birds received a metal ring from the British Trust for Ornithology, an individual
colour-ring combination and most birds received a passive-integrated transponder (PIT); these have
no detectable effect on survival or subsequent reproductive success (Nicolaus et al. 2008; Schroeder
et al. 2011). We used all three methods to identify parents at nest boxes. From 2004-2015, we have
collected data on parental care, quantified from video observations (N = 3579 videos, Nakagawa et
al. 2007b; Schroeder et al. 2012b, 2016). The majority of parental care observations were collected
on days six and seven (1217 observations) and on days 11 and 12 (1543) after the chicks hatched
(hatching day = 1); however, we have additional videos (819) from every day after hatching and
used this full dataset for the analysis (Fig. 1). Parental care observations were measured as the
number of visits of a parent to the nest box per hour. To calculate nest-box visit frequency (in the
following: parental care), we calculated the ratio of nest box visits over the time period from the
first time a bird entered the nest box to the end of the video (mean: 87.85 minutes, 87.67-88.04
95CI). For more methodological details see (Nakagawa et al. 2007a; Schroeder et al. 2013). In total,
the dataset comprised 6873 observations of parental care (a male and a female per one video
observation) by 613 pedigreed individuals (311 females and 302 males) for 1240 broods in the
years 2004-2015. Among those, 140 females and 132 males changed their social partner at least
once during their lifetime, these made up of 4590 observations (67%). In total, there were 837
unique parent—pair combinations. Of the 272 non-monogamous individuals, 160 had two different
social partners, 67 had three, 31 had four, ten had five, and four had six different partners, providing

sufficient statistical power for these analyses.
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Figure 1: The relationships between parental care (on the x-axis in A, B and C) in Lundy island

house sparrows between 2004 and 2015, and: (A) brood age (in days), (B) brood size (grey dots =

females, black dots = males), and (C) day of the year (1% May = 121). D shows the parental care of

each female house sparrow (y-axis) and their male social partner (x-axis).

Genetic pedigree

We used up to 15 microsatellite markers and methods (Dawson et al. 2012) detailed in the

supplement to construct a full pedigree, spanning 1989-2015 and containing 8546 individuals

(Table S1). Our genetic pedigree is near complete for the years 2000-2015 (Schroeder et al. 2015).
We pruned our genetic pedigree to include only individuals that are informative for parental

care. We considered individuals as informative if they themselves were either phenotyped or were

related to two or more phenotyped individuals. This pruned pedigree contained 1018 individuals.
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These individuals in the pruned pedigree are more than those we have phenotypic data for (613)
because the ancestors of phenotyped individuals are kept in the dataset. These individuals, while not
phenotyped, are informative in a quantitative genetic analysis by their genetic relatedness, —
because by decent, they connect at least two phenotyped individuals. We also used the genotypic
data, and subsequent parentage analysis, to assess the immigration rate to Lundy, which was 0.5%,

or five individuals, of all breeding birds between 2000 and 2015 (Schroeder et al. 2015).

Statistics
We used standard exploratory data analysis and graphs to test for violations from the assumptions of
regression analyses (Zuur et al. 2010). We present results from Gaussian REML models, but we also
tested for the robustness of these results using Poisson PQL models, which led to the same
conclusions qualitatively. We ran a general linear model to confirm the covariates and factors that
we know to be biologically relevant based on previous findings (Nakagawa et al. 2007a; 2007b;
Schroeder et al. 2012b; 2013, 2016, see supplement for more details). We then proceeded to run
animal models using the so-decided fixed effect structure. For the animal models, we used all
observations, including observations of birds that were socially monogamous over their entire
lifetime. Even though the latter observations do not add power to the estimation of the social
environmental effects, they increase the power for estimating the indirect and direct genetic effects.
All models were run in R 3.3.3 (R Development Core Team 2017). We used the function
ASReml from the package ASReml-R version 3.00 for variance partitioning (Gilmour et al. 2009).

For the animal models, we calculated p-values for variance components via likelihood ratio tests,

2
using -2 times the difference in log likelihoods. This test statistic was then compared to a 50:50 ¢
distribution of %> ¢ (q-1) + %4 ¢?(q), where q is the difference in the number of random effects in

the compared models (Vischer 2006), because significance testing of variance components with log-

likelihood ratio tests may be overly conservative (Wilson et al. 2010).
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Univariate animal models

House sparrow males are more predictable care-givers than females (Nakagawa et al.
2007a), and react flexibly to the identity of their female partner (Schroeder et al. 2016). We
therefore first ran animal models separately for each sex. The model procedure was the same for
both sexes, with respectively the male and the female trait as response variable. We modelled the
individual identity of the caregiver as a random effect: the individual direct eftect (V;), where d
stands for direct effects. We then iteratively added random effects, and tested their significance
using likelihood ratio tests. We first partitioned V; into the variance due to direct additive genetic
effects (V,4), and direct permanent environment effects (Vpg,). We did this by including the identity
of the focal individual as two separate random effects, one of which we linked to a pedigree-based
relatedness matrix to estimate V,,. We then added a random effect of the identity of the social
partner (V;) to test for the presence of any social effects — we indicate any social indirect effects
with an index s. We then, if the social effect (V) was detected, partitioned it into the IGE (V,;),
which is the variance of the social effect explained by additive genetic effects. We also fitted a
permanent social environment effect (Vpg). This was done in a similar way as we partitioned V;:
we included the identity of the social partner as separate two random effects, one of which was
linked to the pedigree-based relatedness matrix to estimate the IGE. We then modelled the
covariance between the direct genetic effect by the caregiver, and the IGE by the social mate on the
trait of the caregiver (COV4 45). This covariance is estimable because the genes that males carry (or
the polygenic combination) and that code for the IGE on the female trait in the male individuals are
inherited to daughters, too. We then tested if this intersexual genetic covariance — COVyq4 45 — Was
significantly different from zero by testing a model where the covariance could take on any value,
against a model in which the covariance was fixed to zero. We used these univariate models to

calculate sex-specific repeatability (Rr and Rm), heritability (h%, h’m), and sex-specific total



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

heritable variation (t%, t*m, for how to calculate those see below).
Note that from here on throughout this work, we use sex-specific notation that reflects the

sex of the focal individual in which the trait was measured. Hence, V45 refers to the direct genetic

effect in the female trait (i.e. the additive genetic effect of the female on parental care provided by

herself), and Vs refers to the IGE in the female trait (i.e. the IGE induced by the male partner on
the parental care provided by the female). Similarly, V,4,, refers to the direct genetic effect in the

male trait, and Vg, refers to the IGE in the male trait.

Bivariate animal models

The direct and social effects apparently differed between models for the sexes. We tested
whether these differences could be considered statistically significant, for which they needed to be
estimated in the same model. Therefore, we constructed a bivariate animal model, where male and
female parental care that were observed at the same occasion were modelled as a bivariate response
(Teplitsky et al. 2010). To test the statistical significance of the sex specificity, we compared models
in which the parameter estimates of each respective variance component for both traits were
conditioned to be equal (i.e. Va5 == Vagm, and V5 = = Vj 5, ) with models in which the
estimates were allowed to take on any values. We modelled heterogeneous residual variances
because the univariate models suggested these to be different, and we modelled residual covariance
where that did not prevent model convergence.

The data for these bivariate models testing sex-specificity were coded such that each
observation, of the male or the female parental care, was on separate lines, with columns for the
identity of the focal individual, its parental care, its sex, the identity of its social partner, and the
trait measured in the social partner (entered as ‘NA’ as this cannot be recorded - one cannot record
male provisioning rate in females, or vice versa) along with columns for the fixed effects. This data

structure allows testing the statistical significance of sex-specificity.

10
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We then estimated the covariances between the direct and social genetic effects, and the
covariances within individuals in the non-genetic components. For the estimation of all covariances
we re-coded the data again, such that the observations for the female trait and the male trait, which
were made at the same time on the same brood, were on the same line, with separate columns for
female identity and male identity. This model however cannot formally test for sex-specificity, but
since we have shown the sex specificity before, we assumed sex specificity in this model. We
validated the model by comparing the variance components between overlapping models of this
data structure with the one testing for sex-specificity, and the parameter estimates were
quantitatively similar (two to three decimal places). We assessed the covariances between all
genetic components. The covariance structure for the permanent environment effects (Vpgq s and
Vpgam), and the social environmental effects (Vpgsr and Vpggy,) is constrained compared to that of
the genetic effects, because not all combinations exist on the phenotypic level. Only the covariance
between an individual’s permanent direct individual effect (e.g. Vpgqy for females in the female
trait), and its permanent social individual effect on the trait expression in a partner (e.g. Vpgsny) can
be estimated (COV(pgps pesm) and COV(ppam pesr)) because it occurs in the same observation and
take place at the same time. However, as the estimate of Vs was zero or very close to zero in all

models, COV(pgam pEsy) Was not estimable and fixed to 0. We calculated genetic correlations as

__covg

T, = ——
g [Vg1+Vy2
We used the best of these bivariate models with all statistically significant covariances as

detailed above as the final model to calculate the total heritable variation.

Quantitative genetic parameters

We calculated repeatability (R) as

_ VaatVpEq
(1) R - VP s

11
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and heritability (h?) as

(2) h? =

Vp

where V; is the total phenotypic variance in parental care.
Our study treats female and male parental care as different traits, each only expressed in one sex,
causing some difficulty in summing the genetic effect within individuals, because a female social
effect is an effect on a male trait, and vice versa. However, females pass on their genes to their sons,
and males to daughters. If PC is the sum of the parental care that a brood experienced, from both the
female and the male parent, we can sum these effects (following Bijma 2011) and PC is (Bijma,
pers. comm.):

(3) PC = Ags + Asp + Agm + Asy t €
Agf + Agpdescribe the genetic contribution to the female trait, where Ay is the direct genetic
component of the female and Ay is the social genetic effect. We estimated the latter effect from the
identity of the female’s social partner — because these males pass their genes on to their daughters,
this can also be estimated among females. A,,,, + A describes the genetic contribution to the
male trait, where Ay, is the direct genetic component of the male and A, is the social genetic
effect of the partner on the male trait. Again, this can also be estimated among males, because the
female partner also passes on her genes to her sons. The term e represents residual effects.
Therefore, the genetic mean trait value of total parental care contains terms for both sexes, and
applies to individuals irrespective of sex because they receive genes from both their parents.
Therefore, the total breeding value (A4, Bijma 2011) for individual j, be it male or female, is

(4) Arj =Aapj+ Asrj +Aamj + Asm)j
When we consider female and male provisioning to be different traits, however, we define the total

breeding values for these traits separately as

(5) Argj=Aar;+ Aspj

12
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(6) ATm,j = Adm,j + Asm,j

These are breeding values that refer to each specific trait. We calculated the population-wide

parameter, the total heritable variation on which selection can act (here exemplary on female care),

Vaer » within a single-sex trait as

(7) Vatr = Vaar + 2C0Vipa5 a5y + Vasys
and the respective quantitative genetic parameter for the proportion of total heritable variation for

the female trait tf , where # is analogous to 4, as

%4
8) tZ2 = 2L
(8) tf Vor

Where Vp is the total phenotypic variance in the female trait. We then calculated male #%» similarly.

For this, we used the parameter estimates of the univariate models.
We then estimated the proportion of total heritable variance in the parental care that the brood

receives, 2, from the final bivariate model:

2 — Va
9) ¢% = AL,

P

where
(10) Vae = Vyar + 2C0V(uq5 asr)+tVass
+2CO0Vaaf,aam) + 2C0Viasf,aam) + Vaam
+2CO0Vaqf,asm) + 2C0Vius5 asm) + 2C0V(asr aam) + Vasm
=Vaer + 2C0Viars atm)y+Vaes

We aimed to contrast the estimates of total heritable variation with the ones for heritability and
repeatability from models not including social effects. Therefore, we estimated heritability of the
female and male trait (h?r and h’m respectively) from the univariate models containing the direct

genetic effect, but no social effect. We then estimated t?rand t?m from the univariate sex-specific

models that included social effects and a genetic covariance. We calculated the overall total

13
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heritable variation t*> from the best supported bi-variate model including genetic and phenotypic

covariances.

Results

Phenotypic data

On average, sparrows visited their broods 7.31 times per hour (95% CI: 0.72-51.32). Parental care
increased in both sexes with the age of the brood and decreased after chicks reached an age of 11
days (Fig. 1 A). Parental care increased with the number of chicks in a brood and plateaued at a
brood size of three (Fig. 1B). Time of day and day of season (Fig. 1C) were not associated with nest
box visit frequency. Male and female nest box visit frequencies, measured at the same nestbox and
at the same time, were positively correlated with each other (Fig. 1D, correlation coefficient: 0.46,

95% CI: 0.43-0.49, P < 0.0001).

The female trait

14
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and it improved the model fit _ _ o
Figure 2: The proportion of variance explained in female and male

parental care. The total height of the bars of models with No IGE
represents the conventionally calculated repeatability. The bars with
. . the IGE considered were calculated from models 6 in Table 2, the
genetic variance (Table 1, models without IGE from models 2 in Table 2.

over a model without additive

females, model 2 vs. 1).

Adding the social effect improved the fit of the model, but also lead to a decrease in direct additive
genetic variance (Table 1, females, model 3 vs. model 2). However, the social effect was due to a
social genetic effect (2.75+0.68 SE), which when included significantly improved the model fit
(Table 1, females, model 4 vs. 3). Excitingly, the genetic covariance between the additive genetic
variance and the indirect genetic variance component in female parental care was positive and
improved the fit of the model (Table 1, females, model 6 vs. 5), leading to a high genetic correlation
(0.65+0.41). The repeatability from the model that does not account for social effects (Table 1,
model 2) was 15%, this would be considered the upper limit of the heritable variation (Lynch &
Walsh 1998). The heritability calculated from this model ignoring social effects (Table 1, model 2),
was 13% (Fig. 2). The total heritable variation was considerably larger when taking the IGE and the
genetic covariance into account (model 6, female trait). Heritable variation explains 24% of all

variation in female parental care (Fig. 2), which is larger than the traditionally calculated

15
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The male trait

In male parental care, there was significant additive genetic variance (4.65+1.57 SE Table 1, males,
model 2), compared to the residual variance which was similar to the female trait (28.12+0.72 SE).
The social individual effect similarly improved the model fit (Table 1, males, model 3 vs. model 2).
However, a permanent environment effect remained and most of the variance was drawn from the
residual variance and did not affect the additive genetic estimate (Table 1, males, model 3 vs. model
1). A statistically significant social genetic, and social permanent environment effect were detected
(Table 1, males, model 4 vs model 3). The genetic covariance between the direct and the social
genetic was positive and marginally significantly improved the model fit, with a genetic correlation
of 0.55 £ 0.49 SE. The repeatability of a model without social effects (Table 1, males, model 2)
was Rm = 19%, and the heritability calculated from this model ignoring the IGE was 13% (Fig. 2).
The total heritable variation in the male trait was considerably larger when taking the IGE and the
genetic covariation into account (Table 1, males, model 6). Heritable variation explains 25% of all

variation in male parental care (Fig. 2).

Bivariate animal model
We used a bivariate animal model to formally assess the sex-specificity of effects, which can only
be done in the presence of both the male and the female trait. The results of the bivariate animal
model reflect the patterns found in the univariate, sex-specific analyses (Table 2). All sex-specific
covariance estimates significantly improved the model fit (Table 2), and thus we decided to go
forward with a model that was completely sex-specific.

We then tested for covariances in a bivariate model in which all genetic, phenotypic and
residual covariances could be estimated. We built the model by first introducing the covariances

that we knew were important from the univariate models (COVgpf 455 and COVypy gsm» Table 3,

16
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models 2 and 3). Both covariances were confirmed in the bivariate model. We then modelled the
between-sex genetic covariance of the direct effect (COVpf qpm ), which was confirmed and
positive (1.46+0.76SE; Table 3, model 4). We then tested for genetic covariance between the IGEs
(COVqass,asm), which was not distinguishable from zero (Table 3, model 5), and we therefore in the
following models fixed this component to zero. We then tested for the intra-sexual genetic
covariances (COVyp s asm and COVypm q5r). A model that estimated the former did not converge
(Table 3, model 6), however, the covariance between the direct additive genetic effect of a male on
its parental care, and that of a male on its partners parental care, was different from zero and
positive (Table 3, model 7). The permanent environment covariance between the direct effect in the
female trait and the indirect effect of the female on the male trait was positive (COVpepf pesm» Table
3, model 8). As expected, a model estimating the covariance between the male direct permanent
environment and the female indirect environment COVyepm pesy €ffect did not converge, likely
because the latter was estimated near zero in nearly all models.

Finally, we calculated the total heritable variation in bi-parental care from this final bivariate
model (Table 3, model 8, variance components in Table 4). This total heritable variance was t? =

0.19.

Discussion

We confirmed the presence of IGEs in biparental care interactions in a wild passerine bird. IGEs
were found in both the female and the male trait, but only the social environmental effect was sex-
specific. In fact, the heritable variation was similar in both traits.

Direct genetic effects were small, yet the estimate of total heritable variation in female and male
parental care was similar at 24 and 25% respectively. We found environmental social effects in the
male trait, but the variance estimate for the female trait was near-zero. We found surprisingly robust

evidence for positive genetic correlations between the direct male and female effect (inter-sexual
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direct genetic correlation), between the direct female and indirect female effect, the same in males
(inter-sexual direct-indirect genetic correlation), and between the direct male effect and the female
indirect effect (intra-sexual genetic correlation). It is possible that these positive genetic correlations
may reinforce our main conclusion: that a cooperative trait like parental care can evolve through
selection pressures on a partner.

We found evidence supporting the idea that IGEs on parental care in wild populations exist, and
that there are genetic correlations between and within the sexes. Optimization theory in behavioural
ecology predicts indeed that the sexes will differ in the amount of care that they provide. Even
more, this may be a potential solution to sexual conflict, where usually females are expected to
manipulate the amount of care provided by a male (Alonzo et al. 2010; Lessells & McNamara 2012,
Schroeder et al. 2016). Most behavioural ecology models assume some sort of flexible, short-term
negotiation or a sealed-bid model (Houston & Davies 1985; McNamara et al. 1999; Houston et al.
2005). Our data suggest that a combination of individual quality and mate behavioural compatibility
may be important and that this link is, at least partly, genetic. This, in addition to a sealed bid model
where male care is phenotypically flexible, is likely governing house sparrow parental care
(Schwagmeyer et al. 2002). Males being phenotypically flexible, yet predictable among pairs, may
allow females to choose good carers (Nakagawa et al. 2007a), but also allows male to flexibly
adjust to partner changes (Schroeder at al. 2016). This mechanism may have depleted the heritable
variation which may be evidenced by the large amount of residual variation.

Our results suggest that it is possible that females and males may adjust their care in relation to
the genetic quality rather than the phenotype of care of their mate, and so perhaps compensate for
poor-quality partners. In addition, we find support for our previous finding that males
phenotypically adjust their paternal care to the female they are mated with (Schroeder et al. 2016).
Most theoretical models explaining the evolution of parental care treat female and male care

behaviour as the same trait (Royle et al. 2012). Relaxing this assumption in theoretical models may
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enable novel insights.

The finding that parental care is partly determined by the genetics of the social partner is
especially interesting in a trait with mutual consequences for the interacting partners, since not only
will an individual pass on its genes to its offspring, but the genes of the mating partner will also be
passed on to the offspring. IGEs in social traits between mating partners may therefore be
responsible for the maintenance of genetic variance in traits that affect their mutual fitness (Miller
& Moore 2007; Kotiaho et al. 2008). This might be one reason for why we fail to find a clear
response to selection in wild populations (Pujol et al. 2018). Clearly, we need to develop testable
hypotheses, including IGEs also in the context of fitness to fully understand how parental care can
evolve (Kotiaho et al. 2008). As we have evidence for heritable variation in fitness in the same
population (Schroeder et al. 2012a), some of the recently developed theory (Fisher & McAdam
2018) may be testable in this study system.

Finally, it is often suggested that repeatability presents an upper limit to narrow-sense
heritability (Lynch & Walsh 1998). While this relationship is often true, this rule of thumb has to be
treated with care in the presence of strong IGEs. Our results show that accounting for IGEs can
uncover a wealth of quantitative genetic architecture and explain missing heritability that may
otherwise remain undetected. In conclusion, IGEs and genetic correlations between unrelated
individuals exist in wild populations and may contribute to the maintenance of variance and

evolution of life-history traits.

Acknowledgements

We are grateful to the Lundy Company and their staff for allowing us to work on Lundy, and for
their invaluable support in the field. We thank S. Griffith, N. Ockendon, D. Gillespie, 1. Cleasby,
M. Karlsson, Y-H. Hsu, I. Winney, A. Sanchez-Tdjar, A. Sibma and L. Winder for field data

collection, and A. Wilson, I. Owens, J. Hadfield, A. Liker and R. Radersma for discussions. P.

19



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

Bijma and L. Kruuk provided very helpful comments on the manuscript. This work was supported a
UK Natural Environment Research Council grant (NE/F006071/1), a NERC fellowship and by the

Volkswagen Foundation.

References

Alonzo, S. H. (2010). Social and coevolutionary feedbacks between mating and parental
investment. Trends Ecol. Evol., 25, 99-108.

Bailey, J.K., Genung, M.A., Ware, 1., Gorman, C., Van Nuland, M., Long, H., et al. (2013). Indirect
genetic effects and climate change indirect genetic effects: An evolutionary mechanism linking
feedbacks, genotypic diversity, and coadaptation in a climate change context. Funct. Ecol., 28,
87-95.

Bergmiiller, R. & Taborsky, M. (2010). Animal personality due to social niche specialisation.
Trends Ecol. Evol., 25, 504-511.

Bijma, P., Muir, W.M. & Van Arendonk, J.A.M. (2007). Multilevel selection 1: Quantitative
genetics of inheritance and response to selection. Genetics, 175, 277-288.

Bijma, P. & Wade, M.J. (2008). The joint effects of kin, multilevel selection and indirect genetic
effects on response to genetic selection. J. Evol. Biol., 21, 1175-1188.

Bijma, P. (2011). A general definition of the heritable variation that determines the potential of a
population to respond to selection. Genetics, 189, 1347-1359.

Bleakley, B.H., Wolf, J.B. & Moore, A.J. (2010). The quantitative genetics of social behaviour. In:
(Social Behaviour: Genes, Ecology and Evolution) (eds. Székely, T., Moore, A.J. & Komdeur,
J.). Cambridge University Press.

Brommer, J. E., & Rattiste, K. (2008). Hidden” reproductive conflict between mates in a wild bird
population. Evolution, 62, 2326-2333.

Clutton-Brock, T.H. (1991). The evolution of parental care. Princeton University Press, Princeton.

20



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

Dawkins, R. (1999). The extended phenotype. Oxford University Press, USA.
Dawson, D. A., Horsburgh, G. J., Krupa, A. P., Stewart, . R. K., Skjelseth, S., Jensen, H.
et al. (2012). Microsatellite resources for Passeridae species: a predicted microsatellite map of the

house sparrow Passer domesticus. Mol. Ecol. Resour., 12, 501-523.

Dor, R. & Lotem, A. (2010). Parental effort and response to nestling begging in the house sparrow:
repeatability, heritability and parent-offspring co-evolution. J. Evol. Biol., 23, 1605-1612.

Fisher, D. N., Wilson, A. J., Boutin, S., Danzer, B., Lane, J. E., Coltman, D. W., Gorrell, J. C.,
McAdam, A. G. (2018) Indirect effects of territorial neighbours on the timing of spring
breeding may counteract changes in selection in North American red squirrels. bioRxiv
doi:10.1101/329276

Fisher, D. N., McAdam, A. G. (2018). Indirect genetic effects clarify how traits can evolve even
when fitness does not. Evol. Lett. d0i:10.1002/ev13.98

Gilmour, A.R., Gogel, B.J., Cullis, B.R. & Thompson, R. (2009). ASRem! User Guide Release 3.0.
Hemel Hempstead, VSN International Ltd., UK.

Hadfield, J. D. (2010). MCMC methods for multi-response generalized linear mixed models: the
MCMCglmm R package. J. Stat. Soft. 33, 1-22.

Houston, A.I. & Davies, N.B. (1985). The evolution of cooperation and life history in the dunnock.
In: Behavioural Ecology (R. M. Sibly & R. H. Smith, eds), pp. 471-481. Blackwell Scientific,
Oxford.

Houston, A. 1., T. Székely & J. M. McNamara. (2005). Conflict between parents over care. Trends

Ecol. Evol., 20, 33-38.

Kotiaho, J.S., LeBas, N., Puurtinen, M. & Tomkins, J. (2008). On the resolution of the lek paradox.
Trends Ecol. Evol., 23, 1-3.

Kruuk, L.E.B. (2004). Estimating genetic parameters in natural populations using the "animal

model". Philos. Trans. R. Soc. Lond., B, Biol. Sci., 359, 873—890.

21



482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

Lessells, C.M. & McNamara, J.M. (2012). Sexual conflict over parental investment in repeated
bouts: negotiation reduces overall care. Proc. Biol. Sci., 279, 1506-1514.

Lynch, M. & Walsh, B. (1998). Genetics and Analysis of Quantitative Traits. 1st edn. Sinauer
Associates, Sunderland, MA.

McAdam, A. G., & Boutin, S. (2004). Maternal effects and the response to selection in red
squirrels. Proc. Biol. Sci., 271, 75-79.

McAdam, A.G., Garant, D. & Wilson, A.J. (2014) The effects of others' genes: maternal and other
indirect genetic effects. In: Charmantier, A., Garant, D. & Kruuk, L.E.B. Quantitative Genetics
in the Wild. Oxford University Press, Oxford.

McGlothlin, J.W., Moore, A.J., Wolf, J.B. & Brodie, E.D., I1I. (2010). Interacting phenotypes and
the evolutionary process. III. Social evolution. Evolution, 64, 2558-2574.

McNamara, J.M., Gasson, C.E. & Houston, A.L. (1999). Incorporating rules for responding into
evolutionary games. Nature, 401, 368-371.

Miller, C. & Moore, A.J. (2007). A potential resolution to the lek paradox through indirect genetic
effects. Proc. Biol. Sci., 274, 1279-1286.

Moore, A., Brodie, E. & Wolf, J. (1997). Interacting phenotypes and the evolutionary process. 1.
Direct and indirect genetic effects of social interactions. Evolution, 51, 1352—1362.

Muir, W.M. (2005). Incorporation of competitive effects in forest tree or animal breeding programs.
Genetics, 170, 1247-1259.

Nakagawa, S., Gillespie, D.O.S., Hatchwell, B.J. & Burke, T. (2007a). Predictable males and
unpredictable females: sex difference in repeatability of parental care in a wild bird population.
J. Evol. Biol., 20, 1674-1681.

Nakagawa, S., Ockendon, N., Gillespie, D.O.S., Hatchwell, B.J. & Burke, T. (2007b). Assessing the
function of house sparrows' bib size using a flexible meta-analysis method. Behav. Ecol., 18,

831-840.

22



507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

Nicolaus, M., Bouwman, K.M. & Dingemanse, N. (2008). Effect of PIT tags on the survival and
recruitment of Great Tits Parus major. Ardea, 96, 286-292.

Pujol, B., Blanchet, S., Charmantier, A., Danchin, E., Facon, B., Marrot, P., Roux, F., Scotti, L.,
Teplitsky, C., Thomson, C. E., Winney, 1. 2018. The missing response to selection in the wild.
Trends Ecol. Evol.

R Development Core Team. (2014). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-project.org/.

Royle, N.J., Smiseth, P.T. & Kolliker, M. (Eds.). (2012). The Evolution of Parental Care Oxford
University Press, Oxford.

Schroeder, J., Cleasby, 1., Nakagawa, S., Ockendon, N. & Burke, T. (2011). No evidence for
adverse effects on fitness of fitting passive integrated transponders (PITs) in wild house
sparrows Passer domesticus. J. Avian Biol., 42, 271-275.

Schroeder, J., Burke, T., Mannarelli, M.-E., Dawson, D.A. & Nakagawa, S. (2012a). Maternal
effects and heritability of annual productivity. J. Evol. Biol., 25, 149-156.

Schroeder, J., Nakagawa, S., Cleasby, [.LR. & Burke, T. (2012b). Passerine birds breeding under
chronic noise experience reduced fitness. PLoS One, 7, €39200.

Schroeder, J., Cleasby, I., Dugdale, H. L., Nakagawa, S. & Burke, T. (2013). Social and genetic
benefits of parental investment suggest sex differences in selection pressures. J. Avian Biol., 44,
133-140.

Schroeder, J., Nakagawa, S., Rees, M., Mannarelli, M.-E. & Burke, T. (2015). Reduced fitness in
progeny from old parents in a natural population. Proc. Nat. Acad. Sci. USA, 112, 2021-4025.

Schroeder, J., Yu-Hsun H., Winney 1., Simons M., Nakagawa S., Burke T. (2016). Predictably
philandering females prompt poor paternal provisioning. Am. Nat. 188, 219-230.

Schwagmeyer, P., Mock, D. W. & Parker, G. A. (2002). Biparental care in house sparrows:

negotiation or sealed bid? Behav. Ecol., 13:713-721.

23



532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

Teplitsky, C., Mills, J., Yarrall, J. & Merild, J. (2010). Indirect genetic effects in a sex-limited trait:
the case of breeding time in red-billed gulls. J. Evol. Biol., 23, 935-944.

Visscher, P. M. (2006). A note on the asymptotic distribution of likelihood ratio tests to test
variance components. Twin Res. Human Genet., 9(4), 490—495.

Walling, C., Stamper, C., Smiseth, P. & Moore, A. (2008). The quantitative genetics of sex
differences in parenting. Proc. Natl. Acad. Sci. USA, 105, 18430.

Wilson, A., Coltman, D.W., Pemberton, J.M., Overall, A.D.J., Byrne, K.A. & Kruuk, L.E.B.
(2005). Maternal genetic effects set the potential for evolution in a free-living vertebrate
population. J. Evol. Biol., 18, 405—-414.

Wilson, A. J., Réale, D., Clements, M. N., Morrissey, M. M., Postma, E., Walling, C. A. ef al.
(2010). An ecologist's guide to the animal model. (2010). J. Anim. Ecol., 79, 13-26.

Wilson, A., Morrissey, M.B., Adams, M.J., Walling, C., Guinness, F.E., Pemberton, .M., et al.
(2011). Indirect genetics effects and evolutionary constraint: an analysis of social dominance in
red deer, Cervus elaphus. J. Evol. Biol., 24, 772-783.

Wolf, J., Brodie, E., III, Cheverud, J. & Moore, A. (1998). Evolutionary consequences of indirect
genetic effects. Trends Ecol. Evol., 13, 64—69.

Zuur, A.F., Ieno, E.N. & Elphick, C.S. (2010). A protocol for data exploration to avoid common

statistical problems. Meth. Ecol. Evol., 1, 3—14.

24



69°0 b0’ PI'T 98°0 ST'1 €61

€500 | S'SA9Q | 9LEL- | OF9T | 9€'] S€'T 961 we 96'C waad, 4 wsady 4 wSDUAY) 0y 4 WSV, 4 WA, 9
69°0 60’1 ST'1 €T 6€'1

8LEL- | TH9T | 611 97T | x000 €6'C 86'C wasd, 4 used, 4 WSVUAY) 0y 4 USDA 4 WaD, S
69°0 €€°'1 8Tl €€°1 6€'1

€000 |€SAY | SLEL- | V9T | €6C 97T €6'C 86°C wasd, 4 wsady | wsvg 4 wav, v
69°0 LL'O LT'1 8S'T

1000> | €SAC | 28€L- | I¥9T | 08'€ | 9¢T SE'p uisady  waady 4 wav, ¢
L0 €11 LS'T

100°0> | T'SAT | 91¥L- | TI'ST S0'C S9'p waad, 4 wav, 4

Lo 16°0
8TPL- | 60°8T SL'9 uaad, I
so[ewt

69°0 000 #8°0 IL°0 89°0 860

200 §SAQ | 6SSL- | OL'9T | 000 ST 95°1 SL'T 01'C Jaed,  Jsedg 4 Jsvilavg g 4 ISPy 4 Javy 9
69°0 000 ¥8°0 89°0 01’1

195L- | 969 | 000 060 «00°0 9L'T 18°C Jaedy 4 Jsodg 4 JsvSav, gy 4 Isog 4 Javy S
69°0 000 ¥8°0 89°0 01’1

1000> | €A+ | 19SL- | 969 | 0070 060 9.7 187 Jaedy  Jsedy 4 Jsvy 4 Javy b
69°0 95°0 #8°0 1T

1000> | TSAE | 89SL- | T0°LT | 9€T 170 68°€ Isody 4 Jazd o Jav, ¢
IL°0 LLO 61'1

100°0> | 1°SAT | 16SL- | TT'8T 80 0€'y Jasdy 4 Jav, z

L0 €L°0
TI9L- | 0T8T 00'S Jasd, I
LB (4116
[=JP as as as as as as
d 1941 | 18071 4 sod) ady | (sv'av) g | Sy avy SULIS) WOPUEY [OPOIN

*JOqUINU [9POW PUOIIS A} SNSIOA BIEP Y} 0} 1] 19119q
& pop1aoad uwnjoo 13T 9y} Ul JoquUNU [opOW IS 9U) JOYIOUM 9)JBIIPUI SAN[BA-J "SIUdUOdIWIOd 90UBLIBA JO SOOIPUI JY) 0} JJAI SULID) WOPURY "019Z 0) PIXIJ pue
POUTRIISUOD QIOM 4 IE)S B YIIM SJuouoduiod dOUBLIBA “SYOIYD JIOY) 0} SUSIA o180 [ejudied molreds 9snoy o[ewl pue o[ewdf JO [OPOW [BWIUL JJBLIBATU( 1] J[qe L

S¢



69°0 69°0 60'1 00°0 8T'T ¥8°0 €61 99°0 6€'1 96°C

00 | v SAS | 1H9T 96'97 61'1 00°0 97T 68°0 £6'C 9.7 867 18°C S
69°0 69°0 £8°0 $9°0 ST'1 8°0 Lo £€°1 10'1

€00 | €'sAy | 9€97 66'97 LT'T 6€°0 ST €1 LTT 99°7 €7 b
69°0 69°0 85°0 91'1 L80 IL°0 €1 £€0°1

S000 | T'sAg | TS9T L8'9T 971 09°C wl 81°C 99°7 97T €
69°0 69°0 LS'0 68°0 0L0 99°0 IL°0

v0°0 ['SAT | €597 L8'9T 91 (AR 8¢'1 w 17T 4
69°0 89°0 LS'0 790 $9°0 L0
$9'97 pL'9T ST LT'T L9°T ST'T I
as as as as as as as as as as

d LI ud g 2 wsad, Jsedy | wady | Jaad, 524 524 wavy, Javy | opoy

*IoquINU 9O Y}

0] J9JoI SIOqUINU Y} AIdYM S0} O1Jel POOYI[NI] = [ YT Stuouodwiod ooueLIeA JO AJ101J10ads Xos 10J Sunisa) “SOIYd 03 SHSIA a1ed [eyudred moireds
oSNOY J[eWId) PUB J[BW JO S[OPOW dJeLIBAIqQ 10J (¥ ]) SISQ} O1eI POOYI[AYI] pue ‘(4S) SIOLD PIepur)s ‘sojewnsd Juduodwod dJULBLIBA 17 d[qBL




701 S0 LT'T 0S0
9¢'1 - - LY0 wgad €e'e - ¥S°0 - wgSe
L0 ¥6°0 6C0 I[€0
VN I[€0 - - Jsad %000 SP'C LLO SLO JSe
89°0 60°'1 LLO 19°0 6C'1 120
0€°97 Y VN «00°0 $8°C - w(ed 960 6¢’1 14 Y £€8°0 we
50 | 690 80 18°0 ¥9°0 9L°0 98°0
LO'TT | 96'9C Jd 80 VN VN LI°1 Jaad %0070 €Sl 8’1 w1 Jae
uy Nl wgad JSad wad Jaod wse JjSe w(e Jqe

"SOOUBLIBAOD J[qIssodull 03 10Ja1 SYN "Sojewinyso 1ojowrered o13ouad oAneinuenb 91e[nofed om yoIym wolj [9po oy} SI SIY [, 'SUON)B[OLI0D dU) [BUOSBIP-JJO IOMO]
oY) UO ‘SOOUBLIBAOD J1[} [euoSeIp-jJo Joddn o) uo ‘saoueLrea oY) dIe [euoSeIp oy} uQ "SIOLIBW dOUBLIBAOD/QOUBLIBA (8 [OPOIA € 9[qEL) [OPOW [eul] :f dqe,

L 0€92 840 19°0 9.0 LL0 ¥9°0
7€0°0 SA8 | LOTT $8°0 6€'1 «00°0 %000 b1 96°0 €51 8
b 69°0 09°0 8L°0 8L°0 99°0
900°0 SAL | €TTI £00°0 9p°1 £00°0 #0070 b8l 1670 IS'T L
SuI310AU00 JON n «00°0 «00°0 n «00°0 n n n 9
¥ S0 000 9.0 280 $9°0
660 SAG | 6€°TT «00°0 £00°0 «00°0 900°0 9’1 11 €01 S
¢ S0 9.0 €8°0 ¥9°0
€0°0 Ay | 6E°TI £00°0 #0070 £00°0 £00°0 Al 'l €01 i
z S0 98°0 £9°0
200 SAE | SETI £00°0 £00°0 «00°0 £00°0 #0070 b9'1 STl ¢
I S0 £9°0
€400 SAT | LETT «00°0 £00°0 £00°0 %000 #0070 #0070 7l z
S0
LETT £00°0 £00°0 £00°0 #0070 #0070 #0070 £00°0 I
d| pa1 | (T4 | (wsedgdasdy) | (Jsogauavy) | (wsogfavy) | (wspyIsoy) | (P2 Favy) | (Wspg wary) | (F5241702)

"PIjRWISS 10U SNY) PUB 0JOZ O} PAXIJ SeM UONSIND UI 9JULLIBAOD 9} YOIYM UI [9POW B JSUleSe WOopadlj JO 99139p auo yim 3unsd) ‘(uwunjod
19T 9y} ur pajesrpur suosLieduwod) s1s9) oneI-pooyI[a1 woiy 3nsax d pajrodar oy, *93I9AU0D JOU PIP I8y} [OPOW B UL dNJeA AUE UO 3B} 0} PIMO[[e Sem Jey)
Q0UBLIBAOD B SJUAS2IdoI n B PUB ‘() 0} POUTEIISUOD SEM IT SUBIW dN[BA PAILIRIS  "SIOLID PIEpUER)S SUIPUOdSILIOd pUE SIOURLIBAOD [}IM UOTIO[AS [OPOIA € dqe ],

LT



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Supplementary material

Contents:

Supplementary methods

Supplementary references

Table S1 — Description of the genetic pedigree

Table S2 — Fixed effects model, explaining parental care rate

Supplementary methods

Genetic pedigree construction

We genotyped individuals that were DNA-sampled (N = 8546) for up to 15 microsatellite loci
(Dawson et al. 2012). A summary of the pedigree is available in Table S1 (Morrissey & Wilson
2009). With these data we aimed to determine the genetic ancestry of every genotyped bird, and
extended the pedigree detailed in (Schroeder et al. 2012, 2015) to include all years from 1989—
2015, and fill in gaps where needed. The pedigree is near-complete for all observed breeding
attempts for the years 2000-2015, but we also used sparser data from birds (N = 609) caught before
2000 (Griffith et al. 1999). The dataset pre-2000 was incomplete because DNA samples were only
taken in two years, however these data were also used in the parentage analysis, for example some

of these birds bred in 2000 and later.

Genotyping quality control

We exemplary analysed the genotyping quality of the data collected in 2012, using samples from
682 samples (437 birds) collected in winter 2011/12 and summer 2012. Thirty-nine of these samples
were from birds that were sampled and genotyped previously, and three of those mis-matched their
existing genotypes from older, and previously genotyped samples at more than one loci. We
assigned these mixed-up samples to natal or cross-fostered siblings of the alleged sampled

individual, using identity analysis in CERVUS 3.0 (Marshall et al. 1998; Kalinowski et al. 2007).
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Of these 437 individuals, 245 were sampled twice in this 2012 dataset only. Of those 245 repeated
genotypes, four did not match each other. Identity analysis confirmed the natal or cross-fostered
sibling to which these samples belonged. Identity analysis was then run on the genotyped samples
and did not detect more mixed up samples. We used similar analyses on our complete dataset to
detect and correct mix-ups, field errors, and lab errors as best as possible. When in doubt, we
decided to err on the side of caution and only included unambiguous data. We used individuals that
were repeatedly genotyped (284 birds) for a quality control analysis of genotyping error, using the
software Pedant 1.0 (Bonin et al., 2004). The rates of genotyping error and dropout rates are

presented in Table S1.

Parentage assignment
We used CERVUS 3.0 (Marshall et al. 1998; Kalinowski et al. 2007) to assign the genetic fathers to
offspring, and to confirm the genetic mothers. In the parentage simulations, we set the genotyping
error rate to 0.01. We set the percentage of genotyped mothers and fathers to 95%, which is a
conservative assumption given that we have high resighting probabilities (mean annual resighting
probability between 94% and 96% (Schroeder et al., 2011, Simons et al., 2015). We first confirmed
that the social (observed) mother was the genetic mother, allowing maximal two mismatched loci.
We then ran a parentage analysis where we constrained the genetic mothers to the confirmed
mother, and for birds where this was not known, we allowed the mother to take on any identity of
alive female adults. We assigned fathers from the population of live adult males. We defined a bird
as adult and alive if it was born in a previous year and was seen up to 12 months before April of the
year that was analysed. This means that we allowed all first-year birds to be assigned as parents,
even if they have not been seen since fledging.

We then took an iterative approach to checking parentage assignments. If more than one

parent-pair could be assigned with zero or one mismatch, we examined the resighting history of all
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potential genetic parents. In these cases, we assigned parentage according to the following decision
rules: 1) If any assigned parent-pair was also the observed social pair with up to one mismatch, we
assigned those; 2) If none of the assigned fathers was the known social father, we checked the
assigned fathers’ resighting histories, and assigned the male that was actually observed to be alive
during the focal breeding season. If more than one was known to be alive, we did not assign a father
unless rule 3 applied. 3) We checked whether an assigned pair was a known social pair in the year
before or after and assigned known social pairs. We always took information of siblings into
account, - in case of a tie between two potential extra-pair fathers, we assigned an extra-pair male if
it was the extra-pair sire for another sibling in the nest. If none of the above information was
available, and more two or more mismatches occurred, we conservatively did not assign parentage.
Of the individuals from 2000-2011 that could not be assigned with fewer than 2 mismatches
77% were rotten eggs, dead embryos, or otherwise compromised samples. In those, DNA may have
been severely degraded or present in too low concentration such that less than 6 loci amplified. Of
all birds that were sampled and survived to 12 days, on average, from 2000 — 2011, 1.2% annually
(range: 0%—4.4%) were not assigned at both parents, mostly due to genotyping errors and/or a lack

of DNA/too small sample volume (Hsu et al. 2015, Supplemental Table S2d).

Fixed effects model structure:

We ran a general linear model to determine the fixed effects to include in our animal models. The
biologically relevant variables that we considered, based on previous findings (Nakagawa et al.
2007a; 2007b; Schroeder et al. 2012; 2013), were: the age of the chicks when parental care was
measured (brood age, in days), the number of chicks present in a brood when parental care was
measured (brood size) because both may affect how often parents provide offspring with food (Fig
1). We added the quadratic effects of brood age and brood size, because birds cannot infinitely

increase the frequencies of their provisioning visits even if demands increase. We also tested for
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effects of the day of the year and the time of day as provisioning activity may vary with those
factors. Social fathers may adjust the level of their parental care according to how certain they are
of their genetic paternity (Akcay and Roughgarden 2007, Griffin et al. 2013, Schroeder et al. 2016).
Since females may also compensate for retaliating males, we added the frequency EPO in the brood
as a fixed covariate in our models, and, when investigating male and female care together, an
interaction between EPO and sex (Schroeder et al. 2016). For broods where no data on EPO were
available, we used the median value. We added a two-level factor (noisy/quiet) for the location of
each nest box, because location artificially affects provisioning rate (Schroeder et al. 2012). Parental
age has little to no effect on parental care, therefore, we did not add this covariate (Schroeder et al.
2013).

After exploratory analysis, we retained the following fixed effects in our animal models
(Table S2): the age of the brood, brood size, the squared effect of both, EPO, location, foster status,

sex, the interaction of brood size and sex, and an interaction of sex with EPO.
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136  Supplementary tables

137  Table S1: Summary of the full pedigree of the Lundy island house sparrows (1995-2015), and a
138  pruned pedigree in which only informative individuals with respect to provisioning frequency were
139  retained. The pedigree was assembled with genotypic information from up to 15 polymorphic

140  microsatellite markers, see methods for more details.

141
Quantity Full pedigree Pruned pedigree
Records 8.546 1018
Maternities 6.954 971
Paternities 7.086 971
Full sibs 33.334 2144
Maternal sibs 88.765 4279
Maternal half-sibs 55.431 2135
Paternal sibs 101.243 3858
Paternal half-sibs 67.909 1714
Maternal grandmother 6.174 911
Maternal grandfathers 6.381 901
Paternal grandmothers 6.048 892
Paternal grandfathers 6.088 858
Maximum pedigree depth 16 16
Founders 1.413 33
Mean maternal sibship size 13.8 4.26
Mean paternal sibship size 13.1 4.13

Non-zero F 4350 828
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147

F>0.125 472 29

Mean pairwise relatedness 0.04 0.09

Table S2: Parameter estimates (b) and 95% credible interval (CI) of the fixed effects in the general
linear model explaining provisioning frequency per hour in Lundy island house sparrows. Foster
status, location and sex were two-level factors. Extra-pair offspring (EPO) was the proportion of

chicks in the clutch that was sired by a male other than the social male.

Fixed effect b 95% CI

Intercept -4.73  -6.00—-3.41
Sex (male) -2.19 -3.03—-1.43
Brood age 2.04 1.78-2.29
Brood age x Brood age -0.11 -0.13—-0.10
Brood size 450 3.98-4.97
Brood size x Sex 0.51  0.29-0.71
Brood size x Brood size -0.83 -0.90--0.75
Location (noisy) -0.82 -1.13—-0.50
EPO -0.08 -0.81-0.66
EPO x Sex -1.51 -2.55--0.47
Foster status (fostered) -0.41 -0.69--0.13
Random Variance 95% CI

Residual 31.95 31.87-34.02



