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Differential allocation in a lekking bird:
females lay larger eggs and are more
likely to have male chicks when they
mate with less related males

Rebecca J. Sardell and Emily H. DuVal

Department of Biological Science, Florida State University, 319 Stadium Drive, Tallahassee, FL 32306-4295, USA

The differential allocation hypothesis predicts increased investment in off-

spring when females mate with high-quality males. Few studies have tested

whether investment varies with mate relatedness, despite evidence that non-

additive gene action influences mate and offspring genetic quality. We tested

whether female lekking lance-tailed manakins (Chiroxiphia lanceolata) adjust

offspring sex and egg volume in response to mate attractiveness (annual repro-

ductive success, ARS), heterozygosity and relatedness. Across 968 offspring,

the probability of being male decreased with increasing parental relatedness

but not father ARS or heterozygosity. This correlation tended to diminish

with increasing lay-date. Across 162 offspring, egg volume correlated nega-

tively with parental relatedness and varied with lay-date, but was unrelated

to father ARS or heterozygosity. Offspring sex and egg size were unrelated

to maternal age. Comparisons of maternal half-siblings in broods with no mor-

tality produced similar results, indicating differential allocation rather than

covariation between female quality and relatedness or sex-specific inbreeding

depression in survival. As males suffer greater inbreeding depression, overpro-

ducing females after mating with related males may reduce fitness costs of

inbreeding in a system with no inbreeding avoidance, while biasing the sex

of outbred offspring towards males may maximize fitness via increased

mating success of outbred sons.
1. Introduction
Life-history theory predicts that females should adjust investment in their off-

spring in response to expected fitness returns. Specifically, the differential

allocation hypothesis predicts that females should increase investment in offspring

after mating with an attractive male of high genetic quality, thereby producing a

non-genetic positive correlation between offspring fitness and mate genetic quality

[1–3]. In vertebrates, such maternal effects may consist of increasing offspring size,

or resources provided to offspring [2,4]. Additionally, in polygynous species with

higher variance in male reproductive success, females are predicted to produce

more male offspring after mating with a relatively high-quality male (sex allo-

cation [3]). Although numerous studies in birds have found evidence that

females increase egg number and size in response to mate attractiveness [4], sex

ratio adjustment has been demonstrated in relatively few studies [5–7], and

numerous others have found weak or no evidence for adjustment [8–10].

Most studies of differential allocation have considered mate quality in a

good genes or Fisherian context, i.e. assuming all females prefer the same

males of high additive genetic quality [2,4]. They therefore test the prediction

that females increase investment after mating with more ‘attractive’ ornamented

males with high mating success [4–6]. Remarkably, few studies have tested

whether investment varies with mate genetic compatibility despite the potential

for male genetic quality to reflect non-additive gene action, and hence the

optimal mate to vary among females (but see [11–14]).

A specific case of compatible mate choice models predicts that mate genetic

quality will vary with mate relatedness, given widespread inbreeding depression
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in fitness in nature [15–17]. If outbred males have higher fitness

than inbred males, and because mating success is more vari-

able in males than females, females may gain higher fitness

returns from producing male offspring when those offspring

are likely to be outbred [3]. Several studies have identified

stronger inbreeding depression in male sexual and life-history

traits than in female traits [18–21]. Producing female offspring

after inbreeding may therefore be less costly than producing

male offspring. Consequently, females should invest more in

offspring and produce sons rather than daughters when

mated to an unrelated male; ‘the outbred son hypothesis’

[13]. Additionally, because more heterozygous males can pro-

duce relatively outbred offspring under certain conditions,

such as in small or structured populations [22,23], females

may also increase investment after mating with a more hetero-

zygous male. Such differential allocation with respect to mate

relatedness and offspring genetic diversity could reduce the

cost of inbreeding in situations where inbreeding avoidance

through mate choice is either not possible (owing to limited

availability of unrelated mates, limited dispersal or inability

to detect kin) or selected against given the inclusive fitness

benefit from inbreeding [24,25]. Indeed, inbreeding avoidance

via mate choice is relatively rare in the wild despite the in-

evitable cost of inbreeding depression [24]. Furthermore, the

absence of inbreeding avoidance in combination with inbreed-

ing depression in many systems creates potential selective

pressure for mechanisms to lessen fitness costs when inbred

offspring are produced, for example via reducing investment

in inbred offspring.

We are aware of only three studies that have explicitly

tested whether females differentially invest in response to

their mate’s relatedness in vertebrates, or whether related

pairings produce biased sex ratios as predicted by the

outbred son hypothesis. Two studies on a population of

song sparrows (Melospiza melodia) found no evidence for

sex ratio adjustment in response to mate relatedness [13],

but that females provisioned offspring more frequently (and

offspring consequently grew faster) when less related to

their mate [12]. A third study found female zebra finches

(Taeniopygia guttata) produced smaller clutches and eggs

with lower mass when closely related to their mate [26].

Indirect evidence from two further studies found inbreeding

level was higher among male than female offspring [20,27]. It

therefore remains widely untested whether females adjust

offspring sex or egg size (a commonly used proxy of female

investment in birds [4,28]) with respect to mate relatedness

[13,26]. Additionally, few studies have considered maternal

effects in lekking species (but see [7,29]) despite the inherent

utility of this mating system for isolating maternal contri-

butions, as males do not contribute any obvious non-

genetic resources to offspring [30].

We tested the differential allocation hypothesis by investi-

gating whether female lek-breeding lance-tailed manakins,

Chiroxiphia lanceolata, adjust offspring sex and egg size in

response to mate genetic quality. We measured: (i) male attrac-

tiveness (an indicator of additive genetic quality, quantified as

annual reproductive success (ARS) because females choose

freely among males and base their choice on individual males

rather than display sites [31]), (ii) male heterozygosity (an

indicator of both additive genetic quality and his ability to pro-

duce outbred offspring), and (iii) male relatedness (an indicator

of non-additive genetic quality and the degree to which outbred

offspring will be produced). Research on the wire-tailed
manakin, Pipra filicauda, has revealed both inbreeding depres-

sion in male siring success and no avoidance of mating with

relatives [32], and in a separate study we found similar effects

in lance-tailed manakins [33]. This system is therefore ideal for

testing predictions of the outbred son hypothesis and more gen-

eral predictions of the differential allocation hypothesis. Patterns

of investment with respect to mate genetic quality may be age- or

context-dependent [34–36]. Previous work in this population

suggested an effect of maternal age on offspring sex in some

years [37], and the breeding season spans varying environ-

mental conditions. Therefore, we also tested whether offspring

sex and egg size varied with interactions between mate quality

and both female age and lay-date.
2. Material and methods
(a) Study system
A wild population of lance-tailed manakins on 46 ha of secondary-

growth dry tropical forest on Isla Boca Brava, Chiriquı́, Panama

(881204500 N, 8281205400 W) has been monitored since 2000. Lance-

tailed manakins display in an exploded lek with display sites in

auditory but not visual contact [38]. Females can be aged exactly

if captured prior to their third year while molt limits are visible

[39], or banded as nestlings. At each display site, one alpha and

usually one beta male cooperate in courtship displays, but social

status is determined prior to female visitation and with few excep-

tions, only alpha males reproduce [40]. Females can produce one to

three broods per season. Although females usually lay two eggs per

nest, some nests are found with only one egg (approx. 9%). The

majority of second and third broods represent re-nesting following

nest failure. Males provide no obvious resources to females (other

than sperm) and females mate outside their immediate nesting

area [40]. For further details of the study system, see [38,41].

(b) Field methods
The population was monitored during the peak breeding season

each year (late February until mid-June). Individuals were mist-

netted and individually identified with aluminium rings and a

unique combination of colour bands. Nests were located by sys-

tematically searching areas of forest or observing female

behaviour. Each nest was visited approximately every 2 days to

monitor lay-date, clutch size, hatching and fledging success

and identify the attending female. On day 7 (2000) or on day

1–3 (2001–2012) after hatching, a small (5 ml) blood sample

was taken from the brachial vein of each chick. Owing to the

naturally high predation rates, one egg from two-egg clutches

was artificially incubated to increase the number of genetically

sampled nests starting in 2005 and for all nests since 2010 [42].

Chicks from artificially incubated eggs were blood sampled

and returned to the focal nest within 3 h of hatching or sacrificed

before hatching if that nest failed. In 2011 and 2012, egg length

and width were measured to the nearest 0.01 mm at the longest

and widest points, and egg volume was calculated as the volume

of an ellipsoid (¼p � (4/3) � width2 � length).

(c) Molecular analyses
Individuals were genotyped at 20 microsatellite loci [40]. Parent-

age was assigned using CERVUS v. 3.0 [43]. Mother identity was

determined from nest attendance and confirmed genetically, and

all adult males alive in that year were considered as potential

sires. When no female was observed, the mother was assigned

if parent-pair analyses in CERVUS identified maternity with

greater than or equal to 95% confidence. Thorough sampling of

candidate sires (more than 95% on the main study site in all
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but the first year) and strict paternity assignment criteria (details

in [40]) allowed assignment of both parents for 80% of 1320

sampled offspring from 808 nests (n ¼ 1058 assigned) in 2000–

2012 [41]. Ninty-three per cent of sampled offspring (1226)

were sexed genetically [37,44] including 216 offspring from 266

eggs sacrificed before hatching or that failed to hatch (see the

electronic supplementary material, table S1). Percentages reflect

all sampled offspring, not only those genotyped as reported

elsewhere [40]. A total of 968 offspring from 597 nests were of

known sex, parentage and lay-date, and of these, 756 offspring

were from 401 completely sampled broods. Incompletely

sampled broods could result from either failure of the nest

while one egg was being artificially incubated, partial predation,

or amplification failure during genetic sexing.

(d) Male genetic quality
We quantified male attractiveness as the total number of off-

spring assigned to each male in each year, following DuVal &

Kempenaers [40]. We calculated male and offspring heterozygos-

ity as the number of heterozygous loci divided by the number

of loci typed at 20 microsatellite loci. Pairwise relatedness of

males and females was estimated from these 20 microsatellites

using the Queller & Goodnight relatedness index, which ranges

from 21 to 1, where 0 is random with respect to the reference

population allele frequencies [45].

(e) Statistical analyses
To test whether offspring sex varied with father ARS, father het-

erozygosity or parental relatedness, we used generalized linear

mixed models (GLMMs) run using the R-package lme4, specify-

ing a binomial error structure and logit link function [46].

Offspring sex was coded as the binary-dependent variable

(0 ¼ female, 1 ¼male). We included brood, mother and father

identification (ID), and year (2000–2012) as random effects to

account for non-independence among offspring in the same

brood and produced by the same parents or in the same year

[47]. Models were also rerun for brood sex ratio (using the

number of male offspring as the numerator and brood size as

the denominator) and results were quantitatively similar (not

presented). Offspring sex (instead of brood sex ratio) was

chosen as the dependent variable for final models as this enabled

broods with two sires to be included (13% of two-egg broods

with assigned parentage). Final analyses included incompletely

sampled broods, as excluding these may produce misleading

results [48]; however, analyses were repeated using only those

broods where the number of eggs laid equalled offspring sexed

and assigned parentage. We also tested whether offspring sex

varied with lay-date (mean-centred by year). A restricted dataset

of offspring produced by females of known age tested whether

offspring sex varied with mother age modelled as a covariate.

We also tested for interactions between mother age and father

genetic quality, and between lay-date and father genetic quality.

Significance from binomial models was assessed using likelihood

ratio tests.

We used linear mixed models (LMMs) to test whether egg

volume varied with father ARS, father heterozygosity, parental

relatedness, mother age and nest lay-date. We included

random effects of mother ID, father ID, brood ID and year

(2011 or 2012). Two additional LMMs were run to test whether

egg size varied with offspring hatching or fledging success. We

also tested for interactions between father genetic quality and

lay-date but not female age owing to small sample size. Egg

volume was divided by 10 000 for analyses to aid interpretation

of model output. We used the ‘pvals.fnc’ function in the R pack-

age LanguageR [49] to calculate p-values based on a Markov

chain Monte Carlo (MCMC) sample of 10 000 simulations (not

available for binomial models).
All analyses were run using R v. 2.15.1 [50]. For all analyses,

separate models were run for each fixed effect, but results

remained quantitatively similar in multivariate models. For all

analyses, nonlinear relationships were explored using general-

ized additive mixed models (GAMMs) run in the R-package

mgcv including smooth functions for each predictor [51]; but

these models were retained as final models only where signifi-

cance of nonlinear effects reached p , 0.10.
3. Results
(a) Offspring sex
Across 13 years (2000–2012), 49% of sexed offspring (597 of

1226) were male, which did not differ from 0.5 (exact binomial

test p ¼ 0.38, 95% confidence interval¼ 0.46, 0.52) as previously

reported using data from 2000 to 2006 ([37]; electronic sup-

plementary material, table S1). Brood sex ratio did not differ

between completely versus incompletely sampled broods, or

between complete one- versus two-egg broods, suggesting

these factors did not generate a sex bias in our data (see the

electronic supplementary material, table S1 and figure S1).

The probability of an offspring being male was signi-

ficantly negatively correlated with parental relatedness

(estimate ¼ 21.35+ 0.44, x2¼ 9.39, p , 0.01, n ¼ 968 off-

spring from 597 broods produced over 13 years by 256

females and 110 males; figures 1 and 2). This correlation

remained significant when we restricted analyses to 100 off-

spring from 50 broods of mixed paternity, thereby controlling

for female quality (and environmental conditions) by compar-

ing maternal half-siblings that differed in parental relatedness

(estimate¼ 23.15+1.48, x2 ¼ 5.00, p ¼ 0.03; figure 2). As

offspring heterozygosity is inherently negatively correlated

with parental relatedness, the probability that an offspring

was male also tended to be positively correlated with

the offspring’s own heterozygosity (estimate¼ 1.21+0.66,

x2 ¼ 3.38, p ¼ 0.07), such that male offspring were more hetero-

zygous. By contrast, offspring sex was unrelated to either father

ARS (estimate¼ 0.01+0.01, x2 ¼ 0.45, p ¼ 0.50) or father

heterozygosity (estimate ¼ 0.57+0.66, x2 ¼ 0.71, p ¼ 0.40).

Offspring sex did not vary with the main effect of lay-

date (estimate ¼ 0.00+0.00, x2 ¼ 0.11, p ¼ 0.74). However,

we identified a marginally significant interaction between

lay-date and parental relatedness (estimate¼ 0.03+0.02,

x2 ¼ 2.85, p ¼ 0.09); the correlation between offspring sex and

parental relatedness tended to lessen as the season progressed

(see the electronic supplementary material, figure S2). We did

not identify any interactions between lay-date and either the off-

spring’s own heterozygosity, father heterozygosity or father

ARS (see the electronic supplementary material, table S2).

Across a restricted dataset of known-age females (with age

classes 7–12 pooled owing to small sample sizes in older

age classes), offspring sex was not correlated with mother age

(estimate¼ 20.05+0.10,x2 ¼ 0.22, p ¼ 0.64, n ¼ 146 offspring

from 95 broods, produced by 44 males and 45 females), nor did

we detect any interaction effects (see the electronic supple-

mentary material, table S2). Using only those broods that

were completely sampled gave qualitatively similar results for

all models (data not presented).

(b) Egg size
Egg volume decreased with increasing parental relatedness

(estimate¼ 20.39+0.12, MCMCp ¼ 0.01, n ¼ 162 eggs from
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108 broods across 2 years produced by 76 females and 26 males;

figure 1). Despite the inherent correlation between offspring

heterozygosity and parental relatedness, egg volume was not

correlated with the offspring’s own heterozygosity (estimate¼

0.11+0.12, MCMCp ¼ 0.29), nor was it correlated with father

ARS (estimate¼ 0.00+0.00, MCMCp ¼ 0.55), or father hetero-

zygosity (estimate ¼ 0.09+0.17, MCMCp ¼ 0.49).

We found no strong evidence that differences in egg size

were related to environmental effects or mother age. Egg

volume was not correlated with the linear expressions of lay-
date (estimate ¼ 0.00+0.00, MCMCp ¼ 0.54) but a GAMM

suggested a quadratic relationship with lay-date ( p ¼ 0.04; 5%

of deviance explained; electronic supplementary material,

figure S3). No interactions between any measure of male gene-

tic quality and lay-date were identified (see the electronic

supplementary material, table S3). Egg volume did not vary

with offspring sex (estimate¼ 20.01+0.02, MCMCp ¼ 0.97,

n ¼ 160 offspring from 108 broods produced by 76 females

and 26 males). Across a restricted dataset of known-age

females, egg volume was not correlated with a mother’s age
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(age: estimate¼ 0.03+0.02, MCMCp ¼ 0.11, n ¼ 49 offspring

from 32 broods produced by 24 known-age females and

14 males, pooling females more than 6 years old because of low

sample size in advanced age categories). An egg’s volume was

also unrelated to whether the offspring it contained later hatched

(estimate¼ 20.03+0.04, MCMCp¼ 0.82, n¼ 128 offspring

from 86 broods 65 females and 24 males) or fledged (estimate¼

0.0+0.03, MCMCp¼ 0.85, n¼ 106 offspring from 69 broods 58

females and 23 males).
 g.org
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4. Discussion
We show that in lekking lance-tailed manakins, a species with

strong sexual selection but no obvious inbreeding avoidance,

offspring sex and egg volume reflect parental relatedness,

suggesting that females adjust maternal investment in ways

that minimize the negative effects of inbreeding depression

for offspring. When females mated with less related males

they were more likely to produce male offspring and larger

eggs. Such apparent differential allocation may be adaptive

in this polygynous species as less related mates produce

more outbred offspring and males suffer stronger inbreeding

depression in reproductive success than females [33]. Adaptive

adjustment of primary sex ratio in birds remains controversial

[8,9] although it has been demonstrated in several notable

studies [5,6,52]. Sex allocation may be more common (and/or

easier to detect) in species with small clutch sizes, for example

lance-tailed manakins [35,52].

While our results are consistent with differential allo-

cation in relation to mate relatedness, they could result

from other processes. Firstly, a correlation between offspring

sex and parental relatedness could represent sampling bias

resulting from biased mortality between conception and

sampling, for example if inbred male offspring and/or

outbred female offspring die before sampling. This effect is

unlikely to explain our results as we sampled offspring at

an early stage (see Material and methods), included offspring

from unhatched eggs, and sexed a high percentage (93%) of

all sampled offspring. However, because our analyses necess-

arily excluded offspring that could not be assigned parentage

and those that died before sampling, we did not strictly

measure primary sex ratio. Nevertheless, results were similar

across broods with no mortality before sampling, including

50 two-egg broods of maternal half-siblings that differed in

parental relatedness, suggesting primary sex allocation

rather than sex-specific inbreeding depression in early survi-

val. Finally, there is no indication that offspring early survival

varies with parental relatedness or offspring sex in this

system [33]. In any case, biased survival between conception

and independence theoretically represents secondary sex

allocation [3,10]. Although we do not have data on any differ-

ential allocation post-laying that could alter survival to

sampling, when we repeated analyses of offspring sex and

parental relatedness across only those offspring that fledged,

effect sizes were stronger despite smaller sample size (see the

electronic supplementary material, figure S4). Stronger corre-

lations across fledged offspring suggest that females may

alter post-hatch investment in offspring with respect to mate

relatedness and offspring sex, but this remains to be robustly

tested. Overall, our results may therefore reflect both primary

sex allocation, and potentially, secondary allocation or biased

survival post-hatch.
An additional alternative explanation for our results is cov-

ariation between female (or environmental) quality and mate

relatedness; for example, if more heterozygous females, experi-

enced females or those nesting under better conditions both

produce male-biased offspring (and larger eggs) and also

tend to mate with less related mates. However, results were

robust when we restricted analyses to maternal half-siblings

that differed in parental relatedness. Furthermore, neither off-

spring sex (GLMM estimate¼ 0.23+0.61, x2 ¼ 0.14, p ¼ 0.71)

nor egg volume (estimate¼ 0.10+0.20, MCMCp ¼ 0.25)

varied with female heterozygosity (or age, see Results) while

there is no correlation between mate relatedness and lay-date

(a correlate of nesting success [33]). Therefore, we did not ident-

ify any variable that could cause covariation and it appears

likely that our results reflect differential sex allocation.

We also identified a significant correlation between egg

volume and parental relatedness, suggesting increased invest-

ment in eggs produced by mating with less related males.

However, because egg size was known for only five broods

of mixed paternity, we were unable to robustly exclude

covariation between female quality/condition and parental

relatedness in this instance (although egg size showed

the same negative tendency with parental relatedness across

10 offspring from five mixed paternity broods; LMM

estimate ¼ 20.58+0.27, MCMCp ¼ 0.06). In the zebra finch,

smaller eggs were produced when parents were more closely

related [26] and in lekking black grouse (Tetrao tetrix), off-

spring growth rate was negatively correlated with parental

kinship which potentially reflected increased investment in

offspring produced by less related mates, although this

latter result could also result from inbreeding depression in off-

spring growth [53]. Differential allocation with respect to

parental relatedness may therefore be more widespread than

previously appreciated.

Although egg size can have a profound impact on offspring

morphologyand growth rate [28], the benefits of differential allo-

cation in egg size in this study remained unclear. Offspring from

larger eggs were no more likely to hatch or fledge (although the

sample of offspring that failed owing to factors other than depre-

dation was relatively small across this 2 year dataset). Instead,

offspring from larger eggs may benefit in later life. Indeed,

natal conditions can have major impact on later life survival

and reproduction, and such differences may be sex-specific

[54,55]. The relationship of egg size with the offspring’s fitness

in terms of adult survival or reproductive success has rarely

been tested in birds but such analyses are essential to measure

the overall fitness benefits of maternal investment [28].

We predicted that female investment would vary with age

owing to changing fitness returns or condition [3,56]. However,

no correlation between offspring sex and female age was

detected, despite previous work that reported a quadratic

relationship between brood sex ratio and female age in 2 years

in this population (2005–2006, in an analysis that included

females of unknown but advanced age [37]). These different con-

clusions suggest effects are only apparent across an expanded

age range (beyond 7) or previous results represent age-indepen-

dent trends [37]. We also found no evidence that egg volume

varied with mother age. Importantly, this suggests that apparent

differential allocation with respect to mate relatedness did not

result from covariation between offspring sex or egg size and

female age. Our results did however suggest a weak quadratic

relationship between egg volume and lay-date (see the electronic

supplementary material, figure S3). Body condition shows an
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inverse quadratic relationship with capture date in this popu-

lation, and the middle of the breeding season usually coincides

with the end of the dry season in Panama (E. H. DuVal 2000-

2013, unpublished data). Small egg sizes in the middle of

the season therefore probably reflect generally challenging

environmental conditions.

Although, on average, offspring were more likely to be male

when parents were less related, a weak interaction between

parental relatedness and lay-date suggests that as the season

progressed the negative correlation between the probability

that an offspring was male and parental relatedness tended to

weaken (but did not become positive; electronic supplementary

material, figure S2). If sons are more costly to raise (as generally

predicted), females may only benefit from differential allocation

with respect to mate genetic quality early in the season, when

nesting success is especially high in this population [33].

Indeed, all females are predicted to invest similarly by the end

of the breeding season, regardless of mate quality [36]. Overall,

however, evidence for context-dependent differential allocation

in this study was weak.

A number of studies report stronger inbreeding depression

in male than female reproductive success [18–21], and there

are similar trends in lance-tailed manakins [33]. If females

can alter the fitness outcome of mating with a related male

via non-genetic maternal effects, this may explain why some

systems (including this one) do not show inbreeding avoidance

despite inbreeding depression. Inbreeding levels in this popu-

lation are not especially high; mean mate relatedness of mated

pairs was 0, and 95% confidence intervals ranged between

20.26 and 0.21. Relatively related mates were therefore related

at a level slightly less than that of half-siblings (0.25). Maternal

effects such as those reported here may be more common in

populations with high variance in inbreeding among mated

pairs and hence high power to detect inbreeding effects, as is

common in insular populations with reduced dispersal or

polygynous species with high reproductive skew [24,32].

We suggest that this study system illustrates mate choice

and investment for both male additive and non-additive

genetic value via a hierarchical process [15,57]. In this popu-

lation, more heterozygous males are more successful and

produce offspring that are more likely to survive until
fledging [33]. Although maternal effects could amplify any

potential genetic benefit from such mate choice for hetero-

zygosity, we found no evidence that investment varied

with father heterozygosity. Heterozygous males may provide

a genetic benefit to all females owing to their additive

genetic value and/or ability to produce outbred offspring

[15,22]. Females may instead invest in offspring relative to

their relatedness to heterozygous males and genetic diversity

of resultant chicks. Although more heterozygous males

are less related, on average, to their mates and produce

more outbred offspring, this relationship is highly variable;

choosing heterozygous males sometimes produces pairings

between related males and females, and hence relatively

inbred offspring. Females may therefore alter the long-term

fitness consequences of their choice post-copulation, reducing

the detrimental fitness effect of producing (and reproductive

investment in) relatively inbred offspring by producing smal-

ler eggs and more female offspring which are generally

considered cheaper to produce, and increasing the fitness

benefit from outbred offspring by producing large eggs and

biasing their sex towards males.

Recent theoretical work predicted sex allocation weakens

sexual selection over time by eroding female preferences for

male traits; therefore, species with elaborate sexual displays,

for example lekking species, are predicted to show little control

over offspring sex ratio [58,59]. Our results are particularly

interesting in light of this prediction, as they suggest that sys-

tems with strong sexual selection can nevertheless exhibit

sex allocation, and that mate choice for heterozygosity and

differential investment by relatedness may allow for the per-

sistence of both this phenomenon and directional female

mate preferences [22].
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27. Carranza J, Pérez-González J, Mateos C, Fernández-
Garcı́a J. 2009 Parents’ genetic dissimilarity and
offspring sex in a polygynous mammal. Mol. Ecol. 18,
4964 – 4973. (doi:10.1111/j.1365-294X.2009.04401)

28. Krist M. 2011 Egg size and offspring quality: a
meta-analysis in birds. Biol. Rev. 86, 692 – 716.
(doi:10.1111/j.1469-185X.2010.00166.x)

29. Loyau A, Lacroix F. 2010 Watching sexy displays
improves hatching success and offspring growth
through maternal allocation. Proc. R. Soc. B 277,
3453 – 3460. (doi:10.1098/rspb.2010.0473)
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