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Effects of heterozygosity and MHC diversity on patterns
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Abstract Extra-pair copulation without apparent direct ben-
efits is an evolutionary puzzle that requires indirect fitness
benefits to females to explain its ubiquity in socially monog-
amous mating systems. Using wild scarlet rosefinches
(Carpodacus erythrinus), we tested if genetic benefits in the
form of global (microsatellite) heterozygote advantage, adap-
tive genes (major histocompatibility complex), or comple-
mentary genes (using both markers) were responsible for
female extra-pair mate choice, while considering that the
benefits of mate choice may be conditional on female

genotype. We found no evidence for assortative or
relatedness-based mating (complementary genes), but higher
MHC diversity, microsatellite heterozygosity, and condition
were significantly related to male extra-pair paternity (EPP)
success. In contrast, female probability of having extra-pair
offspring decreased with increasing heterozygosity.
Interestingly, extra-pair and within-pair males had higher het-
erozygosity than their female mates and extra-pair males had
higher MHC supertype diversity. The only genetic difference
between extra-pair and within-pair offspring was lower
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variance in MHC allelic diversity within extra-pair offspring,
providing limited support for indirect genetic fitness benefits
for the markers tested. Offspring had both higher neutral
heterozygosity and number of MHC supertypes than adults,
as well as significant identity disequilibrium, potentially sug-
gesting that mates are chosen to increase offspring diversity in
the period of the present study. Overall, our results point to an
EPP heterozygote advantage for males, especially when in-
volving less heterozygous females, and suggest that heterozy-
gosity effects on reproduction may differ between the sexes.

Keywords Extra-pair copulation .Mate choice . Sexual
selection .Major histocompatibility complex . Indirect
benefits . Erythrina erythrina

Introduction

Whether extra-pair copulation in monogamous mating sys-
tems is an adaptive behavior of females or a coercive strategy
of males is a contentious issue with implications for the
evolution of mate choice (Westneat and Stewart 2003;
Arnqvist and Kirkpatrick 2005; Akçay and Roughgarden
2007; Griffith 2007). If it is an adaptive behavior of females,
then the benefits of extra-pair copulation (EPC) must out-
weigh associated costs such as reduced social mate care and
increased risk of predation or infectious disease (reviewed in
Westneat and Stewart 2003). Besides the fertility benefits of
EPC, indirect genetic benefits have attracted much attention
and controversy. Potential indirect genetic benefits include
additive (heritable) good genes and nonadditive heterozygote
advantage or complementary genes which confer fitness ad-
vantages to offspring (Tregenza and Wedell 2000; Coltman
and Slate 2003).

The most-studied example of mate choice for additive
genetic variation is the major histocompatibility complex
(MHC), which is vital for the initiation of the acquired im-
mune response in vertebrates (Klein 1986). Allelic variability
at the MHC allows for greater recognition and presentation of
pathogen-derived peptides to T cells because particular MHC
molecules bind only a limited number of antigens, and an
increasing body of empirical evidence supports MHC-
mediated mate choice as a mechanism for increasing offspring
immunological diversity or as a more general means to avoid
inbreeding/outbreeding (Brown and Eklund 1994; Milinski
2006; Consuegra and Garcia de Leaniz 2008). The MHC is
also linked with condition and the expression of secondary
sexual ornaments potentially advertising “good genes” in
some vertebrates (Hamilton and Zuk 1982; reviewed in
Dunn et al. 2012).

The scarlet rosefinch (Carpodacus erythrinus) is a sexually
dichromatic monogamous passerine and, like many passerine
birds, has relatively high rates of extra-pair paternity (33 % of

nests, 19 % of offspring; Albrecht et al. 2009). Females may
be restricted from finding the “best”mate due to constraints of
their synchronous and short breeding systems, typical for
migrant species, and they may try to ameliorate hasty pairing
with extra-pair paternity (EPP) from higher-quality males
(Albrecht et al. 2007). Previous work has shown that the
probability of males being cuckolded and of obtaining EPP
is related to plumage coloration (Albrecht et al. 2009), and the
likelihood of being cuckolded is associated with lower MHC
allelic diversity (Promerová et al. 2011). However, the latter
study relied on a subset of MHC variation obtained using
single-stranded conformational polymorphism, and further
deep sequencing methods (454 pyrosequencing) revealed that
a substantial fraction of MHC diversity was absent in earlier
analyses (Promerova et al. 2012). Additionally, global hetero-
zygosity was not independently investigated in these studies
but has been shown to relate to variation in fitness traits and
fitness advantages in numerous mate choice studies (reviewed
in Brown 1997; Kempenaers 2007).

If adaptive indirect selection is operating on scarlet
rosefinch EPC, we predicted that it could be for three nonex-
clusive targets: (1) heterozygote advantage predicts that ge-
netic mates would have higher heterozygosity (neutral and
adaptive) than social or randomly paired mates; (2) good
genes predict that genetic mates have a particular fitness-
enhancing allele or supertype, which is intuitively more prob-
able when MHC diversity is higher than that of social or
randomly paired mates; and (3) complementary genes predict
that genetic mates have fewer shared alleles (MHC and mi-
crosatellite) than social mates. The concomitant optimality
hypothesis predicts more subtle effects on the MHC: females
with a low number of MHC alleles/supertypes should choose
genetic mates with a high number and vice versa (Reusch et al.
2001; Aeschlimann et al. 2003). The intended outcome of
such pairings would be offspring with an “optimum” number
of alleles that would provide enough protection from patho-
gens while also avoiding the cost of possessing too many
alleles that may deplete T cell diversity (Nowak et al. 1992).
In addition, the adaptive benefit of EPP for females can only
be realized if the extra-pair offspring (EPO) have higher
fitness than within-pair offspring (WPO) (Griffith et al.
2002). We predicted that EPO would have greater microsat-
ellite heterozygosity and/or MHC diversity if EPP is female
driven; EPO MHC diversity would have significantly less
variance than would WPO diversity under the optimality
hypothesis if females were trying to obtain a specific number
of alleles for their offspring.

Heterogeneity in female behavior was once considered to
depend solely on variation in social or extra-pair male quality
(but see Aeschlimann et al. 2003; Forstmeier 2007;
Kempenaers 2007; Rubenstein 2007; Ilmonen et al. 2009).
However, the costs and benefits to females are not absolute
and depend on the fitness of their offspring relative to the
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population mean. A female’s mating preferences can be con-
tingent on her own heterozygosity (Ilmonen et al. 2009),
whereby high-genetic-quality females will have relatively
higher-quality offspring (if additive) and so they will have
less marginal benefit from EPC than would lower-quality
females. It follows that lower-genetic-quality females should
be more likely to engage in EPCs to increase relative offspring
quality, if by not doing so they are assured below-average
genetic quality offspring. We predict higher rates of EPC for
lower-genetic-quality females and greater difference in quality
between EPO and WPO for lower-genetic-quality females. If
intermediate MHC diversity is optimal, then females with low
and high allele numbers should be more likely to copulate
with extra-pair males with high and low allele numbers,
respectively, and EPO MHC diversity would have less vari-
ance than WPO MHC diversity.

Materials and methods

Samples

The scarlet rosefinch is a small (approximately 20 g), semi-
colonial cardueline finch. It does not defend feeding territories
but protects the nest area and has pair bonds that last through-
out a single season (Stjernberg 1979). Like many long-
distance migrants, scarlet rosefinches breed only once a year
and produce a clutch of typically five eggs, ranging in size
from two to six (Albrecht 2004) with one replacement clutch
following failure (Stjernberg 1979).

Field work was carried out from May to July during the
years 2000–2009 in the Sumava Mountains National Park,
Czech Republic (48° 49′N13° 56′E). Detailed descriptions of
the study site and field procedures are given elsewhere
(Albrecht et al. 2007, 2009). Briefly, each year, 10–20 breed-
ing pairs of rosefinches inhabited the field site, approximately
1 km2 shrubby wetland meadow surrounded by a patchy
agricultural landscape. Adult birds were mist netted and band-
ed for identification, and individual mass and tarsus length
were recorded. Blood samples (∼20 μl) were taken by veni-
puncture from adults and from 7-day-old chicks and stored in
96 % ethanol at −20 °C until DNA extraction. A small
proportion of adults returned multiple years, but no offspring
were ever recaptured at their natal site. In total, 202 adults and
496 young were sampled (116 nests) between 2000 and 2009,
but the current study only includes the subset of data for which
MHC and microsatellite genotypes were available (see
Table S1 for details of sampling per year).

Genetic analyses

Genomic DNA was extracted using the DNeasy Blood and
Tissue Kit (Qiagen, Germany) following the manufacturer’s

protocol. Parentage was assessed by genotyping all individ-
uals with a panel of 15 microsatellite loci between 2000 and
2008 (Albrecht et al. 2009). Primer details, null allele frequen-
cies, and PCR amplification conditions used in this study are
described in Poláková et al. (2007). All loci were markedly
variable and had high heterozygosities, and each adult indi-
vidual possessed a unique genotype. Thus, the total exclusion-
ary power exceeded 99 % for both the first and second parent
using the program CERVUS v. 3.0 (Kalinowski et al. 2007).
Out of 496 offspring assigned to parents between 2000 and
2009, only 34 (7 %) could not be assigned a father, and of
those, 15 of 85 (9 %) were defined extra pair with unassigned
sires. For more details on parentage analyses, see Albrecht
et al. (2009). For heterozygosity calculations, two new loci
were included for a combined set of 17 microsatellites
(CE207, CE165, CE31, CE150, CETC215, CE152, CE67,
CE147, CM026, CM014, CM001, CM008E, Hofi17, Hofi52,
Hofi24, Hofi5, LOX1) which were run for both adults and
offspring. These were used for calculating standardized het-
erozygosity (Het; Coltman et al. 1999) using IRMACRON3
(www.zoo.cam.ac.uk/zoostaff/amos) and internal relatedness
(IR; Amos et al. 2001). Since Het and IR were strongly
correlated (Spearman’s r=−0.961, p<0.0001, N=87) and
provided independently consistent results, we focus on the
results from Het.

We tested for significant interlocus correlation between
microsatellite loci (identity disequilibrium, ID) using the soft-
ware RMES (Robust Multilocus Estimator of Selfing) (David
et al. 2007) on a larger microsatellite dataset from 2000 to
2010 (201 adults, 502 offspring) to calculate the parameter g2.
Significant values would indicate the potential for our micro-
satellite markers to reflect genome-wide heterozygosity and
also indicate variance in inbreeding and/or genetic drift, bot-
tlenecks, or admixture (David et al. 2007; Szulkin et al. 2010).
Scarlet rosefinches have an extensive migration range
consisting of incompletely isolated groups (Pavlova et al.
2005), and admixture could result from the limited mixing
of divergent gene pools.

Males were denoted social pair mates (SM) if they contrib-
uted to nest defense and care; they were considered genetic
mates (GM) if they sired offspring within the clutch without
contributing resources. Pairwise relatedness (PR) between
partners and between females and potential mates was
calculated for each year using the relatedness estimator of
Queller and Goodnight (1989) with the program
KINGROUP (Konovalov et al. 2004). The final complete
dataset represented 59 social pair dyads, 17 social and extra-
pair triads, and 28 and 15 nests including microsatellite data
and also MHC data, respectively, with both within-pair off-
spring (WPO) and extra-pair offspring (EPO) (see Table S1
for detailed sample sizes per year).

For potential functional targets of mate choice, we focused
on the MHC class I exon 3 (which encodes the majority of the
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functionally important alpha 2 domain) because it has previ-
ously been shown to be associated with parasite resistance,
lifetime fitness, and mate choice in other wild passerines
(reviewed in Zelano and Edwards 2002; Sepil et al. 2013).
We used 454 pyrosequencing to assess allelic variability of the
complete MHC class I exon 3 in the scarlet rosefinch. PCR
conditions and 454 sequencing and genotyping procedures are
detailed in Promerova et al. (2012). Briefly, individuals were
assigned unique forward and reverse tagged primers for PCR
amplification and demultiplexed after 454 sequencing using
jMHC software (Stuglik et al. 2011). Sequences with 1–2 bp
indels were deemed nonfunctional and removed from the
dataset. Sequences present only once in the dataset and those
with fewer than three reads per amplicon likely represented
PCR or sequencing artifacts and were conservatively removed
from the dataset. Individual alleles were based on nucleotide
sequence differences. As previous work demonstrated that the
MHC class I genes are highly duplicated in C. erythrinus (up
to seven amplified genes; 4–13 alleles per individual, mean
7.99±1.63 SD), all individuals included in this study had a
minimum final coverage of 150 sequences (maximum 683
sequences) after filtering. There was no significant positive
correlation between read number per amplicon and putative
alleles at this coverage, and it was verified as sufficient for
reliable genotyping based on independent replicates for ap-
proximately 10 % of the dataset (3.6 % genotyping error rate)
(Promerova et al. 2012). For further details on genotyping
methods, please see Promerova et al. (2012). No new alleles
were recovered from the current study’s sample set, and the
level of allelic variation was similar (mean 8.0±1.52 SD for
adults; 7.99±1.78 SD for offspring). It was not possible to
assign alleles to particular loci, so we cannot include MHC
heterozygosity in our analyses but instead refer to MHC
diversity. Sequences were grouped into 18 functionally similar
supertypes based on both k-means and hierarchical clustering
of the amino acid characterization matrix (Sandberg et al.
1998) translated from the positively selected sites (identifica-
tion and clustering analyses are described in Electronic sup-
plementarymaterial).MHC total allele- and supertype-sharing
between males and females (social mate pairs, genetic mate
pairs, and random pairs) was calculated as twice the sum of
alleles the individuals share divided by the sum of alleles of
both individuals: D=2Fab/(Fa+Fb) (Wetton et al. 1987).

Statistical analysis

Direct benefits

Rates of extra-pair paternity are relatively high for the scarlet
rosefinch (27 % of nests and 16 % of offspring between 2000
and 2009), with the proportion of extra-pair nests and extra-

pair offspring similar across years (nests: χ2=7.97, df=9, p=
0.537,N=116; offspring:χ2=12.40, df=9, p=0.192,N=496).
However, the rate of extra-pair paternity varies strongly with
total number of nests in the population, a proxy for density
(nests: adj R2=0.720, F1,8=24.12, p=0.001; offspring: adj
R2=0.535, F1,8=11.36, p=0.01). Within the subset of 59
nests, EPP ranged from 0 to 100 % of offspring within nests,
with a mean of 20 % and median and mode of 0 % as the
majority (36 nests) had no EPO.We examined potential direct
benefits of EPC in the form of fertility insurance against
unfertilized eggs. We tested if nests with EPO were more
likely to have unhatched eggs using chi-squared tests (follow-
ing Rubenstein 2007).

Cuckoldry and extra-pair young

We tested if three nonexclusive genetic benefits are directing
extra-pair mate preference: heterozygote advantage, good
genes, and complementary genes. We used generalized linear
models with multimodel inference (R package glmulti;
Calcagno and de Mazancourt 2010) to identify adult traits
predicting the probability of males being cuckolded or adults
having extra-pair offspring (binary response variables and
logit link function). Each adult appeared only once in each
dataset. Independent variables included microsatellite hetero-
zygosity (Het), log number of MHC alleles, log number of
supertypes, their quadratic terms, the interaction between
MHC diversity and microsatellite heterozygosity, and body
condition. Since log number of alleles was strongly correlated
with log number of supertypes (Spearman’s R=0.361,
p<0.0001, N=107), MHC variables were run in separate
models. We predicted that both male and female genotype
may affect the probability of having EPO, and since the
motivation for EPO may differ between the sexes, we includ-
ed the variable sex and the interaction terms MHC-variable ×
sex and Het × sex. Candidate models were compared by
Akaike information criterion with correction for small sample
sizes (AICc) values, and those with the highest support
(ΔAICc within two units of the top model) were retained for
multimodel inference of parameter importance and effects.
Body condition was calculated as the standardized residuals
from a ln(mass)-ln(tarsus length) regression for males and
females separately. In scarlet rosefinches, residual body mass
has been shown predictive of leukocyte profiles (Vinkler et al.
2010), which indicate health status and stress (Davis et al.
2008), traits under strong selection imposed by the energeti-
cally costly long-distance migration (Albrecht et al. 2007).

Social and genetic vs. random mates

We performed bootstrap confidence tests with 10,000 permu-
tations (R code provided upon request) to test if social and
genetic mates differ genetically from randomly chosen males
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within the population. For each true pair (59 pairs with social
males, 17 pairs with extra-pair males), females were randomly
assigned a male present in that year without replacement.
While this method does include some amount of
pseudoreplication, we include females as many times as they
occur in the real dataset, and potential mates are those drawn
with appropriate conditions (same year and location) and thus
provide realistic null conditions for permutation hypothesis
testing (Croft et al. 2011). To test if genetic males have lower
levels of inbreeding and/or higher neutral heterozygosity than
social or random males, differences in Het were calculated
between real and random males. To test if genetic males have
greater MHC diversity than social/random males, differences
in number of alleles and supertypes were compared. To test if
females are choosing mates with complementary genes and/or
avoiding inbreeding, differences in MHC allele- and
supertype-sharing, and differences in microsatellite PR were
compared for real and random pairs.

Comparisons between extra-pair and within-pair males

We performed paired T tests with 10,000 Monte Carlo
resamples (or paired Wilcoxon signed-rank tests for nonpara-
metric data) for improved accuracy with small sample sizes to
determine if cuckolding males have higher heterozygosity,
higher MHC and supertype diversity, and fewer shared
MHC alleles and supertypes than the males they cuckold.
We also tested whether females are of lower genetic quality
than their social or genetic mates, indicated by lower hetero-
zygosity and lower MHC allelic and supertype diversity.
Monte Carlo methods were conducted with the coin package
in R (Hothorn et al. 2008). Negative Spearman correlations for
the number of different alleles/supertypes between females
and their social or genetic mates would support the optimality
hypothesis.

Genetic variation between extra-pair offspring and within-pair
offspring

To examine if EPP is potentially female driven, we tested if
within the nest EPO have greater neutral heterozygosity and/
or MHC diversity (number of alleles and supertypes) than
WPO (N=15 nests) using a paired T test (and paired
Wilcoxon SR test for nonparametric MHC diversity). Every
nest had a unique set of parent IDs, so each adult male and
female contributed to only one nest, generating independent
samples. We tested if the variance of EPOMHC diversity was
significantly smaller than the variance ofWPOMHC diversity
using the bootstrap modified robust Brown-Forsythe Levene-
type test based on the absolute deviations from the median
with correction factor in the R package lawstat (Hui et al.
2008) (N=42 WPO, N=33 EPO; 1000 bootstraps). We tested
if WPO and EPO maintained a private subset of the 18 MHC

supertypes using chi-squared tests. We predicted that female
genotype may impact the selective pressure driving extra-pair
mate choice, so we tested if (1) WPO Het and EPO Het were
associated with maternal (N=73 and 53, respectively, N=126
total) or paternal (N=72 and 48, social and extra-pair male,
respectively) Het using linear mixed models with parent ID as
a random effect using the package lme4 (Bates et al. 2014)
(some males were unidentified; hence, the paternal and ma-
ternal totals differ) and (2) the difference between mean EPO
and WPO Het was related to maternal Het using linear regres-
sion. Parent-offspring correlations in heterozygosity may oc-
cur in finite populations with varying degrees of internal
genetic structure, such as populations where immigration or
variance in reproductive success leads to high variance in
local allele frequencies (Reid et al. 2006; Fromhage et al.
2009). All statistical analyses were conducted in R v. 3.0.2
(R Core Team 2013).

Results

The distribution of MHC alleles and supertypes per
individual and microsatellite heterozygosity was similar
between males and females (Table S2). The distribution
of MHC alleles was also similar between adults and
offspring, but offspring had significantly greater micro-
satellite heterozygosity than adults, and significantly
greater numbers of MHC supertypes (Table S2,
Fig. 1). We tested for potential sampling bias driving
the results by comparing microsatellite allele number
and allelic richness (based on a minimum sample size
of 183 diploid individuals using Fstat (Goudet 2001))
and found that there was no difference in number of
alleles between adults and offspring (t=−0.14, df=31.9,
p=0.89), nor in allelic richness (t=−0.47, df=31.4, p=
0.64). In effect, offspring and adults had the same set of
microsatellite alleles, but offspring had more heterozy-
gous genotypes.

Microsatellite heterozygosity and MHC diversity were not
correlated (log alleles: Spearman’s r=0.037, p=0.73; log
supertypes: Spearman’s r=−0.094, p=0.39;N=87).We found
evidence of heterozygosity correlations among our 17 micro-
satellite markers in offspring (g2=0.003, SD=0.001,
p<0.001,N=502, populations=10, the p value was calculated
across populations using the weighted Z test (Whitlock 2005))
but not in adults (g2=0.002, SD=0.002, p=0.11, N=201).

Direct benefits

Approximately one third of the nests in this study (34 %) had
at least one unhatched egg, and females did not appear to be
insuring fertilizations by engaging in EPC, as nests with EPO
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were not more likely to have unhatched eggs (χ2=0.013, df=
1, p=0.91, N=59).

Cuckoldry and extra-pair young

The probability of being cuckolded increased with lower body
condition but was not associatedwith genetic traits (number of
MHC alleles/supertypes, their quadratic relationships, and
microsatellite heterozygosity), which had effect size confi-
dence intervals that included zero (Table S3). The likelihood
of obtaining extra-pair young was related to the interaction
between microsatellite heterozygosity and sex; specifically,
males with higher heterozygosity were more likely to have
extra-pair offspring, while females had the opposite trend
(Fig. 2a; Table S4). Other traits all had confidence intervals
that included zero.

Social and genetic vs. random mates

Social pair males did not differ from a random sampling of the
male population for either MHC or heterozygosity (Table S5)
based on permutation tests. In contrast, extra-pair males had
higher heterozygosity than random males but did not differ in
complementarity levels or in MHC diversity (Table S5, Fig. 2b).

Comparisons between extra-pair and within-pair males

Cuckolders did not differ from cuckoldees in paired genetic
comparisons (Table S6, Fig. 2c). In contrast, females had
significantly less microsatellite heterozygosity than their ge-
netic and social mates (Table S7, Fig. 2c), and fewer numbers
of MHC supertypes than their genetic mates (Table S7), but
did not differ in number of MHC alleles (Table S7). Female
heterozygosity and number of MHC alleles/supertypes were
not significantly correlated with their social (Het: Spearman’s
r=−0.002, p=0.99, N=22; alleles: Spearman’s r=0.248, p=
0.20, N=28; supertypes: Spearman’s r=−0.17, p=0.38, N=
28) or genetic mates’ (Het: Spearman’s r=0.520, p=0.15, N=
10; alleles: Spearman’s r=−0.133, p=0.76, N=10;
supertypes: Spearman’s r=0.423, p=0.22, N=10), indicating
little evidence for assortative mating.

Genetic variation between extra-pair offspring
and within-pair offspring

In paired T and WSR tests with Monte Carlo methods, EPO
did not differ significantly from WPO in number of MHC
alleles (Z=0.597, p=0.58) or number of supertypes (Z=1.43,
p=0.15, for bothN=15 nests) or Het (t=−0.56, p=0.58,N=28
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Fig. 1 Frequency distributions of
microsatellite heterozygosity and
MHC supertypes between adults
and offspring. Distributions
between adults and offspring are
significantly different by Mann-
Whitney U tests pooled across
years for microsatellite
heterozygosity (p=0.001) (a) and
for MHC supertypes (p=0.04)
(b). Dashed lines indicate mean
values for offspring and adults
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nests). However, the variance in the number of MHC alleles
was significantly smaller for EPO than for WPO (Levene
statistic=3.79, df=1,73, p=0.036), but not the variance in
supertypes (Levene statistic=0.52, df=1,73, p=0.48), sug-
gesting that females may try to optimize offspring MHC
allelic diversity through extra-pair copulations. Chi-squared
tests for all 18 supertypes between EPO and WPO were
nonsignificant (for all: df=1,75; p>0.1).

Maternal and paternal Het were not significantly as-
sociated with Het of within-pair or extra-pair offspring
(Table 1). Similarly, linear regression analysis showed
that the difference between EPO and WPO Het was not
associated with maternal Het, suggesting female hetero-
zygosity does not influence the genetic benefits received
from extra-pair copulations (β=−0.23, p=0.26, N=26,
Fig. 3).

Fig. 2 Microsatellite
heterozygosity predicts the
outcome of extra-pair copulations
in scarlet rosefinches. The
probability of having extra-pair
offspring (EPO) significantly
increases for males but decreases
for females as neutral
heterozygosity increases (a).
Males successful at obtaining
extra-pair paternity (genetic
males) had significantly higher
heterozygosity than randomly
sampledmales (b). The size of the
data points is relative to sampled
individuals. Dashed lines define
the 95 % confidence interval
around the mean, and the solid
line is the observed genetic male
heterozygosity value. Genetic
males also had higher mean
heterozygosity than their mates
(c). Boxplots depict median, first
and third quartiles, and 95 %
confidence interval of median
heterozygosity

Table 1 Offspring∼parent mixed-model correlations of heterozygosity

Offspring∼parent
relationship

Estimate SE df F p value N offspring

wpo.m 0.15 0.13 1,25 1.41 0.25 73

epo.m 0.13 0.18 1,25 0.51 0.48 53

o.m 0.06 0.11 1,25 0.22 0.64 126

o.sm 0.09 0.11 1,22 0.61 0.44 72

o.gm 0.17 0.18 1,15 0.9 0.36 48

Parent ID was added as a random factor to control for pseudoreplication
among offspring

wpo.m within-pair offspr ing∼maternal , epo.m ext ra-pai r
offspring∼maternal, o.m offspring∼maternal, o.sm offsrping∼social male,
o.gm offspring∼genetic male, SE standard error, N sample size
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Discussion

The scarlet rosefinch population studied here provided evi-
dence that heterozygosity and MHC diversity are important
for pairing and that these effects may translate into greater
genetic variation in offspring. Females with low microsatellite
heterozygosity were more likely to have extra-pair offspring
whereas males with high heterozygosity were more likely to
have extra-pair offspring. In addition, there was no evidence
of disassortative pairing with respect to genetic similarity, yet
offspring had significantly greater adaptive and neutral genet-
ic diversity than the adult population. While results support
the “good-genes-as-heterozygosity” hypothesis more than
complementary or additive effects good genes hypotheses,
evidence for female mate choice for genetic benefits is
equivocal.

Interestingly, both social and genetic mates tended to be
more heterozygous than the females with whom they copulat-
ed, but there was no evidence of positive (or negative) assor-
tative mating. Instead, females with lower heterozygosity
were more likely to have extra-pair offspring in general.
These results can be interpreted in two nonexclusive ways:
(1) conditional female-driven mate choice or (2) male-driven
extra-pair mating.

Conditional female-driven mate choice is expected if fe-
males of lower genetic quality have more to gain through
extra-pair copulations by enabling a relatively higher increase

in offspring beneficial alleles or masking of deleterious alleles.
Theoretical, experimental, and empirical studies have demon-
strated directional preference for heterozygous males to be
contingent on the genotype of the chooser (Rubenstein 2007;
Fromhage et al. 2009; García-Navas et al. 2009; Ilmonen et al.
2009), but mate choice for nonadditive benefits must show
that parent-offspring heterozygosity is positively correlated
and that offspring fitness increases with heterozygosity
(Fromhage et al. 2009). Our study found no evidence of
positive parent-offspring heterozygosity correlations, and the
mean genetic diversity of extra-pair offspring did not differ
from that of within-pair offspring. However, the variance of
the number of MHC alleles for EPO was significantly less
than the variance for WPO, which may either suggest a target
of optimal MHC diversity for EPO garnered by mating with
extra-pair males with the “right” number of alleles (Reusch
et al. 2001) or of higher EPO MHC diversity as the result of
mating with more diverse extra-pair males. While we found
that females had less MHC supertype diversity than their
genetic, but not social, males, the two possible targets are
nonexclusive as the optimalMHC diversity for fitness benefits
may be higher than the population average. As scarlet
rosefinches are migratory and offspring are never recaptured
the next season, we unfortunately have no offspring survival
or fitness data to test this further.

Alternatively, if EPCs are male driven and do not benefit
females, we would expect lower-quality females to be less
capable of resisting EPCs or more likely to be fertilized by
more heterozygous males (Griffith 2007). This result would
be consistent with a meta-analysis by Arnqvist and
Kirkpatrick (2005) who found that EPC does not benefit
females in terms of better progeny quality but disadvantages
females in terms of lower investment of social mates in
offspring. It still remains unclear whether EPC is male or
female driven in birds (Eliassen and Kokko 2008), and the
situation likely differs between species.

We found strong evidence that higher heterozygosity in-
creased males’ chances of acquiring extra-pair paternity, and
successful cuckolders had higher heterozygosity than random
males in the population. Additionally, cuckolded males had
lower body condition and were previously shown to have
duller plumage (Albrecht et al. 2009). This suggests that more
heterozygous males are those more able to invest in costly and
condition-dependent secondary sexual traits (Van Oosterhout
et al. 2003; Tomkins et al. 2004; Reid et al. 2005; Herdegen
et al. 2014) and may have greater competitive ability in
acquiring extra-pair copulations, though behavioral data is
needed to verify this as genetic data can only document
fertilization success (Westneat and Stewart 2003).
Additionally, more heterozygous males may be more likely
to achieve EP fertilizations. In support of the prediction of
differential fertilization success, recent studies have provided
evidence that reduced heterozygosity impairs mammalian

Fig. 3 Association between extra-pair and within-pair microsatellite
heterozygosity difference and maternal heterozygosity. EPO are not sig-
nificantly more heterozygous than their siblings for any level of maternal
heterozygosity. Dashed line indicates no difference between extra-pair
and within-pair offspring, solid line is the best-fit line of the linear
regression model, and grey shading depicts the 95 % CI of the predicted
mean

Behav Ecol Sociobiol



sperm quality (Gage et al. 2006; Fitzpatrick and Evans 2009)
and sperm competitive ability decreases in highly inbred
guppies (Poecilia reticulata) (Zajitschek et al. 2009).
However, these studies focused on highly inbred populations,
and there is no evidence for this degree of inbreeding in our
rosefinch population.

We found no support for the complementary genes hypoth-
esis, as we did not observe fewer shared alleles or supertypes
among pairs or relatedness-based pairings. The good-genes-
as-heterozygosity hypothesis was supported—although we
found no MHC differences between social and genetic males,
we did observe that females had fewer supertypes than their
extra-pair mates and that offspring across years tended to have
more supertypes than adults. This is in line with a previous
study with a one-third larger sample size that found that males
with lower MHC allelic diversity were more likely to be
cuckolded (Promerová et al. 2011). The current study found
the same direction of results (Table S3) but also included
greater coverage of MHC allelic diversity and utilized func-
tional sequence variation (supertypes), which may have in-
creased the variance in MHC diversity across males and
reduced the strength of previously found associations.
Similar to our results, Seychelles warblers (Acrocephalus
sechellensis) appear to have MHC-dependent EPP that would
increase offspring MHC diversity (Richardson et al. 2005),
and it was experimentally demonstrated that female house
sparrows (Passer domesticus) prefer males with relatively
higher MHC class I diversity than themselves (Griggio et al.
2011). Still, differentMHC genes than the ones measured here
(e.g., class II) may have stronger ties to fitness components
(Agudo et al. 2012), specific resistance alleles may matter
more than MHC diversity (Westerdahl et al. 2012), or the
MHC may have interactions with immunity, condition, and
plumage that impact extra-pair copulation success (Bollmer
et al. 2012; Strandh et al. 2012).

In contrast to the limited evidence for MHC class I-
mediated mate choice, we found very strong effects of global
heterozygosity, supporting the heterozygote advantage hy-
pothesis. We found that females tended to be less heterozy-
gous than the social or genetic males they paired with, which
might be indicative of heterozygosity-mediated mate choice to
increase offspring genetic diversity as was shown for superb
starlings (Lamprotornis superbus) (Rubenstein 2007). This is
supported by the three times larger sample of microsatellite
genotyped individuals showing that offspring have signifi-
cantly greater heterozygosity than adults. Additionally, a sig-
nificant g2 value indicates substantial identity disequilibrium
that in this population is most likely derived from admixture
(Pavlova et al. 2005; David et al. 2007; Szulkin et al. 2010)
and/or from heterozygosity-mediated pairing.

In conclusion, we have shown that heterozygosity and
MHC diversity are important for pairing and that extra-pair
paternity is contingent on both male and female genetic

background. It appears that overall heterozygosity may be a
more sensitive indicator of genetic quality than single func-
tional genes (MHC), at least at class I. We have evaluated
whether EPC is female driven in the scarlet rosefinch and have
found limited evidence of genetic benefits for the markers
tested. Our findings underscore the need to explicitly consider
both male and female genetic backgrounds when testing
mechanisms driving the evolution of mate choice.
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