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Why females mate with multiple males, particularly in socially monogamous species, is one of the central
unanswered questions in sexual selection and behavioural ecology. Recent theory suggests that socially
monogamous females may improve the genetic quality of their offspring by mating with extrapair males
with whom they are more genetically dissimilar (relative to their social mates), because decreased genetic
similarity between mates may lead to decreased inbreeding depression of offspring and other benefits. We
found that levels of extrapair paternity in splendid fairy-wren, Malurus splendens, broods were predicted by
genetic similarity between social mates. Females whose entire broods were sired by extrapair males were
more genetically similar to their social mates than they were to their extrapair mates, but females were no
less similar to their extrapair mates than they were to the average male from the population. Within-pair
young (WPY) from mixed-paternity broods showed higher levels of inbreeding and lower heterozygosity
than did their extrapair nestmates or WPY from broods without extrapair paternity. Several processes could
account for these patterns, including female choice of genetically dissimilar mates, differential sperm
investment by males or differential survival of embryos as a function of genetic dissimilarity between
mates, or postcopulatory processes such as sperm competition, cryptic female choice, or interactions
between sperm and ova. Regardless of the mechanism, our results suggest that female splendid fairy-wrens
may indirectly benefit from extrapair mating because it leads to lower levels of inbreeding and increased
heterozygosity in their offspring.

© 2005 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Although males can increase their fecundity by mating
with multiple partners, the same is generally not true for
females, and why females mate with multiple males
remains one of the central unanswered questions in
behavioural ecology and sexual selection (Zeh & Zeh
1996; Petrie & Kempenaers 1998; Jennions & Petrie
2000; Tregenza & Wedell 2000; Griffith et al. 2002;
Griffith & Montgomerie 2003). This is particularly true
for species in which females form social pair bonds with
males but also copulate with males outside of the social
pair (‘extrapair males’). For example, the vast majority of
birds are socially monogamous, and yet in approximately
75% of such species, females copulate with extrapair
males as well as with their social partners (Griffith et al.
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2002). This lack of concordance between genetic and
social mating systems has led to considerable research
focusing on birds as a model system for understanding the
function of extrapair copulations and multiple mating by
females in general.

Many studies have tested ‘good genes’ and Fisherian
hypotheses for extrapair mating, which predict that
females copulate with extrapair males bearing phenotypic
traits indicative of good health or attractiveness. Although
many of these studies have found support for good genes
models, many others have failed to demonstrate a clear
relationship between male phenotypic traits and extrapair
mating success (reviewed in Griffith et al. 2002), suggest-
ing that extrapair mating may sometimes occur for
reasons other than those proposed by traditional sexual
selection models. An alternative to traditional explana-
tions for extrapair mating is the proposal that females can
improve the viability of their offspring by mating with
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extrapair males with whom they are more genetically
compatible in comparison with their social mates (Zeh &
Zeh 1996; Tregenza & Wedell 2000; Blomgvist et al. 2002;
Mays & Hill 2004; Neff & Pitcher 2005). Genetic compat-
ibility between mates may provide several benefits, in-
cluding increased heterozygosity of offspring, which can
lead to a reduction in inbreeding depression or over-
dominance benefits resulting from an increase in the
variety of gene products (Brown 1997, 1999; Penn & Potts
1999; Tregenza & Wedell 2000; Neff & Pitcher 2005).
Heterozygosity (as measured by microsatellites) has been
shown to have positive effects on individual performance
in wild populations of vertebrates (e.g. Coltman et al.
1999; Amos et al. 2001; Hansson et al. 2001; Keller &
Waller 2002; Acevedo-Whitehouse et al. 2003; Foerster
et al. 2003), and may be particularly important in mate
choice by females if offspring immunocompetence is
influenced by allelic diversity or complementarity in the
major histocompatibility complex (MHC) (Penn & Potts
1999) or other loci (Johnsen et al. 2000; Reid et al. 2003).
Recently, investigators have begun to consider whether
good genes and compatibility processes may operate
simultaneously (Colegrave et al. 2002; Roberts & Gosling
2003; Mays & Hill 2004; Neff & Pitcher 2005).

Genetic similarity between mates is an important and
easily measured component of genetic compatibility (e.g.
Blomgqvist et al. 2002; Pai & Yan 2002; Marshall et al.
2003) because dissimilarity between parental haplotypes
increases the chances of heterozygosity at offspring loci.
Genetic similarity could influence reproductive patterns
through a variety of adaptive and nonadaptive mecha-
nisms. For example, females may choose mates based on
genetic dissimilarity or a correlate of dissimilarity (e.g.
Foerster et al. 2003; Marshall et al. 2003), or males may
invest sperm differentially according to the genetic dis-
similarity between themselves and potential mates. Alter-
natively, postcopulatory processes such as sperm
competition, cryptic female choice, or interactions be-
tween sperm and ova may result in a higher probability of
fertilization of eggs by genetically dissimilar sperm (e.g.
Tregenza & Wedell 2002; Pai & Yan 2002; Marshall et al.
2003) or differential survival of embryos as a function of
the genetic dissimilarity of their parents (Tregenza &
Wedell 2002). These different mechanisms can be difficult
to tease apart, and few studies have successfully identified
such mechanisms (but see Marshall et al. 2003).

Regardless of the mechanism, reproductive patterns in
relation to genetic similarity can indicate the indirect
adaptive benefits of multiple mating to females. If selection
has favoured mechanisms that enhance the probability
that offspring result from genetically dissimilar ova and
sperm, several predicted patterns should hold (Griffith et al.
2002). First, the proportion of young sired by extrapair
males should increase with increasing genetic similarity
between females and their social mates. Second, a female’s
extrapair mates should be less genetically similar to her
than is her social mate. Finally, extrapair mating should
affect relative levels of inbreeding and/or heterozygosity
between young sired by a female’s social mate (‘within-
pair young’, or WPY) and those sired by her extrapair
mates (‘extrapair young’, or EPY). Specifically, WPY from

mixed-paternity broods should show higher levels of in-
breeding and lower heterozygosity than do their EPY
nestmates or WPY from broods without extrapair paternity.

We used microsatellite genetic markers to examine
patterns of parentage in cooperatively breeding splendid
fairy-wrens, Malurus splendens, to test the hypothesis that
genetic similarity between social mates influences the level
of extrapair paternity in broods. Fairy-wrens are character-
ized by some of the highest known extrapair fertilization
rates among birds (Brooker et al. 1990; Dunn & Cockburn
1999) and up to 65% of splendid fairy-wren offspring result
from extrapair mating (Brooker et al. 1990). Moreover, in
fairy-wrens, both dispersal distances and opportunities for
social mate choice are limited (see Discussion), suggesting
that genetic similarity between social mates may be
particularly important (Foerster et al. 2003).

METHODS
Field Methods

We monitored 35 to 69 South Australian splendid fairy-
wren groups per year during the breeding seasons of 1992
through 1998 (for details, see Webster et al. 2004). Because
of drought, only two groups produced offspring during
1994, so data from that year were omitted here. Groups on
our study site consisted of a breeding female and male,
and from zero to four other nonbreeding adults (‘helpers’),
most of which were males. Virtually all adults in the study
population each year were uniquely colour-banded. Blood
samples (5-50 pl) were collected via brachial venipuncture
from adults captured in mist nets and from nestlings
between 4 and 8 days posthatching, and stored at —70°C
or in a lysis buffer until analysis. Unhatched eggs and dead
nestlings were collected and either frozen at —70°C or
macerated and stored in lysis buffer until analysis.

Microsatellite Markers

We used six hypervariable microsatellite markers to
determine paternity of offspring, estimate genetic similar-
ity between females and their reproductive partners
(Queller & Goodnight 1989), and measure level of in-
breeding (‘internal relatedness’ or IR; Amos et al. 2001)
and standardized heterozygosity (SH; Coltman et al. 1999)
of individuals (see below). Three of the six microsatellite
loci (Msp4, Msp6 and Msp10) were developed specifically
for Malurus splendens (Webster et al. 2004) and three
(Mcy3, Mcy7 and Mcy8) were available from the work by
Double et al. (1997) on superb fairy-wrens, Malurus
cyaneus. In our study population, the number of alleles
per locus for these six microsatellites ranged from 9 to 24,
and observed heterozygosities ranged from 0.635 to 0.945
(Webster et al. 2004). We used the program Cervus 1.0
(Marshall et al. 1998), which utilizes a maximum-likeli-
hood approach to assign paternity (for full details on
paternity analyses, see Webster et al. 2004). All individuals
included in our heterozygosity and genetic similarity
analyses were typed at all six loci.



Genetic Similarity, Inbreeding
and Heterozygosity

We estimated genetic similarity as pairwise relatedness
between breeding females and their mates with the pro-
gram SPAGeDi 1.0 (Hardy & Vekemans 2002) using a ‘two-
genes’ relationship coefficient, r, based on Queller &
Goodnight’s (1989) formula. This measure estimates ge-
netic similarity between two individuals based on allele
sharing, but weights the influence of alleles by their
frequency in the population; thus it provides a maxi-
mum-likelihood estimate of relatedness. We excluded
offspring when compiling individuals in the data set for
analysis of genetic similarity between adults to reduce the
problem of overrepresentation of alleles in successful
familial lineages. Mean + SE value of r between 32
mother-offspring pairs was 0.4966 + 0.0240, and did
not differ from the expected value of 0.5 (one-sample
t test: t3;7 = —0.141, P = 0.889). Relationship coefficients
were computed for each pair of adult individuals in the
population separately for each year because the coeffi-
cients are dependent on the genotypes present in the
population, and those change from year to year.

IR and SH were calculated for each individual in the
population separately for each year because these meas-
ures also are dependent on the genotypes present in the
population. IR is a modification of Queller & Goodnight’s
1, but measures similarity of parental half-genotypes
within an individual, instead of between individuals; thus
it is a measure of inbreeding (Amos et al. 2001). SH is
a measure of individual heterozygosity in which the score
at each locus is weighted by the population-wide average
heterozygosity at that locus; values are then averaged
across all loci (modified from Coltman et al. 1999). For
calculations of these measures in adults, we excluded
offspring when calculating population allele frequencies
and mean heterozygosity per locus to reduce the problem
of overrepresentation of alleles due to successful familial
lineages. We were unable to circumvent this problem
when calculating IR and mean SH for offspring, and
population heterozygosity and allele frequencies used
in offspring calculations were based on all individuals
present in the population for that year.

Level of Extrapair Paternity and Genetic
Similarity, Inbreeding and
Heterozygosity

We compared genetic similarity between females and
their social or extrapair mates among pairs that produced
only WPY, those that produced mixed-paternity broods,
and those that produced only EPY. When positive rela-
tionships were detected, we tested whether the patterns
were driven by inbreeding or heterozygosity of either the
females or the males for each of these categories of
extrapair paternity (Cordero et al. 2004). Analyses in-
volving females that produced only WPY or only EPY were
restricted to broods comprising at least two sampled
offspring to increase confidence in the designated level
of extrapair paternity (modal clutch size in our population
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was three eggs). Because including broods of two could
potentially lead to incorrect designations of brood type,
we re-ran these analyses using only broods in which at
least three nestlings were sampled. The results were quali-
tatively the same as the two-nestling analyses, and are not
reported here (analyses are available from the authors).

We included only one randomly chosen brood per
social pair in analyses of the relationship between level
of extrapair paternity and genetic similarity between
social mates. Only one randomly chosen brood per triad
(combination of female, social male and extrapair male)
was included in comparisons of social males and the
extrapair males that cuckolded them. We used one-tailed
statistical tests when comparing inbreeding and hetero-
zygosity between WPY and EPY, because the genetic
similarity hypothesis makes clear directional predictions
about those patterns. All other analyses were based on
two-tailed tests.

Genetic Similarity Between Females
and Average Males

Because each female shares a different relationship
coefficient with each male, the average similarity between
a female and all the males in the population in a given
year is unique for that female in that year. We compared
the similarity between a female and her partner (social or
extrapair male, depending on the analysis) to the average
similarity of that same female and all males in the
population in that year. For each female we also calculated
the difference between the genetic similarity to her
partner (social or extrapair) and to the average male from
the population as ((similarity between female and part-
ner) — (average similarity between female and each male)).
Only one randomly chosen brood per female-male dyad
was included in these analyses.

Male Secondary Sexual Characteristics

Splendid fairy-wrens are sexually dichromatic, and
males in breeding plumage vary substantially in the
amount of blue on the abdomen. Thus, it is possible that
females choose extrapair males based on secondary sexual
characteristics. We tested for associations between meas-
ures of reproductive success and amount of blue on the
abdomen, mass, wing length, tarsus length, tail length,
condition, cloacal protuberance volume and age. We
scored amount of blue on the abdomen as the percentage
of the area between the black breast line and the cloaca
that was composed of blue feathers. We calculated body
condition as the residuals of log(mass) regressed on
3 X log(tarsus) (Pryke et al. 2001). Cloacal protuberance
(CP) volume, which is positively related to number of
stored sperm in males (Tuttle et al. 1996), was calculated as
T X (D/2 X W/2) X L, where D = CP depth, W = width,
and L = length (Tuttle et al. 1996). Adult birds were
categorized as 1 year old (i.e. hatched during the previous
breeding season) or 2 or more years old.

We used stepwise logistic regression to identify male
characteristics that could predict social status (i.e. breeder
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versus auxiliary, reflecting territory ownership and primary
access to the breeding female within the territory; Webster
et al. 2004), and whether or not a male sired WPY, EPY, or
any offspring at all within a breeding season. We did not
attempt to capture and measure every male in the
population during each year of the study, yet some males
were caught in more than 1 year. Not all characters were
measured each time a male was captured. To avoid
pseudoreplication, we included only measurements from
a single breeding season for each male (values were ave-
raged when a male was caught more than once within
a breeding season). If a male was represented by multiple
records, we included the record that contained the great-
est number of measured characters, with intentional
biases towards including those records in which amount
of blue on the abdomen was measured and towards
including the most recent record available for each male.

The logistic regression procedure ignores entire records
for which data are missing for one or more variables.
Because we lacked data for one or more characters for
many males, inclusion of all the male traits in the variable
pools resulted in small sample sizes for the analyses. To
address this problem, we ran two sets of models for each
analysis. The variable pools of the initial stepwise logistic
regression models included all the morphological varia-
bles mentioned above, plus age and the interaction
between age and amount of blue on the abdomen. We
then ran subsequent models that included only those
variables that seemed potentially important according to
the initial models; we report the results of this second set
of models. This procedure substantially increased the
sample sizes for the analyses because it allowed the
inclusion of records that were missing one or more
measurements other than those that seemed important
in the initial models. Variables deemed important in
initial models were those that were selected by the initial
stepwise procedure, or those that were not selected, but
had score statistics with P values less than or equal to 0.15
at some stage in the model-building procedure. If the
interaction variable seemed important in an initial model,
then all components of that variable were made available
in the subsequent model. In addition to the logistic
regression analyses, we also tested for correlations be-
tween each of the morphological measures and SH and IR.

In separate analyses, we tested for differences in male
characteristics between social males and the extrapair
males that cuckolded them using paired  tests.

Heterozygosity and Level of Inbreeding
Between Unhatched Embryos
and Surviving Adults

We tested whether heterozygosity and level of inbreed-
ing affected hatching success by comparing these measures
between embryos that did not hatch and adult fairy-wrens.
We did not include nestlings that died prior to fledging or
juveniles that may have died prior to reaching breeding age
in this analysis to avoid confounding effects of events that
may occur after hatching but before recruitment into the
adult population. This analysis included all embryos and

all adults (i.e. birds in their second year or older) for which
we were able to amplify all six microsatellite loci. Since
adults have slightly different values of SH and IR in
different years (because these values are dependent on
allele frequencies in the year in which they are calculated),
we calculated the average of each of these values across all
years that an individual was alive in our study.

In all analyses we used parametric statistical tests when
the data met the appropriate assumptions; otherwise we
used nonparametric tests.

RESULTS

Genetic Similarity and Level of Extrapair
Paternity

Genetic similarity between females and their social
mates varied according to whether broods contained only
within-pair young, mixed paternity, or only extrapair
young (one-way ANOVA: F;;;; = 4.801, P = 0.010;
Fig. 1). Post hoc tests revealed that similarity between
females and their social mates was higher in broods in
which the social male was completely cuckolded than in
broods without extrapair young (P = 0.003) or mixed-
paternity broods (P = 0.022). This pattern did not result
from variation in level of inbreeding or heterozygosity of
either females or males among brood type categories
(females: Kruskal-Wallis test: IR: P = 0.246; SH:
P = 0.362; males: one-way ANOVA: IR: P = 0.459; SH:
P = 0.507), indicating that the pattern did indeed reflect
genetic similarity between social mates.

Social versus Extrapair Males

We found no overall difference in the genetic similarity
between females and their social mates versus females and
their extrapair mates (paired t test: t106 = 1.314,
P = 0.192). However, females that produced only EPY
were significantly less genetically similar to their extrapair
mates than they were to their social mates (paired ¢ test:
ty; = 2.376, P = 0.022; Fig. 2a). In these cases, extrapair
males also were less inbred and more heterozygous than
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Figure 1. Relationship between genetic similarity (X SE) of females
to their social mates and level of extrapair paternity.
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had moderate versus high levels of extrapair paternity.

the social males they cuckolded (paired t test: IR:
ty; = 2.060, P = 0.045; SH: t4; = —2.043, P = 0.047). Ex-
trapair and social males did not differ in genetic similarity
to the female (t53 = —0.313, P = 0.756; Fig. 2b) or in levels
of inbreeding and heterozygosity (IR: P = 0.999; SH:
P =0.903) when the analysis was restricted to mixed-
paternity broods.

Extrapair paternity was associated with genetic similar-
ity between social mates, but genetic similarity between
females and the extrapair sires of their offspring did not
vary with level of extrapair paternity. Similarity to the
female did not differ between extrapair males from mixed-
paternity broods and those from broods containing only
EPY (Student’s t test: tog = 0.583, P = 0.561; Fig. 2¢).
Moreover, a female’s similarity to her extrapair mate did
not differ from her average similarity to other males in the
population, regardless of the level of extrapair paternity in
her brood (paired f tests: mixed paternity: P = 0.494; only
EPY: P = 0.974). In contrast, females that produced EPY
tended to be more similar to their social mates than they
were to the average male (paired ¢ test: f5; = 1.98,
P = 0.052), especially when the social male was completely
cuckolded (t,g = 2.81, P = 0.009), whereas females that
produced only WPY were no more genetically similar to
their social mates than they were to the average male
(tsys = —0.27, P = 0.792). Thus, the difference between
female similarity to her social mate and the average male
varied with level of extrapair paternity (one-way ANOVA:
Fz,111 = 4.999, P = 0.008; Fig. 3a). Post hoc tests revealed
that the difference was greater in broods with complete
cuckoldry than in broods without cuckoldry (P = 0.003)
or mixed-paternity broods (P = 0.010). However, the
difference between female similarity to her extrapair mate
and the average male did not vary with the level of
paternity (Student’s t test: fog = 0.391, P = 0.696; Fig. 3b).

Male Morphology

Stepwise logistic regression analyses indicated that both
age and the interaction of age and amount of blue on the

abdomen significantly predicted male breeding status
(Table 1). Older males, and younger males that had bluer
abdomens, were more likely to hold breeder status (as
opposed to auxiliary status) than were younger males that
were not very blue. Amount of blue on the abdomen also
was a weak predictor of whether a male sired EPY within a
breeding season (Table 1). Thus, amount of blue on the
abdomen is to some degree associated with mating success
and may serve as a sexual signal (but see Discussion). Only
cloacal protuberance volume predicted whether a male
sired any offspring at all during a breeding season, but the
relationship was weak (Table 1). None of the variables we
measured predicted whether a male sired WPY. None of
the morphological variables we measured was significantly
correlated with either SH or IR (percentage of blue on
abdomen: SH: rg=0.036, P=0.704, N=117; IR:
rg = 0.022, P=0.811, N= 117; mass: SH: rg = 0.067,
P=0383, N=173; IR: rs=-0.072, P =0.348,
N =173; wing length: SH: rs=0.013, P = 0.875,
N =154; IR: rs = —0.024, P = 0.764, N = 154; tarsus

length: SH: rg= —-0.057, P =0.480, N =154; IR:
rs = 0.046, P =0.572, N =154; tail length: SH:
rs = —0.006, P =0.945, N =145, IR: rs=0.006,
P =0.939, N =145; body condition: SH: rs = 0.051,
P=0.540, N=144; IR: rs=-0.041, P =0.622,

N = 144; cloacal protuberance volume: SH: rs = —0.060,
P =0.451, N = 159; IR: rg = 0.046, P = 0.561, N = 159).

Extrapair males did not differ in morphology from the
social males they cuckolded regardless of level of extrapair
paternity (paired ¢ tests; all pairs: percentage of blue on
abdomen: P = 0.867; mass: P = 0.342; wing length:
P =0.808; tarsus length: P =0.174; tail length:
P = 0.357; body condition: P = 0.846; cloacal protuber-
ance volume: P = 0.339; only broods with complete
cuckoldry: percentage of blue on abdomen: P = 0.825;
mass: P = 0.569; wing length: P = 0.998; tarsus length:
P =0.688; tail length: P = 0.342; body condition:
P = 0.645; cloacal protuberance volume: P = 0.969), sug-
gesting that probability of siring a female’s extrapair
offspring may not be related to differences in secondary
sexual characteristics between extrapair males and the
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Figure 3. Mean =+ SE difference in genetic similarity between females and (a) their social mate versus the average male in the population and
(b) their extrapair mate versus the average male in the population for each level of extrapair paternity.

social males they cuckold. Extrapair males tended to be
younger than the males they cuckolded (Wilcoxon
matched-pairs signed-ranks test: Z = —2.14, N = 108,
P = 0.033), especially when the analysis was restricted to
broods with complete cuckoldry (Z = -2.45, N =49,
P = 0.014). However, neither IR nor SH varied with male
age category (1 year old versus 2 or more years old; IR:
t;51 = —0.85, P =0.397; SH: Mann-Whitney U test:
U= 2036, N; =41, N, =112, P = 0.284), so the effect
of age on male extrapair reproductive success does not
confound the genetic patterns we observed. Thus, al-
though unmeasured phenotypic traits may be involved
(e.g. timing of the onset of prenuptial moult, display rate,
song quality or rate, quality of structural blue plumage
rather than amount of blue), success of extrapair sires over
the social males they cuckolded cannot be attributed to
the phenotypic traits that we measured.

Consequences for Offspring

Extrapair fertilizations affected levels of inbreeding and
heterozygosity of offspring. Offspring from purely within-
pair broods (N = 157 offspring) were significantly less
inbred (Mann-Whitney U test: U = 5025, one-tailed
P =0.036) and more heterozygous (U= 4735.5, one-
tailed P = 0.008) than the WPY from mixed-paternity
broods (N =75 offspring; Fig. 4a, b). Within mixed-
paternity broods, EPY tended to be less inbred and more
heterozygous than their within-pair maternal half-sib-
lings, although the tendencies were marginally nonsignif-
icant (paired t tests on values averaged across each type of
offspring within each brood: IR: t50 = 1.382, one-tailed
P = 0.087; mean SH: tso = —1.482, one-tailed P = 0.073;
Fig. 4c, d).

Heterozygosity, Level of Inbreeding
and Egg Hatchability

Individuals that did not hatch (N = 33) did not differ
from those that were known to survive to adulthood

(N =379) in level of inbreeding (IR: unhatched eggs:
X=0.0468; adults: X=0.0303; Mann-Whitney U test:
U = 5937, P = 0.630) or heterozygosity (SH: unhatched
eggs: X=0.9711; adults: X=0.9973; Mann-Whitney U test:
U= 5666, P = 0.371).

DISCUSSION

The level of extrapair paternity in splendid fairy-wrens
increased when social mates were genetically similar, and
extrapair mating positively influenced inbreeding and
heterozygosity of offspring. These patterns might result
from females actively responding to the genotype of their
social partners when making decisions about whether to
engage in extrapair mating, or from females mating
promiscuously yet indiscriminately, with high genetic
similarity between mates decreasing fertilization success
(e.g. due to sperm competition or interactions between
sperm and ova) and/or embryo survival. Although distin-
guishing among these possibilities is difficult, our data are
compelling in that they suggest genetic similarity between
social mates affects the likelihood that a female will
produce a brood consisting solely of extrapair offspring
(or, equivalently, that a social male will sire offspring in
his brood). Other recent studies of extrapair mating in
birds have drawn similar conclusions (e.g. Kempenaers
et al. 1999; Blomgqvist et al. 2002; Foerster et al. 2003;
Freeman-Gallant et al. 2003; Marshall et al. 2003; Masters
et al. 2003), and genetic similarity may affect patterns of
paternity in other taxa as well (for reviews, see Zeh & Zeh
1996; Tregenza & Wedell 2000; Mays & Hill 2004; Neff &
Pitcher 2005).

These results support recent theoretical work on the
benefits of reproductive promiscuity in females that has
emphasized genetic compatibility as a potentially impor-
tant mechanism driving female mating patterns (e.g. Zeh
& Zeh 1996; Brown 1997, 1999; Penn & Potts 1999;
Tregenza & Wedell 2000; Colegrave et al. 2002; Reinhold
2002). By mating with males having compatible (dissim-
ilar) genotypes, females may increase the heterozygosity
or allelic diversity of their offspring, which may reduce the



Table 1. Stepwise logistic regression analysis of the relationship between male characteristics and male reproductive success in splendid fairy-wrens

Parameter statistics Model statistics

% Correct classification
(% correct in each class)

Response variable N Variable* B SE Wald df Exp(B) P R%*t %2 P Step Of Final model

Social status§ 76 Age 4.650 1.127 17.02 1 104.59 0.000 0.45 28.72 0.000 71.1 (100, 0) 84.2 (90.7, 68.2)
Age X % Blue -0.063 0.027 5.30 1 0.94 0.021
Constant -1.992 0.435 20.96 1 0.14 0.000

Sired offspring** 137 CP volume 0.007 0.003 4.14 1 1.01 0.042 0.04 4.39 0.036 59.9 (100, 0) 59.1 (89, 14.5)
Constant —1.659 0.650 6.52 1 0.19 0.011

Sired WPY** 53 Constant —0.582 0.286 4.127 1 0.56 0.042 — — — 64.2 (100, 0) —

Sired EPY** 81 % Blue 0.022 0.012 3.60 1 1.02 0.058 0.07 3.88 0.049 77.8 (100, 0) 77.8 (100, 0)
Constant —2.469 0.735 11.27 1 0.09 0.001

The models for social status, sired offspring and sired extrapair young (EPY) were based on a subset of morphological and age variables indicated to be potentially important in initial models

that included the following variables: percentage of blue on abdomen, mass, tail length, wing length, tarsus length, body condition, volume of cloacal protuberance, age, and the interaction
between age and percentage of blue on abdomen. None of the variables in the initial model for sired within-pair young (WPY) was potentially important; therefore a subsequent model was
not run. See text for further details of model construction.

*Variables in the pools: social status: age, percentage of blue on abdomen, age X percentage of blue on abdomen, cloacal protuberance (CP) volume; sired offspring: cloacal protuberance
volume, wing length; sired WPY: all morphological and age variables (see above); sired EPY: age, percentage of blue on abdomen, age X percentage of blue on abdomen.

fNagelkerke R

iInitial model run prior to the addition of variables (i.e. model with only a constant).

§Breeder versus auxiliary.

**No versus Yes.
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Figure 4. Mean =+ SE level of (a) inbreeding and (b) heterozygosity of within-pair young from broods without cuckoldry (N = 157 offspring)
and from broods with mixed paternity (N = 75 offspring). Mean + SE level of (c) inbreeding and (d) heterozygosity of within-pair and

extrapair nestmates. WPY: within-pair young; EPY: extrapair young.

deleterious effects of inbreeding depression (Keller &
Waller 2002) and/or enhance offspring immune function
(Johnsen et al. 2000; Penn et al. 2002; Reid et al. 2003).
Such a strategy could be particularly important in fairy-
wrens. Social mate choice is constrained in these species
because males from nearby territories quickly fill breeding
vacancies (Pruett-Jones & Lewis 1990) and natal dispersal
is limited (Brooker & Rowley 1995; Cockburn et al. 2003).
Both processes may lead to females frequently pairing
socially with suboptimal (genetically similar) males
(Brooker & Rowley 1995; Cockburn et al. 2003). Under
these conditions, female avoidance of mates that are
highly genetically similar may have substantial indirect
fitness consequences, and selection may strongly favour
discriminatory capabilities (either pre- or postmating) in
such systems (Foerster et al. 2003).

The differences in level of inbreeding and heterozygosity
that we observed between WPY and their EPY maternal
half-sib nestmates were not as striking as might have been
expected given the strong association of extrapair mating
and genetic similarity between social mates. Although we
observed the highest level of similarity between mates in
groups that produced only EPY, we could compare hetero-
zygosity of EPY and WPY half-sibs only in broods of mixed
parentage. Given the lower degree of similarity between
social mates producing mixed-paternity broods, we would
not expect extreme differences in heterozygosity between

EPY and WPY from such broods. Moreover, the small
number of microsatellite loci we used to compare half-sibs
in mixed-paternity broods may have limited our ability to
detect patterns at more stringent significance levels, even if
the effect of parental similarity on offspring heterozygosity
isimportant (Smith et al. 2005; for commentaries regarding
the ability of small numbers of microsatellite loci to reflect
inbreeding coefficients as derived from pedigree analysis,
see: Balloux et al. 2004; Pemberton 2004; Slate et al. 2004).
Our comparison of WPY from broods with EPY to WPY
from broods without EPY probably better reflects the
consequences of genetic similarity between mates for
offspring heterozygosity, and these results suggest that
extrapair mating by females paired to dissimilar social
mates is unnecessary if its function is to improve hetero-
zygosity of offspring. We did not find an effect of offspring
heterozygosity or inbreeding on egg hatchability, but our
sample size was somewhat limited and other studies have
found such a relationship (Bensch et al. 1994; Kempenaers
et al. 1999; Kruuk et al. 2002; Cordero et al. 2004; Hansson
2004). A better approach might be to test whether surviv-
ing offspring were more heterozygous and less inbred than
their full-sib nestmates that did not survive (see Hansson
et al. 2001), but our sample size was small and power was
too low to conduct this analysis. Nevertheless, decreased
inbreeding and increased heterozygosity have been shown
to have positive fitness benefits in a variety of vertebrates



(e.g. Coltman et al. 1999; Amos et al. 2001; Hansson et al.
2001; Keller & Waller 2002; Acevedo-Whitehouse et al.
2003; Foerster et al. 2003; Reid et al. 2003). Thus, extrapair
fertilizations by genetically dissimilar males probably have
positive indirect fitness benefits for females.

Recently, Amos et al. (2001) suggested that females
might be expected to choose mates that are maximally
dissimilar from them, rather than to simply avoid matings
with very close relatives. Results from our study do not
support this hypothesis, as females were no more dissim-
ilar to the extrapair males that sired their offspring than
they were to the average male from the population.
Moreover, for each female there were many males on
the study site with similarity coefficients much lower than
that of her extrapair mate, often in adjacent territories
(analysis not shown). These results indicate that female
discrimination among potential extrapair mates and/or
postcopulatory interactions between extrapair partners are
not strongly affected by genetic similarity in splendid
fairy-wrens.

Several hypotheses could explain these results. First,
females may actively seek extrapair matings when socially
paired with genetically similar males, but may not benefit
from mating with highly dissimilar extrapair males. For
example, if the indirect fitness benefits stemming from
genetic dissimilarity between partners peak at some in-
termediate level of similarity, or if an optimal level of
outbreeding exists, then selection may not favour females
that seek extremely dissimilar partners (Ratti et al. 1995;
Wegner et al. 2003). Under this hypothesis females could
use extrapair matings to avoid close inbreeding with
genetically similar social mates, but would not be ex-
pected to seek highly dissimilar extrapair mates (e.g.
Tregenza & Wedell 2000, 2002; cf. Chapman et al.
2003). Similarly, only very high levels of genetic similarity
between mates may affect male sperm investment or
postcopulatory mechanisms. Alternatively, females might
benefit from extrapair matings with highly dissimilar
males, but are constrained from doing so by their own
discriminatory abilities and/or the high costs of searching
out such mates. We do not know what cues females use to
assess the similarity of their social mates (or whether they
are even able to assess similarity), but discrimination
among individuals according to genetic similarity has
been demonstrated in other avian species (Petrie et al.
1999; Baglione et al. 2003), and olfaction based on MHC
has been suggested as a possible mechanism (Zelano &
Edwards 2002).

Importantly, although genetic similarity between social
mates clearly influences the likelihood of complete cuck-
oldry in our population, it does not explain the occur-
rence of mixed-paternity broods. A possible explanation is
that female response to social mate similarity may be
nonlinear; that is, the degree of extrapair paternity may
increase rapidly only when genetic similarity between
mates is high (i.e. when a female is paired with a close
relative). Alternatively, the small number (6) of micro-
satellite loci used in our study may have limited our ability
to detect subtle, but real effects of genetic similarity on
mating patterns (Balloux et al. 2004; Pemberton 2004;
Slate et al. 2004; Smith et al. 2005). Indeed, the degree of
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genetic similarity between social mates that produced
mixed-paternity broods was intermediate between that
of pairs that produced either pure within-pair or pure
extrapair broods, although post hoc tests were unable to
distinguish values associated with mixed-paternity broods
from those associated with broods lacking cuckoldry.
Nevertheless, our ability to detect highly significant
relationships in broods with complete cuckoldry using
a small number of loci suggests the effects of genetic
similarity on mating patterns in our study population are
strong (Smith et al. 2005), although it also is possible that
the microsatellite loci we used were linked to other
polymorphic loci that affect fitness (i.e. ‘local effects’;
Hansson & Westerberg 2002; Pemberton 2004). A third
alternative is that females may cue on a variety of male
characters when actively or passively ‘assessing’ extrapair
mates. Extrapair paternity in mixed-paternity broods
thus may reflect female choice or passive processes
based on criteria other than genetic dissimilarity (e.g.
display or song rate, timing of moult, etc.) and may be
better explained by good genes or Fisherian models (see
below).

Male age and secondary sexual characteristics appeared
to influence male reproductive success in our population.
However, those characters did not distinguish extrapair
males from the social males they cuckolded, suggesting
that the traits we measured are not important to females
that are actively or passively comparing potential extrap-
air males against their social mates. Moreover, the mor-
phological characters we measured were not correlated
with heterozygosity or level of inbreeding in males,
suggesting that females are unlikely to use those charac-
ters to identify particularly heterozygous males. Social
males and the extrapair males that cuckolded them were
best distinguished by their degree of similarity to the
female independent of their morphological attributes.
Together, these patterns raise the question of whether
female splendid fairy-wrens use one set of male traits (i.e.
traits that signal male quality) to assess whether males are
acceptable as mates, but use a different set of criteria
(genetic similarity) when actively or passively comparing
potential mates deemed acceptable based on the first set of
traits (Mays & Hill 2004). Recent theoretical studies
(Colegrave et al. 2002) and empirical studies of birds
(Foerster et al. 2003; Marshall et al. 2003) and mammals
(Roberts & Gosling 2003) have shown that both tradi-
tional good genes mechanisms (i.e. those in which female
preferences converge on a common set of male character-
istics) and genetic compatibility mechanisms (those in
which the preference of each female is dependent on her
own genotype and its similarity to potential mates) may
operate simultaneously within a system (reviewed in:
Mays & Hill 2004; Neff & Pitcher 2005). If this is the case
in our fairy-wren population, then female response to
variation in signal traits among the ‘acceptable’ males
when the female and her social mate are genetically
compatible could account for mixed-paternity broods.

Several studies have identified female preference for
particular traits that signal male quality in extrapair mates
(e.g. Kempenaers et al. 1992; Thusius et al. 2001; For-
stmeier et al. 2002), and some have shown that females
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may choose extrapair mates based on traits that are
correlated with male heterozygosity (Foerster et al. 2003;
Marshall et al. 2003). In these latter systems, females may
indirectly benefit from such mate choice because choosing
more heterozygous mates should lead to more heterozy-
gous offspring (Mitton et al. 1993). However, such traits
do not directly signal genetic dissimilarity between
females and potential mates, because the degree of
similarity is dependent on the genotypes of both the
female and the chosen male. Although female choice or
postcopulatory processes simultaneously based on abso-
lute (good genes) and relative (genetic compatibility)
criteria is an interesting and compelling proposition,
inferences from our data must be drawn with care.
Because of the constraints on social mate choice in
cooperatively breeding fairy-wrens (see above), the asso-
ciations between male characteristics and reproductive
success we describe may simply result from correlations
between the probability of obtaining a breeding position,
age and age-dependent morphological characteristics in
males, rather than from female choice or passive post-
copulatory mechanisms.

As originally proposed by Brooker et al. (1990), extrapair
matings for the purpose of avoiding genetically similar
males may be particularly likely in fairy-wrens and other
species in which natal dispersal and social mate choice are
limited (Pruett-Jones & Lewis 1990; Brooker & Rowley
19935; Cockburn et al. 2003; Foerster et al. 2003). Regard-
less of the underlying mechanism that leads to increased
fertilizations by genetically dissimilar social mates or
enhanced survival of their offspring, our data indicate
that extrapair mating leads to increased heterozygosity of
offspring, which potentially can yield substantial indirect
fitness benefits for females.
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