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Abstract

Models of sexual selection assume that female mating preferences are heritable and, thus,
repeatable for individual females across multiple mating episodes. Previous studies of the
repeatability of female preference have examined individuals in captivity and focused
presumably on social mate choice. However, extra-pair mating is widespread and can also
influence sexual selection. We examined the repeatability of extra-pair mating in a wild
population of tree swallows (

 

Tachycineta bicolor

 

) by experimentally inducing females to
lay two clutches in rapid succession within the same season. We found that the proportion
of extra-pair young and the number of extra-pair sires were highly repeatable for individual
females. However, the repeatability of specific extra-pair sires was low. We suggest that
this unusual pattern of mating may be due to females maximizing the heterozygosity of
their offspring.
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Introduction

 

An assumption of models of sexual selection is that female
preferences for particular male phenotypes are heritable
(Lande 1981; Kirkpatrick 1982; Pomiankowski 1988). Estimates
of heritability are often difficult to obtain and several
studies have instead examined the ‘repeatability’ of female
mate choice (Boake 1989). Repeatability combines both
genetic and environmental components of variation in a
trait or behaviour and can set an upper limit for heritability
(Falconer 1981; Dohm 2002). High repeatability is necessary
but not sufficient to show heritability for female preferences
(Boake 1989). For example, high repeatability can indicate
either high or low heritability depending on the level of
environmental variation and whether genetic variance
is additive or nonadditive (Boake 1989). However, low
repeatability generally suggests that heritability of female
preferences is also likely to be low (Boake 1989). Thus, a
first step towards examining the potential for female choice
to impact sexual selection is to measure the repeatability of
female mate choice.

Significant repeatability of female choice for particular
male phenotypes has been reported in several taxa using
mate choice experiments. These experiments typically
involve individuals in separate chambers and the amount

of time a female spends near the chamber of a particular
male is used as an indication of the female’s mating prefer-
ence. Females show repeatable preferences for male call
characteristics in African painted reed frogs (

 

Hyperolius
marmoratus

 

, Jennions 

 

et al

 

. 1995) and grasshoppers (

 

Chor-
thippus biguttulus

 

, Reinhold & Jacoby 2002). In birds, similar
experiments have reported low repeatability of female
preferences for males in zebra finches (

 

Taeniopygia guttata

 

,
Forstmeier & Birkhead 2004), but significant repeatability
of female preferences for males (comb length and chroma)
in red jungle fowl (

 

Gallus gallus

 

) at least early in the breed-
ing season (Johnsen & Zuk 1998). Several studies have
been conducted on guppies (

 

Poecilia reticulata

 

), and females
show high repeatability in their preference for the same
male (Brooks 1996), or for brighter and more colourful
males (Godin & Dugatkin 1995). However, in another test,
female guppies showed high repeatability for brighter
males when they viewed videotapes, but not when live
males were viewed through clear glass panels (Kodric-
Brown & Nicoletto 1997). The low repeatability in the live
male trials was apparently due to behavioural interactions
between the male and female that influenced the amount
of time she spent in proximity to a particular male (Kodric-
Brown & Nicoletto 1997). This suggests that behavioural
interactions between males and females, which would
normally occur under natural conditions, could constrain
the repeatability of female mating preferences. Thus, it is
difficult to use results from experiments in mate-choice
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chambers to predict the repeatability of female preference
in natural populations and its impact on sexual selection.

Under natural breeding conditions, female barn swallows
(

 

Hirundo rustica

 

) showed repeatable preferences between
years for mates with longer tails, but only when the com-
parison was made relative to other males in the breeding
colony (Møller 1994). In red-winged blackbirds (

 

Agelaius
phoeniceus

 

), females consistently paired with their previous
social mate if he returned in subsequent years, but they
showed no consistent pattern of extra-pair mating, which
may be explained by male–male competition for these mat-
ings, rather than female choice (Weatherhead 1999). Even
within a season, female choice of a social mate under
natural conditions will be difficult to study because it may
be influenced by male–male competition, arrival date or
choices of previous females (e.g. mated males are ‘unavailable’
in socially monogamous species).

Recent genetic studies of mating behaviour have revealed
that extra-pair mating is widespread, especially among
avian species (Griffith 

 

et al

 

. 2002), and can also influence
the variance in male reproductive success and the oppor-
tunity for sexual selection (Whittingham & Dunn 2005).
However, the repeatability of extra-pair mating preferences
of females has rarely been examined. The proportion of
extra-pair young in first and second broods was highly
repeatable for female coal tits (

 

Parus ater

 

, Dietrich 

 

et al

 

. 2004),
but not for female reed buntings (

 

Emberiza schoeniclus

 

, Dixon

 

et al

 

. 1994). In both cases, it remains unknown whether
female preference for the same extra-pair males was repeat-
able across broods.

Tree swallows (

 

Tachycineta bicolor

 

) offer an excellent
opportunity to study the repeatability of extra-pair mating
preferences because they have high levels of extra-pair
mating (almost 90% of broods contain extra-pair young,
Whittingham & Dunn 2005), which is primarily under
female control (Lifjeld & Robertson 1992). Furthermore,
extra-pair mating appears to have a substantial impact
on the opportunity for sexual selection in this species
(Whittingham & Dunn 2005). We studied the repeatability
of extra-pair mating among successive broods of individual
female tree swallows with respect to (i) the proportion of
extra-pair young, (ii) the number of extra-pair sires, and
(iii) the particular males that were extra-pair sires. To do
this we conducted experiments within a breeding season
in which females produced two clutches in rapid succes-
sion when the same pool of potential extra-pair males was
present.

 

Methods

 

Study area and species

 

We studied the repeatability of extra-pair paternity in broods
of tree swallows over 3 years (1997–1999) at the University

of Wisconsin-Milwaukee Field Station near Saukville,
Wisconsin (43

 

°

 

23

 

′

 

N, 88

 

°

 

01

 

′

 

W). The study area (6 ha) con-
tained 80–92 nest boxes with predator guards, located in
two grids 600 m apart (Whittingham & Dunn 2000). Within
grids, nest boxes were 40 m apart along a row and 28 m
apart on the diagonal between rows. The density of nest
boxes in these grids is similar to natural tree swallow
densities and to densities in other box-nesting populations
(Robertson & Rendell 1990). In our population, tree swallows
are socially monogamous and single brooded, although
they will renest if their clutch is lost early in the season
(Robertson 

 

et al

 

. 1992). Females build a grass cup nest inside
the nest box during late April and early May and begin
egg-laying when the nest cup is 4–6 cm deep. Females lay
one egg per day and begin incubation (14–15 days) with
the penultimate egg. Young remain in the nest for 18–22
days after hatching (Robertson 

 

et al

 

. 1992).
Adults were caught in mist nets or inside nest boxes.

They were weighed, measured and marked with a US Fish
and Wildlife Service band on the right leg and a coloured
plastic band on the left leg. Body condition was estimated
as the effect of mass after controlling for tarsus length (an
index of overall size) and date of capture in a multivariate
analysis (see below). Sex was determined by the presence
of a brood patch or cloacal protuberance and females were
classified as second-year (SY) or after second-year (ASY)
on the basis of plumage coloration (Hussell 1983). Adults
were given unique colour markings on their breast or
wings using nontoxic felt-tip markers and acrylic paint in
order to identify individuals in the field (Dunn 

 

et al

 

. 1994).
We checked nest boxes every other day during nest

building and laying to determine social pairs, laying date
and clutch size. We checked nest boxes daily starting when
the height of the nest cup reached 3 cm until clutch com-
pletion and, again, from day 13 of incubation until the
nestlings were 12 days old (day 0 = hatching). Nests were
checked during days 18–22 to determine fledging success.
Nestlings were weighed and measured (tarsus and ninth
primary length) on day 12. Blood (50 

 

µ

 

L) was collected for
parentage analysis from all adults and nestlings and stored
in lysis buffer at 4 

 

°

 

C. All unhatched eggs and dead nest-
lings were collected and tissues were frozen at 

 

−

 

20 

 

°

 

C.

 

Repeatability experiment

 

Experimental females were ASY and each female contributed
to the experiment in only one year. Each experimental
female produced two clutches in succession. When the
female completed her first clutch (determined by two
sequential days with no additional eggs) it was removed
and placed in the nest of a foster female. The removal of the
experimental female’s eggs simulated predation and
induced the female to lay a second clutch. Foster females were
part of a study of yolk hormones in which newly laid eggs
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were replaced each day with an artificial egg (Whittingham
& Schwabl 2002). Foster females and females in the
repeatability experiment were matched within 2 days
based on their clutch completion dates. All foster females
readily accepted the fostered clutch, incubated the eggs
and cared for the nestlings. As a result, for each experimental
female in the repeatability experiment we had two sequential
broods of young.

We determined whether all males resident in the nest-
box population were present during the female’s fertile
period for both first and second broods. Males were known
to have disappeared if not recorded at their nest box on
sequential daily surveys, if not observed feeding nestlings,
or if infanticide occurred at the nest (Robertson 

 

et al

 

. 1992).
Over the course of our study, 6 of 182 males (3%) disap-
peared during the extended fertile period (from 5 days
before the first egg of the first brood to the last egg of the
second brood) of the experimental females. Thus, 97% of
the resident males present during the first clutch were also
present during the second clutch, and it appeared that
experimental females had mating opportunities with the
same resident males during the fertilization periods of
both clutches.

We cannot determine if the potential pool of unsampled
male floaters or breeders in natural cavities changed
between the first and second clutches of this experiment.
However, there was a relatively short period between
clutches (mean = 6 days; see Results), and, given that
almost all males in the nest-box population were present
for both clutches, it seems unlikely that the pool of breed-
ers in natural cavities would change. We do not know if the
composition of the floater population changed during the
course of our experiment.

 

Paternity analysis

 

DNA was extracted from blood samples using a 5 

 

m

 

 salt
solution (Miller 

 

et al

 

. 1988) and from solid tissue samples
with phenol and chloroform (Hillis 

 

et al

 

. 1990). Paternity
was determined from analysis of allelic variation at eight
microsatellite loci. The microsatellite primers we used
were designed for tree swallows as well as several other
species of birds, and included HrU6, HrU7 (Primmer

 

et al

 

. 1995), IBI 5–29 (Crossman 1996), TBI-81 and TBI-104
(Stenzler 2001), Pca3 (Dawson 

 

et al

 

. 2000), LTR6 (McDonald
& Potts 1994), and Ppi2 (Martinez 

 

et al

 

. 1999). Polymerase
chain reaction (PCR) amplifications for HrU6, HrU7, IBI 5–
29, and Ppi2 contained the following reagents in a 10-

 

µ

 

L
reaction: 25–100 ng of genomic DNA, 0.5 

 

µ

 

m

 

 fluorescently
labelled forward primer, 0.5 

 

µ

 

m

 

 reverse primer, 3.0 m

 

m

 

MgCl

 

2

 

, 50 m

 

m

 

 KCl, 10 m

 

m

 

 Tris (pH 8.3), 0.8 m

 

m

 

 dNTPs
and 0.5 U 

 

Taq

 

 polymerase. PCR amplifications for TBI-81,
TBI-104, Pca3 and LTR 6 were similar except they contained
1.5 m

 

m

 

 MgCl

 

2

 

.

The thermal cycling profile for HrU6 was as follows: one
cycle of 94 

 

°

 

C for 3 min, 63 

 

°

 

C for 1 min and 72 

 

°

 

C for
1 min; followed by 34 cycles of 94 

 

°

 

C for 30 s, 63 

 

°

 

C for 40 s,
and 72 

 

°

 

C for 40 s. Thermal cycling profiles were similar
for the other loci except for the annealing temperature
(HrU7 at 57 

 

°

 

C, IBI 5–29 at 60 

 

°

 

C, Ppi2 at 55 

 

°

 

C, TBI-81 and
TBI-104 at 58 

 

°

 

C, Pca3 at 50 

 

°

 

C and LTR6 at 44 

 

°

 

C). Ampli-
fied PCR products were run on a 6% polyacrylamide gel
for 6.5 h on an ABI 373 automated sequencer. Each lane of
the gel contained a fluorescently labelled size standard
(

 

genescan

 

 500). 

 

genescan

 

 analysis and 

 

genotyper

 

 soft-
ware (PE Biosystems) were used to determine allele sizes
for each individual at each locus.

Microsatellite loci were highly polymorphic (Table 1).
The frequency of each allele was calculated for each locus
from the genotypes of all adults (

 

n

 

 = 140). The number of
alleles per locus ranged from 6 to 58 (Table 1). For each
locus we calculated the exclusion probability (

 

P

 

ei

 

, Jamieson
1994), the expected (

 

H

 

E

 

) and observed (

 

H

 

O

 

) frequency of
heterozygotes, and null alleles (r, Brookfield 1996). Hetero-
zygosity of broods was estimated from the mean of the
individual 

 

H

 

O

 

 values of all the young in both broods of a
female. The exclusion probability for each locus varied
from 0.357 to 0.875 (Table 1) and the total exclusion
probability of all loci combined (

 

P

 

et

 

) was 0.9996. Two loci
showed a deficiency of heterozygotes (HrU7 and Ppi2,
Table 1) suggesting the presence of null alleles; however,
only one family actually showed evidence of null alleles at
HrU7, and in this case we used the other seven loci to
assign paternity.

We sampled 46 experimental broods of 23 breeding
pairs and genotyped 235 young from 245 eggs (96%). We
did not obtain DNA from 10 eggs that showed no embry-
onic development. We also genotyped 97 additional males
that were resident on our study area during 1997–1999. All
young matched their putative mother at all eight loci and,

Table 1 Variability of microsatellite loci used for paternity
analyses in tree swallows (n = 140 adults). Pei is the probability of
paternal exclusion at an individual locus, HE is the expected
heterozygosity, HO is the observed heterozygosity, and r is the
frequency of null alleles. The total probability of paternal
exclusion at all loci (Pet) was 0.9996
 

 

Locus No. of alleles Pei HE HO r

HrU6 58 0.875 0.937 0.922 0.008
HrU7 7 0.433 0.671 0.597 0.044
Ppi2 11 0.357 0.579 0.475 0.065
TBI-81 14 0.787 0.895 0.881 0.008
IBI 5–29 6 0.366 0.638 0.664 0.016
LTR6 11 0.608 0.792 0.769 0.012
Pca3 13 0.503 0.686 0.679 0.004
TBI-104 12 0.640 0.804 0.806 0.001
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thus, there was no evidence of egg dumping or quasi-
parasitism. Nestlings were considered within-pair young
if they matched the putative father at all eight loci and
extra-pair young if they mismatched the putative father at
two or more loci. There were no young that mismatched
their putative father at only one locus. To assign extra-pair
sires, the paternal alleles of the extra-pair young were com-
pared to the alleles of all males in the population at all eight
loci. Extra-pair sires were assigned only when they matched
an extra-pair young at all eight loci (

 

n

 

 = 73 young). There
were eight young that matched a potential extra-pair sire at
seven loci; however, alleles were not similar in size at the
eighth locus and therefore we did not assign an extra-pair
sire. The remaining extra-pair young (

 

n

 

 = 33) mismatched
all sampled males at two or more loci.

 

Number of extra-pair sires

 

In several cases there were extra-pair young in both the
first and second nest with an unknown extra-pair sire,
because the male was never caught and genotyped. In
these cases, we attempted to determine if the extra-pair
young shared the same sire, and this information allowed
us to determine the number of different sires (sampled and
unsampled) in the first and second broods. For extra-pair
young with unknown sires we calculated genetic relatedness
between nestlings using the formula in Queller & Goodnight
(1989) as implemented in the computer program 

 

kinship

 

1.2 (Goodnight & Queller 1999). The relatedness estimates
were based on known maternal and nestling genotypes
and population allele frequencies generated from 140
unrelated adult birds at eight microsatellite loci. For each
pairwise comparison of nestlings, 

 

kinship

 

 produces a
likelihood ratio for two hypotheses. In this case the first
(primary) hypothesis was that the two extra-pair young
were full-sibs (shared the same extra-pair father), and
the second (null) hypothesis was that they were half-sibs
(shared the same mother, but different extra-pair sires). We
then used the simulation routine in 

 

kinship

 

 to perform a
significance test of the likelihood ratio for each pair of
nestlings (a high value indicates stronger support for the
primary hypothesis that extra-pair young were full-sibs).
We considered unassigned extra-pair young to be full-sibs
if their observed likelihood ratio exceeded 95% of the
simulated null hypothesis pairs.

 

Data analysis

 

To compare the proportion of extra-pair young between
the first and second broods, we used generalized logistic
models with binomial errors and logit links (McCullagh &
Nelder 1983) as implemented in the Macintosh computer
package 

 

glmstat

 

 (Beath 1997). This analysis used the
number of extra-pair young in each brood as the dependent

(response) variable and the number sampled in each brood
as the binomial denominator. The significance of predictor
variables was tested by the change in deviance (

 

∆

 

D) of the
model with and without these terms. The change in deviance
has a distribution similar to chi-square (McCullagh &
Nelder 1983). Repeatability (Lessels & Boag 1987) was
determined by calculating the intraclass correlation
coefficient (

 

r

 

I

 

; Zar 1999). All tests were two-tailed. Means
are presented 

 

±

 

 SE, and interaction terms in multivariate
analyses were nonsignificant, unless noted otherwise.

 

Results

 

Twenty-three social pairs of tree swallows produced two
broods sequentially within a season. In all cases, social
mates remained paired for both broods. First broods were
initiated in mid-May (17 May 

 

±

 

 1 day) and second broods
were initiated in late May or early June (31 May 

 

±

 

 1 day).
Clutch sizes of second broods (5.0 

 

±

 

 0.16) were smaller than
clutches of first broods (5.6 

 

±

 

 0.15; matched pairs 

 

t

 

 = 3.21,

 

n

 

 = 23, 

 

P

 

 = 0.004). Females laid the first egg of their second
clutch 6 days (

 

±

 

 0.2; range 4–8 days) after their first clutch
was transferred to the foster nest.

 

Repeatability of the proportion of extra-pair young

 

Thirty-six of 46 broods (88%) contained extra-pair young
and 114 of 235 young (49%) were extra-pair. Four females
(17%, 4/23) had all within-pair young in both broods, 15
females (65%) had extra-pair young in both broods, and
four females had extra-pair young in one brood but not the
other. Overall, females had a similar proportion of extra-
pair young in first (44 

 

±

 

 6.9%, 

 

n

 

 = 23) and second broods (51

 

±

 

 7.0%; 

 

∆

 

D = 1.5, 

 

P

 

 = 0.22) and, thus, repeatability of the
proportion of extra-pair young was high (

 

r =

 

 0.826, 

 

P

 

 = 0.004,
Fig. 1). We examined timing of laying, female body condition
and prior breeding experience (0 = none, 1 = some) of both
females and males to determine if they were associated
with consistently high or low levels of extra-pair young. In
a generalized logistic model with all of the following
predictor variables, the proportion of extra-pair young in
the first brood was not related to female body condition
(

 

∆

 

D = 1.1, 

 

P

 

 = 0.29) or year (

 

∆

 

D = 0.9, 

 

P

 

 = 0.35), but there
was a greater proportion of extra-pair young in earlier
clutches (

 

∆

 

D = 4.7, P = 0.03) and in clutches of males that
had no prior breeding experience in our study area (∆D =
7.2, P = 0.007). In contrast, there was a trend for extra-pair
paternity to be greater in clutches of females with prior
breeding experience (∆D = 2.9, P = 0.09). Despite these
trends from first broods, none of them were found among
second broods (all P > 0.1), nor among unmanipulated broods
from the same years (Dunn and Whittingham, unpublished
data). Thus, none of these variables consistently predicted
high or low levels of extra-pair young in repeated broods.
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We identified the sire of 83% (194 of 235) of all young
genotyped and 64% (73 of 114) of extra-pair young. For the
73 assigned extra-pair young we identified 29 extra-pair
sires from the males sampled in our population, and for the
41 unassigned extra-pair young we used kinship to iden-
tify 17 unsampled extra-pair sires (‘virtual’ sires). Thus, we
were able to assign paternity to all 235 young, although 41
young were assigned to ‘virtual’ sires. Based on kinship
analysis, the number of unassigned extra-pair young that
were full-sibs ranged from two to five young in each pair
of nests, and these were attributed to 14 ‘virtual’ sires.
There were three additional young that were not full sibs
with any other young in the population and they were
attributed to three additional ‘virtual’ sires.

Repeatability of the number of sires

Several males often sired young in each brood. On a per
brood basis, there was an average of 1.7 (± 0.3) extra-pair
sires in first broods, and 1.6 (± 0.3) extra-pair sires in second
broods. For 114 extra-pair young we identified 46 different
extra-pair sires (including 14 virtual sires). For individual
females, the number of extra-pair sires was highly repeatable
between first and second broods (r = 0.725, P = 0.02; Fig. 2).
In addition, most broods (43/46) had at least one young
sired by the within-pair male and, as a result, the total
number of sires averaged 2.7 (± 0.3) in first broods and 2.5
(± 0.3) in second broods. Thus, in tree swallows, a typical
brood of 5–6 young was sired by 3 different males,
including the social mate. Mean heterozygosity of broods
was related positively to the total number of sires (including
the social mate; r2 = 0.21, F1,21 = 5.55, P = 0.028). Among
broods with at least two extra-pair young, there were
typically more extra-pair sires as the number of extra-pair

young increased (Fig. 3) in both first (logistic regression:
 = 6.9, P = 0.009) and second (  = 7.8, P = 0.005) broods,

reaching an average of 3.3 sires in broods with five extra-
pair young. Among nests with multiple extra-pair young,
72% (23/32) of nests had at least two different extra-pair
sires, and every extra-pair young was sired by a different
male in 25% (8/32) of these nests.

Repeatability of specific extra-pair sires

Repeatability of specific extra-pair sires (n = 47 males) was
relatively low. Among resident males that sired extra-pair

Fig. 1 The proportion of extra-pair young in first and second
broods was highly repeatable for individual females. Line shown
is from a linear regression, but the repeatability was calculated as
the intraclass correlation coefficient (r = 0.826, P = 0.004).

 χ1
2

 χ1
2

Fig. 2 The number of extra-pair sires was highly repeatable
between first and second broods of individual females. Line shown
is from a linear regression, but the repeatability was calculated as
the intraclass correlation coefficient (r = 0.725, P = 0.02).

Fig. 3 Among broods with at least two extra-pair young, there
were more extra-pair sires as the number of extra-pair young
increased in both first (open bars; logistic regression:  = 6.9,
P = 0.009) and second (hatched bars;  = 7.8, P = 0.005) broods.
Numbers above the bars represent the number of broods.

 χ1
2

χ1
2
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young and were known to be present for both broods, just
17% (5/29) sired extra-pair young in both broods. A
similar percentage (17%, 3/17) of virtual males sired extra-
pair young in both broods, although we did not know if all
were present during both broods. Eight of 15 females had
the same extra-pair sire in both broods, which did not
differ from a 1:1 expectation (likelihood  = 0.67, P = 0.8).
Thus, it appeared that females with extra-pair young in
both broods were equally likely to mate with the same or
different extra-pair male in their second brood. It is
important to note that even when one male sired extra-pair
young in both broods, there were usually additional extra-
pair males (1.9 ± 0.52 males; range = 0–4) that sired young
in one of the broods, but not both. Thus, most females (7 of
8) that had at least one consistent extra-pair mate also had
extra-pair mates that were not consistent between broods.
The extra-pair males that sired young in both broods were
not necessarily neighbours of the female. In three of eight
cases, extra-pair sires were resident on the same grid of
nest boxes as the female, but in most cases extra-pair sires
were resident on a different grid of nest boxes than the
female (n = 2) or were virtual sires (n = 3) that were not
resident at our nest boxes.

Discussion

If female choice of extra-pair mates influences sexual
selection, then it is expected to be consistent (repeatable)
across successive breeding episodes. In this study, the
proportion of extra-pair young and the number of extra-
pair sires were consistent between successive broods;
however, the specific male that sired young in a nest was
not as consistent, as just over half of all females (8/15) had
the same extra-pair sire in both the first and second brood.
One of our most interesting discoveries is the extraordinarily
high number of extra-pair males siring young in each
brood (Fig. 3). Previous studies of tree swallows have
found that there were multiple sires in most broods (Lifjeld
et al. 1993; Kempenaers et al. 1999), but this is the first study
that has quantified the number of individual sires.
Furthermore, our results indicate that the specific male that
sired young in a nest was often not consistent between
successive nests, even though the female remained with
the same social partner and all of the same males on the
study area were potentially available as extra-pair sires.
The high level of extra-pair mating (almost 90% of broods)
and different patterns of repeatability mentioned above
allow us to make some new insights into this unusual
mating system.

Studies of the repeatability of mating success in other
systems have suggested that sexual conflict may play a role
in producing mating patterns. Sexual conflict between
males and females may constrain female choice if particu-
lar males are better at creating or exploiting opportunities

for mating. For example, in red-winged blackbirds, extra-
pair matings were not repeatable between successive years
even when the same males were present, because older
males probably controlled extra-pair matings (Weather-
head 1999). However, mating can be repeatable even in the
presence of sexual conflict. In seaweed flies (Coelopa frigida),
large males are better able to overcome female copulation
rejections than small males; however, in multiple matings,
the copulation partner of females was highly repeatable
even if he was a small male (Shuker & Day 2001), suggest-
ing that the influence of large males is somewhat limited.
Male control of mating seems unlikely in tree swallows, as
females initiate and solicit extra-pair copulations, and they
appear able to control fertilization to a large extent by
limiting copulations (Lifjeld & Robertson 1992). We cannot
completely rule out some influence of males on female
mating behaviour in tree swallows. However, if it were
strong, we would expect to find the same extra-pair males
siring young in both broods, which we did not observe in
this study.

The high repeatability of the proportion of extra-pair
young and the number of extra-pair sires suggests that
some females may be seeking benefits from extra-pair mat-
ing and that some females may be benefiting more than
others. One possible benefit of extra-pair mating is that it
increases the probability of fertilization, particularly if the
social mate is infertile. Although many nests have an
unhatched egg (37%), most of them (97%) show signs of
embryonic development (Whittingham & Dunn 2001) or
other evidence of fertilization (Kempenaers et al. 1999), so
this is an unlikely explanation for extra-pair mating in tree
swallows. Furthermore, it would not explain the large
number of different extra-pair sires in each brood.

Increasing evidence suggests that female tree swallows
gain some type of genetic benefit from extra-pair mating.
These benefits can be divided into two broad categories,
good genes and compatible genes, based on how they con-
tribute to genetic variation (Neff & Pitcher 2005): (i) good
genes are alleles that increase fitness independent of the
architecture of the rest of the genome and have additive
effects, and (ii) compatible genes are alleles that increase
fitness when in a specific genotype, such as when hetero-
zygous or when paired with a particular allele at another
locus (epistasis), and have nonadditive effects. These bene-
fits are not necessarily exclusive as females could seek males
with optimal combinations of both good genes and com-
patible genes (see Mays & Hill 2004; Neff & Pitcher 2005).

Based on the distribution of extra-pair fertilizations, ear-
lier studies of tree swallows suggested that females might
engage in extra-pair mating to obtain good genes for their
offspring (Lifjeld et al. 1993; Dunn et al. 1994). However, more
recent studies have failed to find strong support for some
of the predictions of a traditional good genes hypothesis
(Barber et al. 1998; Kempenaers et al. 1999; this study). For

 χ1
2
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example, levels of extra-pair paternity did not increase
after females re-mated with smaller males that had ori-
ginally been floaters (Barber et al. 1998). Several studies have
also been unable to find strong and consistent aspects of
male quality that correlate with extra-pair fertilization
(Dunn et al. 1994; Kempenaers et al. 1999, 2001). In terms of
repeatability, we would expect consistent fertilizations by
particular extra-pair sires if they had good genes, but that
was not the case in this study.

In contrast, the genetic compatibility hypothesis pro-
poses that offspring fitness is a function of the combination
of both maternal and paternal genes. There are several
ways in which females may attempt to produce young
with more compatible genotypes, including choosing
heterozygous mates (Brown 1997) and choosing mates that
have genotypes that are dissimilar to the female (i.e. com-
patible genes in the terminology of Mays & Hill 2004). Note
that Mays & Hill (2004) make a distinction between mate
choice for heterozygosity and compatibility, but they both
lead to more heterozygous offspring, and under the frame-
work proposed by Neff & Pitcher (2005) are considered
compatible gene effects, because they are based on inter-
actions of genes (or alleles) and result in nonadditive genetic
variation. This is important for understanding sexual
selection, because nonadditive genetic variation will not be
heritable or respond to selection. However, the behaviours
and traits that lead to multiple mating (i.e. the acquisition of
compatible genes) can be heritable and respond to selection. 

Indeed, we found that the proportion of extra-pair
young and the number of extra-pair sires was repeatable in
tree swallows. This suggests that the propensity of females
to gain extra-pair fertilizations was repeatable and, thus,
potentially heritable and available to selection. Interestingly,
some females (17%) did not have any extra-pair young in
either their first or second brood. Experimental evidence
suggests that some females do not engage in extra-pair
mating, even after given an opportunity (Lifjeld & Robertson
1992, Barber et al. 1998). It is possible that these females
were paired with social mates that already had compatible
genes and, thus, extra-pair mating might not have substan-
tially increased the fitness of these females. If so, we might
expect the young of these females to be relatively more
heterozygous than the within-pair young of females that
engaged in extra-pair mating. In fact, this seems to be
supported by a recent study of tree swallows in Ontario
(Stapleton 2005). Stapleton (2005) also found that extra-
pair young were more heterozygous than their within-pair
half-siblings in broods with both extra-pair and within-
pair young. This provides further support for the genetic
compatibility hypothesis (in the broad sense).

There is increasing evidence that females are choosing
mates that increase offspring heterozygosity or otherwise
gain compatible genes (reviewed by Tregenza & Weddell
2000; Neff & Pitcher 2005). Recent studies indicate that this

may also provide an explanation for extra-pair mating in
birds (e.g. Foerster et al. 2003; Freeman-Gallant et al. 2003;
Masters et al. 2003). Most studies of extra-pair mating have
not considered how the number of extra-pair mates affects
heterozygosity, as they often find one extra-pair sire in a
brood. For example, in blue tits (Parus caeruleus, Kempenaers
et al. 1997) and black-throated blue warblers (Dendroica
caerulescens, Webster et al. 2001), respectively, there was
one extra-pair sire in 87% and 96% of nests with multiple
extra-pair young. In contrast, in nests of tree swallows with
multiple extra-pair young, 28% (9/32) had one extra-pair
sire and 25% (8/32) of nests had every extra-pair young
sired by a different male. Thus, tree swallows are unusual
among birds in that a large number of different extra-pair
males sire young in the same brood. If extra-pair mating is
nonrandom in tree swallows with respect to genetic com-
patibility, as in other species of birds (e.g. Foerster et al.
2003; Freeman-Gallant et al. 2003; Masters et al. 2003), then
we would expect that mating with multiple extra-pair
males will increase the heterozygosity of offspring (both
within and among young). In support of this idea, we
found that average heterozygosity of the brood was related
positively to the number of sires. It remains unclear, then,
why females of other species do not have young sired by
different extra-pair males.

In summary, we found that female swallows were
repeatable in their propensity for extra-pair mating (number
of sires and proportion of young), but they were not
repeatable in their choice of specific sires. Multiple mating
of this type will increase the heterozygosity of offspring,
and may lead to greater fitness. It may be difficult or
impossible for females to assess the genetic dissimilarity
of males and their potential to increase offspring hetero-
zygosity (Mays & Hill 2004), but tree swallows may achieve
this goal by mating with an unusually large number of dif-
ferent extra-pair males. Although heterozygosity per se is
not heritable and, thus, will not affect sexual selection
directly, we have found that the behaviours that lead to
multiple mating and the acquisition of compatible genes
are repeatable, and these behaviours may respond to selection.
Thus, selection could act indirectly on mating behaviours
to increase offspring heterozygosity and fitness.
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