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Abstract Extra-pair paternity is common in socially
monogamous passerines; however, despite considerable
research attention, consistent differences in fitness between
within-pair offspring (WPO) and extra-pair offspring (EPO)
have not been demonstrated. Recent evidence indicates that
differences between maternal half-siblings may depend on
environmental conditions, but it is unclear whether the
influence of paternal genetic contribution should be most
apparent under comparatively poor or favourable condi-
tions. We compared phenotypic characteristics of WPO and
EPO in 30 mixed-paternity broods of the tree swallow
(Tachycineta bicolor) in relation to experimentally in-
creased nest temperature (n=13 heated nests; 17 control
nests) and natural abundance of haematophagous parasites
(Protocalliphora spp.). This allowed us to test the hypothesis
that genetic benefits of extra-pair mating are environment
dependent. EPO grew their ninth primary feathers faster
than WPO regardless of nest temperature or parasite load
and had significantly longer ninth primary feathers at
fledging when parasite abundance was low, and when they
were positioned early in the hatching sequence relative to
WPO. In contrast, WPO under similar conditions did not
differ from EPO in any phenotypic trait measured. These
results indicate that the fitness benefits of extra-pair mating
are likely to be context dependent, and that genetic effects
on some phenotypic traits may be more apparent when
conditions are relatively favourable.

Keywords Extra-pair paternity . Good genes . Context
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Introduction

Extra-pair paternity is common in socially monogamous
passerines (Petrie and Kempenaers 1998), and because
extra-pair males generally do not provide material benefits,
such as territory access or parental care, it is likely that
females seek extra-pair fertilizations to obtain indirect
benefits, such as high-quality genes for their offspring
(Griffith et al. 2002). Despite considerable research
attention, however, consistent differences in fitness between
within-pair offspring (WPO) and extra-pair offspring
(EPO) have not been demonstrated (Griffith et al. 2002).
In some species, EPO are more likely to survive (Kempe-
naers et al. 1997), fledge in a better condition (Sheldon et
al. 1997) or exhibit enhanced immune responses (Johnson
et al. 2000) relative to their within-pair nest mates. In other
species, however, no such differences have been found (e.g.
Lubjuhn et al. 1999; Whittingham and Dunn 2001; Kleven
and Lifjeld 2004). Consequently, the extent to which
female birds select extra-pair mates to obtain indirect
genetic benefits for their offspring is not known.

Genetic benefits of extra-pair mate choice should be
evident in comparisons of phenotypic characteristics of
WPO and EPO, as many traits are both heritable (Ryan
2001) and strongly correlated with future reproductive
success or survival in birds (Gebhardt-Henrich and Richner
1998; McCarty 2001). The expression of genetic variation
in phenotypic traits, however, commonly varies with
environmental conditions (e.g. Merilä 1997; Qvarnström
1999). Thus, the magnitude of phenotypic differences
between WPO and EPO that are due to paternal genetic
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contribution may depend on the conditions of the rearing
environment. Context dependence of genetic benefits of
mate choice has been demonstrated in a range of taxa,
including invertebrates, amphibians and birds (Jia et al.
2000; Welch 2003; Schmoll et al. 2005). To our knowl-
edge, however, only one study has considered context
dependence in comparisons of WPO and EPO of socially
monogamous birds (Schmoll et al. 2005), and it is unclear
whether context-dependent genetic benefits of mate choice
should be more evident in low or high stress environments
(e.g. Welch 2003; Schmoll et al. 2005). Hence, consideration
of genotype-environment interactions may be necessary to
identify genetic benefits of extra-pair mating in socially
monogamous birds and to determine the range of environ-
mental conditions, under which selection for extra-pair mate
choice by females may be maintained in natural populations.

We compared phenotypic characteristics of maternal
half-siblings in 30 mixed-paternity broods of tree swallows
(Tachycineta bicolor) exposed to varying environmental
conditions. We tested the effects of experimentally in-
creased nest temperature, as well as the naturally occurring
abundance of Protocalliphora spp., on relative performance
of WPO and EPO, as measured by growth and size at
fledging. Experimentally heating nests has been shown to
enhance growth and size at fledging for mass and ninth
primary feathers in tree swallows (Dawson et al. 2005a).
This enhanced growth of chicks in heated nests appears to
be due to a reduction in thermoregulation costs, allowing
greater allocation of resources to growth compared to
chicks in unheated nests (Dawson et al. 2005a). In addition,
nest-dwelling ectoparasitic haematophagous blow fly
(Protocalliphora spp.) larvae have significant negative
impacts on nestling survival and condition at fledging in a
range of bird species, including cavity nesters (e.g. Merino
and Potti 1996; O’Brien et al. 2001). If female tree
swallows engage in extra-pair mating to obtain genetic
benefits for their offspring and these benefits are context-
dependent, we predict that the performance of EPO relative
to their within-pair half-siblings will depend on the level of
thermal stress or parasite infestation to which nestlings are
exposed.

Materials and methods

Study area and study species

We studied tree swallows breeding in nest boxes near
Prince George, BC, Canada (53°N, 123°W) from May to
August 2004. The site contained 154 nest boxes mounted
on fence posts and placed approximately 25 m apart. The
study area consists of open agricultural fields mixed with
patches of coniferous and deciduous forest, as well as many

small wetlands, and is located in a region characterized by a
temperate climate, with cool summer temperatures.

Tree swallows are small, migratory, socially monoga-
mous passerines (Robertson et al. 1992) that exhibit among
the highest rates of extra-pair paternity identified in birds:
extra-pair young have been detected in up to 90% of
broods, with as many as 69% of all offspring resulting from
extra-pair fertilizations (Barber et al. 1996; Conrad et al.
2001; Whittingham and Dunn 2001). Females do not gain
direct benefits from extra-pair mates, yet no consistent
indirect benefits of extra-pair mating, in terms of offspring
quality or survival, have been identified in this species
(Whittingham and Dunn 2001; Whittingham et al. 2003).

Field and experimental methods

Beginning in May, we visited nests every 2 days to
determine clutch initiation date and clutch size. Near
expected hatch dates, nests were visited every day to
determine date of hatch. Adults were captured in nest boxes
with a swing-door trap. We banded adults and 14-day-old
nestlings with standard aluminium leg bands and collected
blood samples (approximately 50 μl) by puncturing the
brachial vein.

Nests were paired by hatching date and brood size, and
one nest from each pair was randomly assigned to either the
heating treatment or control group. Using methods de-
scribed in Dawson et al. (2005a,b), we experimentally
increased temperature of treatment nests (n=15) by install-
ing small heating pads in nests when young were 4 days old
until they were 16 days of age. These pads, which were
changed every 2 days, produced heat when the iron powder
they contained was exposed to air and oxidized. Control
nests (n=18) contained pads in which the iron powder had
been fully oxidized, so heat was not produced. Although
we did not measure nest temperatures in this study, this
heating treatment has been shown to increase nest temper-
ature by up to 10°C relative to control nests (Dawson et al.
2005a). Treatment and control nests, therefore, represented
low and high thermal stress conditions, respectively. Once
chicks had fledged, nesting material was collected from
each box and stored in sealed bags at room temperature for
14 days. We then sifted through the nesting material to
remove all pupae of Protocalliphora. This procedure has
been used to quantify parasite abundance in previous
studies of blow flies (e.g. Hurtrez-Boussès et al. 1997;
Dawson et al. 2005b), with the number of pupae represent-
ing the minimum level of infestation. Because the abun-
dance of Protocalliphora increased with brood size (see
“Results”), we used the number of pupae per nestling as a
relative measure of parasite load in each nest.

Parents may have responded to the nest temperature
manipulation or the relative abundance of nest-dwelling
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ectoparasites by adjusting provisioning rates (Tripet and
Richner 1997), which could directly influence nestling
performance. We measured parental provisioning rates by
placing a digital recorder and small microphone in nest
boxes to record begging of chicks. Recordings of at least
1 h (1.46±0.08 h SE, n=55 recordings from 33 nests) were
obtained when chicks were 12–14 days old; most nests
were recorded on more than 1 day within this interval,
which allowed us to calculate an average provisioning rate
for each nest. The number of bouts of begging accurately
represents the number of parental visits to nest boxes (E. L.
O’Brien, unpublished data), and because parent tree
swallows rarely visit nest boxes without feeding chicks
(McCarty 2002; Whittingham et al. 2003), the frequency of
parental visits is an accurate measure of the rate of food
delivery to nestlings (McCarty 2002).

We measured nestling mass, tarsus and ninth primary
feather length every 2 days from ages 4 to 16 days. When
chicks were 9 days old, we tested the T cell-mediated
immune response (CMI) by injecting 30 μl of 1 mg/ml
phytohaemagglutinin-P (Sigma) in phosphate buffered
saline intradermally in the right wing web. For each
nestling, thickness of the wing web was measured four
times using a thickness gauge (nearest 0.01 mm) immedi-
ately before and 24.07 h (±0.01 SE, n=172) after injection;
the means of these four measurements were then used in all
subsequent analyses. We determined CMI as the difference
in thickness of the wing web before and after injection
(Smits et al. 1999). Growth rate constants for morpholog-
ical traits were calculated using the logistic model for
growth of mass, Gompertz model for growth of tarsus and a
linear model for growth of ninth primary. Model selection
procedures followed Dawson et al. (2005a).

Parentage analysis

Blood samples were stored in 1 ml of Queen’s lysis buffer
(Seutin et al. 1991) at 4°C. We isolated genomic DNA by
proteinase K-phenol/chloroform extraction, and DNA was
subsequently resuspended in Tris–EDTA (TE) buffer and
stored at −20°C. We used the following three microsatellite
loci for paternity analysis: HrU6 (Primmer et al. 1995),
HrU10 (Primmer et al. 1996) and IBI MP5-29 (Crossman
1996). Polymerase chain reaction (PCR) amplification was
carried out in 10-μl volumes containing 50–100 ng
genomic DNA, 100 μM deoxyribonucleotide triphosphates,
2.5–3.0 mM MgCl2, 1× PCR buffer (Invitrogen), 0.2 μM
forward (labelled) and reverse primers and 0.35 units of
Taq DNA polymerase (Invitrogen). PCR reactions were
performed using an MJ Research Peltier thermal cycler
under the following conditions: for HrU6, 1 cycle at 94°C
for 2 min, followed by 40 cycles at 94°C for 30 s, 58°C for
30 s and 72°C for 1 min and one final extension step at

72°C for 4 min. Conditions for HrU10 and IBI MP5-29
were identical except we used annealing temperatures of
59°C and 57°C, respectively. PCR products were analysed
using a Beckman-Coulter CEQ 8000 automated sequencer.

Two of the three loci were highly polymorphic (Table 1),
and the exclusion probability for all three loci (Jamieson
1994) was 0.995 with one parent known. All nestling
genotypes were compatible with maternal genotypes at IBI
MP5-29, but mismatches at either HrU6 or HrU10 occurred
in 52/216 (24%) of nestlings. In all of these cases, either
the female or the nestling was apparently homozygous at
the mismatching locus, indicating the presence of null
alleles at both HrU6 and HrU10 in this population. This
was confirmed by null allele frequency estimates generated
by Cervus 2.0 (Marshall et al. 1998), based on genotypes of
111 adults captured in 2004 (Table 1). We classified
nestlings as EPO if they did not share an allele with their
social father at minimally two of the three loci. To account
for the presence of null alleles, however, we did not include
mismatches involving nestlings who were apparent homo-
zygotes at either HrU6 or HrU10, unless their allele also
mismatched the attending female (indicating the maternal
allele failed to amplify), and the social father was
heterozygous at that locus. Out of all EPO we identified,
53/76 (70%) mismatched their social father at two loci, and
23/76 (30%) mismatched at all three loci. Nestlings that
shared an allele with their social father at two (41/141;
29%) or three (100/141; 71%) loci were considered WPO.

Statistical analysis

We used paired t-tests to compare mean values of
phenotypic traits for EPO and WPO in each nest containing
offspring of mixed paternity (30 nests; see “Results”). This
allowed us to initially determine whether EPO differed
from their maternal half-siblings across all nests. To assess
whether environmental conditions influenced relative per-
formance of half-siblings, we used analysis of covariance to
test for effects of the heating treatment as a fixed factor, and
Protocalliphora abundance (number of pupae/nestling),

Table 1 Variability of microsatellite loci for 111 adult tree swallows

Locus Number No.
alleles

Pei he ho Null
frequency

HrU6 108 55 0.839 0.919 0.833 0.046
HrU10 111 69 0.956 0.983 0.811 0.094
IBI MP5-29 111 6 0.337 0.612 0.649 0.000

Pei is the probability of exclusion with one parent (female) known, he
is the expected heterozygosity and ho is the observed heterozygosity.
The combined probability of paternal exclusion was 0.995.
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provisioning rate (feeds/hour/nestling), brood size and
hatching date as covariates, on the relative performance of
EPO and WPO. Position in the hatching sequence affects
relative nestling performance (e.g. growth or size at
fledging) in many altricial birds, including tree swallows
(Clotfelter et al. 2000), and both hatch order and asynchro-
ny can be estimated by relative body mass soon after hatch
(Clotfelter et al. 2000). To account for within-brood
phenotypic variation due to position in the hatching
sequence, we therefore included difference in mass at
day 4 (average mass of EPO − average mass of WPO) as
an additional covariate representing relative hatch order.
Thus, values >0 indicate that, on average, EPO hatched
earlier than WPO, whereas values <0 indicate that WPO
hatched earlier than EPO. Similarly, for each phenotypic
trait, we used the difference between EPO and WPO
(average EPO value–average WPO value) as the dependent
variable; thus, values >0 indicate EPO were larger or grew
faster than WPO, whereas values <0 indicate the opposite
pattern. Initial models tested all main effects and inter-
actions. Terms that were not significant (P>0.10) were then
removed by backwards stepwise elimination until only
significant terms remained, or a significant interaction was
detected. We used SPSS (Norušis 2000) software for all
analyses. Means are presented ±1 standard error (SE). All
tests were two tailed, and results were considered signifi-
cant at alpha<0.05 level.

Results

Incidence of extra-pair paternity was similar to other
populations of tree swallows. Of 40 nests included in
parentage analysis, 34 (85%) contained offspring of mixed
paternity. The average proportion of EPO in these nests was
0.43±0.04. In total, 76/216 (35%) of all offspring
genotyped were EPO. Fledging success across all nests in
the study population was relatively high: 49/64 (77%) nests
fledged at least one young, and 232/347 (67%) chicks
survived to fledging. However, EPO were not more likely
to survive than WPO (65/76, 86% EPO vs 114/141, 81%
WPO; likelihood-ratio test, G=0.77, df=1, P=0.38), nor
were they more likely to hatch first (EPO heavier at day 4=17
nests vs WPO heavier=14 nests; G=0.29, df=1, P=0.59). Of
the 33 nests included in the heating treatment, three contained
only WPO (two heated, one control) and could therefore not
be used in comparisons of maternal half-siblings. The
remaining 30 nests contained offspring of mixed paternity
(13 heated, 17 control). In these nests, extra-pair young grew
their ninth primary feathers faster than their within-pair half-
siblings (Table 2). EPO also exhibited faster growth rates of
mass, and had longer ninth primary feathers at fledging
relative to WPO, although these differences were not

statistically significant. EPO did not consistently differ from
WPO in any other phenotypic measures (Table 2).

The heating treatment did not influence provisioning
rates (heated nests: 5.7±0.7 feeds/chick, control nests: 4.7±
0.3; t=1.44, df=26, P=0.16), nor did heated nests differ
from controls in parasite abundance (heated: 6.7±1.1
Protocalliphora/nestling, controls: 9.1±1.4; t=1.25, df=
26, P=0.22). All experimental nests (heated and controls)
that contained offspring of mixed paternity were infested
with Protocalliphora (excluding one nest, for which
parasite abundance was not determined). The average
number of Protocalliphora detected was 45.6±32.2
(range, 3–122; n=29). This level of infestation is similar
to that reported in nests of tree swallows in other study
populations (e.g. Rogers et al. 1991; Dawson et al.
2005b). Nests with larger broods contained more Proto-
calliphora pupae (r=0.48, P=0.009, n=29), so all subse-
quent analyses used Protocalliphora/nestling as a covariate
representing level of parasite infestation.

The heating treatment did not affect relative nestling
performance for any phenotypic trait measured (all P>0.10),
and we suspect this was because weather conditions in the
study area during 2004 were relatively benign (unpublished
data). In the analysis of difference in length of ninth primary
at day 16, however, we detected a significant interaction
between relative hatch order and level of parasite infestation
(F1,24=12.79, P=0.002). When we considered only nests in
which EPO hatched first (difference in mass at day 4>0),
Protocalliphora abundance was a significant predictor of the
relative length of ninth primary feathers (F1,14=7.37, P=0.02;
Fig. 1). Indeed, under low to moderate levels of infestation

Table 2 Results of two-tailed paired t-tests comparing phenotypic
traits of extra-pair and within-pair offspring in mixed-paternity broods
of tree swallows

Trait Mean difference
(±SE)

t df P

Ninth primary growth
(mm/day)

0.12±0.05 2.21 28 0.04

Mass growth (g/day) 0.02±0.01 1.94 28 0.06
Tarsus growth (mm/day) 0.01±0.02 0.51 28 0.61
Ninth primary at day 16
(mm)

0.88±0.49 1.80 28 0.08

Mass at day 16 (g) 0.27±0.24 1.14 28 0.26
Tarsus at day 16 (mm) 0.02±0.06 0.36 28 0.72
T cell-mediated immune
response (mm)

0.02±0.05 0.32 24 0.75

Differences were calculated as mean value for extra-pair offspring
(EPO)—mean value for within-pair offspring (WPO) within nests;
thus, differences >0 indicate values for EPO were larger, whereas
differences <0 indicate values for WPO were larger. These
comparisons do not account for variation in environmental conditions
and, thus, are for both control and heat treatment groups combined
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(fewer than the mean of 8.0 Protocalliphora per nestling),
EPO grew their primaries longer relative to WPO (average
difference=4.61±1.02 mm; paired t-test: t=4.52, df=10, P=
0.001). There was no additional effect of degree of hatching
asynchrony (i.e. the magnitude of the difference in mass at
day 4) between EPO and WPO on relative length of ninth
primary in these nests (F1,13 =2.76, P=0.12). In contrast, in
nests where WPO hatched earlier (difference in mass at
day 4<0), neither Protocalliphora abundance (F1,8=0.54, P
=0.48; Fig. 1) nor degree of hatching asynchrony (F1,8=
2.00, P=0.20) affected relative ninth primary length. Differ-
ences between EPO and WPO in mass and tarsus at day 16,
as well as relative CMI response, were not influenced by
Protocalliphora abundance, provisioning rate or relative
hatch order (all P>0.14). Difference in tarsus growth rate
was related only to hatch order: nestlings positioned early in
the hatching sequence (i.e. heavier at day 4) grew their tarsi
faster (F1,28=11.88, P=0.002), irrespective of differences in
paternal genetic contribution. Provisioning rates (feeds/hour/
nestling) were higher in more heavily infested nests across
the entire study population (r=0.35, P=0.03, n=39),
however, provisioning rate was not a significant predictor
of relative nestling performance in any of the above analyses
(all P>0.28).

Discussion

Expression of genetic variation in phenotypic traits often
varies with environmental conditions (Qvarnström 2001),
and genetic benefits of extra-pair mate choice in socially
monogamous birds may therefore not be evident in all
environments. Our results support this hypothesis, as EPO
positioned early in the hatching sequence produced longer
flight feathers than their within-pair half-siblings in nests
that contained few parasitic blow fly larvae, whereas WPO
that hatched early did not show a similar advantage under
low parasite loads (Fig. 1). Wing length is a strong
predictor of timing of fledging in tree swallows (Michaud
and Leonard 2000) and other aerial insectivores (Martins
1997); thus, in some rearing environments, EPO may reach
fledging condition earlier than WPO. Fitness benefits of
longer flight feathers may also extend beyond the fledging
period in swallows. For example, wing length at fledging is
positively associated with probability of recruitment
(McCarty 2001), and males with longer flight feathers
attract social mates of higher quality and are more likely to
sire extra-pair young (E. L. O’Brien, unpublished data).
Finally, females who exhibit superior flight performance, a
behaviour influenced by traits such as wing length, lay
more eggs and initiate clutches earlier in the breeding
season (Bowlin and Winkler 2004). For female tree
swallows, the fitness benefits of producing EPO in some
contexts (e.g. when parasite abundance is low) may therefore
be substantial, and the context dependence of these benefits
may explain why previous studies have failed to find
significant effects (e.g. Whittingham and Dunn 2001).

For traits such as body size or growth, phenotypic
expression of genetic variation may be enhanced in
favourable environments, where nutrient limitation is
minimal (Hoffman and Merilä 1999). Studies of heritability
(Qvarnström 1999) and mate choice (Welch 2003) have
supported this prediction, and the results of our study
suggest that some genetic benefits of extra-pair mating in
socially monogamous birds may similarly be realized under
low stress conditions (i.e. low parasite load). However, the
alternative hypothesis that stressful conditions should
promote the expression of heritable phenotypic variation
(Hoffman and Merilä 1999) has also received empirical
support (e.g. Sheldon et al. 2003; Schmoll et al. 2005), and
this discrepancy suggests that selection on phenotypic
variation may not be consistently strongest under either
high- or low-stress conditions. Whether unfavourable
environments constrain or enhance expression of heritable
variation in phenotypic traits may depend on the stressor
and traits considered (see Malausa et al. 2005). For
example, high levels of parasitism may enhance expression
of genes associated with immune resistance while reducing
expression of growth-promoting loci; under these condi-
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Fig. 1 Influence of parasite (Protocalliphora spp.) abundance and
position of nestlings in the hatching sequence on the difference in
length of ninth primary at day 16 between extra-pair offspring (EPO)
and within-pair offspring (WPO) in 29 nests of tree swallows.
Differences were calculated as mean value for EPO − mean value
for WPO within nests; thus, differences >0 indicate EPO had longer
primaries at day 16, while differences <0 indicate primaries of WPO
were longer. The solid line represents the regression line for nests in
which EPO hatched earlier (difference in length of ninth primary at
day 16=6.64−0.59(number Protocalliphora/nestling); R2=0.35), while
the dotted line is the regression line for nests in which WPO hatched
earlier [difference in length of ninth primary at day 16=−1.12+0.05
(number Protocalliphora/nestling); R2=0.02]. The relationship between
parasite load and difference in length of ninth primary for nests in which
EPO hatched earlier remained significant after removal of the outlier
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tions, variation in traits such as immune response should be
more apparent and differences in body size or growth
reduced (e.g. Bize et al. 2003). For tree swallows, neither
parental provisioning rates nor manipulation of nest
microclimate affected relative performance of maternal
half-siblings (in terms of growth or size at fledging),
whereas phenotypic differences between EPO and WPO
were evident when parasite abundance was low. Because
we did not record nest temperatures in this study, we cannot
exclude the possibility that the heating treatment did not
have the desired effect on microclimate of nests. However,
this method has previously been shown to increase temper-
atures in nests of tree swallows in the same geographic area
(Dawson et al. 2005a), and we believe it is more likely that
unusually mild weather during the year of this study
(unpublished data) resulted in all nestlings experiencing
relatively low thermal stress. It is therefore possible that
abiotic factors, such as nest microclimate, can influence the
relative performance of half-siblings in some environments;
however, our results suggest that stresses due to environ-
mental factors, such as feeding conditions or nest tempera-
ture, may have less potential to influence within-brood
variation in phenotypic traits of nestlings in this species than
factors such as parasites. Future studies investigating the
fitness benefits of extra-pair paternity in socially monoga-
mous birds should therefore examine phenotypic responses
of offspring exposed to a wide range of conditions,
representing both poor and favourable environments.

Preferential allocation of limited resources to growth of
morphological traits that have high functional priority
occurs in a range of taxa, including mammals (e.g. Festa-
Bianchet et al. 2004) and birds (Ashton and Armstrong
2002; Bize et al. 2003). In aerial insectivores, allocation to
growth of wing feathers may be particularly important for
fledging (Martins 1997) and adult survival (Brown and
Brown 1998). Differences in the tendency to preferentially
allocate resources to wing growth may therefore represent
an important source of variation in nestling quality. Across
all environmental conditions and regardless of relative
hatching order, EPO of tree swallows grew wing feathers
faster than their WPO half-sibs (Table 2) and, under
favourable conditions, had considerably longer ninth
primaries at fledging (Fig. 1). This suggests that EPO had
a greater tendency to preferentially allocate resources to
wing growth than WPO in our study population. More
generally, these results highlight the potential importance of
examining heritability of resource allocation strategies, and
how these strategies influence phenotypic traits under
varying levels of resource availability.

Female birds may adjust yolk androgen investment (Gil
et al. 1999), egg or clutch size (Cunningham and Russell
2000; Parker 2003) according to the attractiveness of their
mates. Thus, phenotypic differences between WPO and

EPO may reflect differential allocation of resources among
offspring of different sires in addition to effects of paternal
genetic contribution (Sheldon 2000). We are unaware of
any evidence, however, that female birds are capable of
adjusting relative investment to specific eggs within a
clutch (see Birkhead et al. 2000) except in relation to laying
order (e.g. Saino et al. 2001). Because EPO of tree
swallows are not consistently positioned early or late in
the hatching sequence (this study; see also Whittingham et
al. 2003), differential allocation of maternal resources based
on laying order would not allow females to preferentially
invest in EPO in this species. Similarly, although male
nestlings of tree swallows are larger than their female
siblings by day 12 (Whittingham et al. 2003), EPO are not
more likely to be male (Whittingham and Dunn 2001), and
phenotypic differences between WPO and EPO can
therefore not be attributed to differences in sex allocation
according to paternity. Phenotypic differences between
maternal half-siblings are also unlikely to have resulted
from biased distribution of parental feedings: allocation of
provisioning effort among nestlings by both parents is
generally equitable in tree swallows (Leonard and Horn
1996) regardless of the presence or abundance of EPO in
the brood (Whittingham et al. 2003). It is therefore unlikely
that phenotypic differences between WPO and EPO in this
study can be attributed to differential allocation of resources
to EPO.

Expression of heritable variation in phenotypic traits
varies with environmental conditions (e.g. Merilä 1997;
Qvarnström 1999). Hence, the influence of paternal genetic
contribution on performance of WPO and EPO should not
necessarily be evident in all contexts. Results of this study
support the hypothesis that genetic benefits of extra-pair
mating by female tree swallows are environment dependent
and, contrary to the findings of Schmoll et al. (2005), these
benefits were realized under comparatively favourable
conditions (low parasite abundance). Clearly, future tests
of ‘good genes’ models of female extra-pair mate choice
should consider environmental variation in comparisons of
maternal half-sibling performance not only to identify
genetic benefits of extra-pair paternity but also to determine
the range of environmental conditions under which selec-
tion for extra-pair mate choice by females is maintained.

Acknowledgements We thank Stephen Pruett-Jones and two anon-
ymous reviewers for comments on a previous version of the
manuscript. Anita Castle and Greg Sanders granted property access,
and Dan Baxter, Pierre-Paul Bitton and Ben Schonewille provided
assistance in the field. We are grateful to Brent Murray for providing
access to lab space and equipment, as well as the UNBC molecular
genetics lab and Mary Stapleton for advice and discussions
concerning genetic analyses. Funding was provided by a Discovery
Grant to Russell D. Dawson from the Natural Sciences and
Engineering Research Council of Canada. Additional funding was
provided by the Canada Foundation for Innovation and British

780 Behav Ecol Sociobiol (2007) 61:775–782



Columbia Knowledge Development Fund. Our research protocols
were approved by the Animal Care and Use Committee of UNBC.

References

Ashton JC, Armstrong DP (2002) Facultative prioritization of wing
growth in the welcome swallow Hirundo neoxena. Ibis 144:470–
477

Barber CA, Robertson RJ, Boag PT (1996) The high frequency of
extra-pair paternity in tree swallows is not an artifact of
nestboxes. Behav Ecol Sociobiol 38:425–430

Birkhead T, Schwabl H, Burke T (2000) Testosterone and maternal
effects—integrating mechanisms and function. Trends Ecol Evol
15:86–87

Bize P, Roulin A, Bersier L-F, Pfluger D, Richner H (2003) Parasitism
and developmental plasticity in alpine swift nestlings. J Anim
Ecol 72:633–639

Bowlin MS, Winkler DW (2004) Natural variation in flight
performance is related to timing of breeding in tree swallows
(Tachycineta bicolor) in New York. Auk 121:345–353

Brown CR, Brown MB (1998) Intense natural selection on body size
and wing and tail asymmetry in cliff swallows during severe
weather. Evolution 52:1461–1475

Clotfelter ED, Whittingham LA, Dunn PO (2000) Laying order,
hatching synchrony, and nestling body mass in tree swallows
(Tachycineta bicolor). J Avian Biol 31:329–334

Conrad KF, Johnston PV, Crossman C, Kempenaers B, Robertson RJ,
Wheelwright NT, Boag PT (2001) High levels of extra-pair
paternity in an isolated low-density, island population of tree
swallows (Tachycineta bicolor). Mol Ecol 10:1301–1308

Crossman CC (1996) Single locus DNA profiling in the tree swallow
Tachycineta bicolor: a comparison of methods. MSc thesis,
Queen’s University, Canada

Cunningham EJA, Russell AF (2000) Egg investment is influenced by
male attractiveness in the mallard. Nature 404:74–77

Dawson RD, Lawrie CC, O’Brien EL (2005a) The importance of
microclimate variation in determining size, growth and survival
of avian offspring: experimental evidence from a cavity nesting
passerine. Oecologia 144:499–507

Dawson RD, Hillen KK, Whitworth TL (2005b) Effects of experimental
variation in temperature on larval densities of parasitic Protocalli-
phora (Diptera: Calliphoridae) in nests of tree swallows (Passer-
iformes: Hirundinidae). Environ Entomol 34:563–568

Festa-Bianchet M, Coltman DW, Turelli L, Jorgenson JT (2004)
Relative allocation to horn and body growth in bighorn rams
varies with resource availability. Behav Ecol 15:305–312

Gebhardt-Henrich SG, Richner H (1998) Causes of growth variation
and its consequences for fitness. In: Starck JM, Ricklefs RE (eds)
Avian growth and development. Oxford University Press,
Oxford, pp 324–339

Gil D, Graves J, Hazon N, Wells A (1999) Male attractiveness and
differential testosterone investment in zebra finch eggs. Science
286:126–128

Griffith SC, Owens IPF, Thuman KA (2002) Extra pair paternity in
birds: a review of interspecific variation and adaptive function.
Mol Ecol 11:2195–2212

Hoffman AA, Merilä J (1999) Heritable variation and evolution under
favourable and unfavourable conditions. Trends Ecol Evol
14:96–101

Hurtrez-Boussès S, de Garine-Wichatitsky M, Perret P, Blondel J,
Renaud F (1997) Variations in prevalence and intensity of blow
fly infestations in an insular Mediterranean population of blue
tits. Can J Zool 77:337–341

Jamieson A (1994) The effectiveness of using codominant poly-
morphic allelic series for (1) checking pedigrees and (2)
distinguishing full-sib pair members. Anim Genet 25:19–23

Jia F-Y, Greenfield MD, Colins RD (2000) Genetic variance of
sexually selected traits in waxmoths: maintenance by genotype ×
environment interaction. Evolution 54:953–967

Johnson A, Andersen V, Sundling C, Lifjeld JT (2000) Female
bluethroats enhance offspring immunocompetence through extra-
pair copulations. Nature 406:296–299

Kempenaers B, Verheyen GR, Dhondt AA (1997) Extrapair paternity
in the blue tit (Parus caeruleus): female choice, male character-
istics, and offspring performance. Behav Ecol 8:481–492

Kleven O, Lifjeld JT (2004) Extrapair paternity and offspring
immunocompetence in the reed bunting, Emberiza schoeniclus.
Anim Behav 68:283–289

Leonard ML, Horn AG (1996) Provisioning rules in tree swallows.
Behav Ecol Sociobiol 38:341–347

Lubjuhn T, Stronbach S, Brün J, Gerken T, Epplen JT (1999) Extra-
pair paternity in great tits (Parus major): a long term study.
Behaviour 136:1157–1172

Malausa T, Guillemaud T, Lapchin L (2005) Combining genetic
variation and phenotypic plasticity in tradeoff modelling. Oikos
110:330–338

Marshall TC, Slate J, Kruuk LEB, Pemberton JM (1998) Statistical
confidence for likelihood-based paternity inference in natural
populations. Mol Ecol 7:639–655

Martins TLF (1997) Fledging in the common swift, Apus apus:
weight-watching with a difference. Anim Behav 54:99–108

McCarty JP (2001) Variation in growth of nestling tree swallows
across multiple temporal and spatial scales. Auk 118:176–190

McCarty JP (2002) The number of visits to the nest by parents is an
accurate measure of food delivered to nestlings in tree swallows.
J Field Ornithol 73:9–14

Merilä J (1997) Expression of genetic variation in body size of the
collared flycatcher under different environmental conditions.
Evolution 51:526–536

Merino S, Potti J (1996) Weather dependent effects of nest
ectoparasites on their bird hosts. Ecography 19:107–113

Michaud T, Leonard M (2000) The role of development, parental
behavior, and nestmate competition in fledging of nestling tree
swallows. Auk 117:996–1002

Norušis MJ (2000) SPSS 11.0 Guide to data analysis. Prentice Hall,
Upper Saddle River

O’Brien EL, Morrison BL, Johnson LS (2001) Assessing the effects
of haematophagous ectoparasites on the health of nestling birds:
haematocrit vs haemoglobin levels in house wrens parasitized by
blow fly larvae. J Avian Biol 32:73–76

Parker TH (2003) Genetic benefits of mate choice separated from
differential maternal investment in red junglefowl (Gallus
gallus). Evolution 57:2157–2165

Petrie M, Kempenaers B (1998) Extra-pair paternity in birds:
explaining variation between species and populations. Trends
Ecol Evol 13:52–58

Primmer CR, Møller AP, Ellegren H (1995) Resolving genetic
relationships with microsatellite markers: a parentage testing
system for the swallow Hirundo rustica. Mol Ecol 4:493–498

Primmer CR, Møller AP, Ellegren H (1996) New microsatellites from
the pied flycatcher Ficedula hypoleuca and the swallow Hirundo
rustica genomes. Hereditas 124:281–283

Qvarnström A (1999) Genotype-by-environment interactions in the
determination of the size of a secondary sexual character in the
collared flycatcher (Ficedula albicollis). Evolution 53:1564–1572

Qvarnström A (2001) Context-dependent genetic benefits from mate
choice. Trends Ecol Evol 16:5–7

Robertson RJ, Stutchbury BJ, Cohen RR (1992) Tree swallow
(Tachycineta bicolor). In: Poole A, Stettenheim P, Gill F (eds)

Behav Ecol Sociobiol (2007) 61:775–782 781



The birds of North America, no. 11. The Academy of Natural
Sciences, Philadelphia, PA

Rogers CA, Robertson RJ, Stutchbury BJ (1991) Patterns and effects of
parasitism by Protocalliphora sialia on tree swallow nestlings. In:
Loye JE, Zuk M (eds) Bird-parasite interactions: ecology, evolution
and behaviour. Oxford University Press, Oxford, pp 123–139

Ryan PG (2001) Morphological heritability in a hybrid bunting
complex: Nesospiza at Inaccessible Island. Condor 103:429–438

Saino N, Incagli M, Martinelli R, Ambrosini R, Møller AP (2001)
Immunity, growth and begging behavior of nestling barn
swallows Hirundo rustica in relation to hatching order. J Avian
Biol 32:263–270

Schmoll T, Dietrich V, Winkell W, Epplen JT, Schurr F, Lubjuhn T
(2005) Paternal genetic effects on offspring fitness are context
dependent within the extrapair mating system of a socially
monogamous passerine. Evolution 59:645–657

Seutin G, White BN, Boag PT (1991) Preservation of avian blood and
tissue samples for DNA analyses. Can J Zool 69:82–90

Sheldon BC (2000) Differential allocation: tests, mechanisms and
implications. Trends Ecol Evol 15:397–402

Sheldon BC, Merilä J, Qvarnström A, Gustafsson L, Ellegren H
(1997) Paternal genetic contribution to offspring condition
predicted by size of male secondary sexual character. Proc R
Soc Lond B 264:297–302

Sheldon BC, Arponen H, Laurila A, Crochet P-A, Merilä J (2003)
Sire coloration influences offspring survival under predation risk
in the moorfrog. J Evol Biol 16:1288–1295

Smits JE, Bortolotti GR, Tella JL (1999) Simplifying the phytohae-
magglutinin skin-testing technique in studies of avian immuno-
competence. Funct Ecol 13:567–572

Tripet F, Richner H (1997) Host responses to ectoparasites: food
compensation by parent blue tits. Oikos 78:557–561

Welch AM (2003) Genetic benefits of a female mating preference
in grey tree frogs are context-dependent. Evolution 57:883–
893

Whittingham LA, Dunn PO (2001) Survival of extrapair and within-
pair young in tree swallows. Behav Ecol 12:496–500

Whittingham LA, Dunn PO, Clotfelter ED (2003) Parental allocation
of food to nestling tree swallows: the influence of nestling
behaviour, sex and paternity. Anim Behav 65:1203–1210

782 Behav Ecol Sociobiol (2007) 61:775–782


	Context-dependent genetic benefits of extra-pair mate choice in a socially monogamous passerine
	Abstract
	Introduction
	Materials and methods
	Study area and study species
	Field and experimental methods
	Parentage analysis
	Statistical analysis

	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


