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Animals differ in their behaviour comparable to how humans differ in personality: individuals consistently
differ in suites of correlated traits. Relationships between ‘personality traits’ and fitness imply that person-
ality traits can evolve by means of natural selection. We studied whether animal personality is also in-
volved in sexual selection. We investigated whether exploratory behaviour (an aspect of animal
personality, ranging from ‘slow’ to ‘fast’) correlated with the occurrence of extrapair paternity (EPP) in
broods of wild great tits. We expected that EPP rates should be highest for females mated with social part-
ners of the same personality type (i.e. for sloweslow or fastefast pairs, but not other pair combinations).
We found that the likelihood of EPP was highest for these pairs. Disassortative extrapair mating with re-
spect to personality can be the consequence of several non-mutually exclusive processes. It might be
caused by adaptive mate choice, which allows assortatively paired females to produce offspring with either
more variable or more intermediate phenotypes, but it could also be the consequence of behavioural in-
compatibility between extreme behavioural phenotypes. Our findings indicate that personality differences
play a role in the mechanism behind extrapair behaviours and we therefore conclude that it is now plau-
sible that partner preference is based not only on morphological characteristics, but also on consistent
behavioural traits or personality.

� 2008 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
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Individuals in many animal species differ consistently in & Réale 2005). Sexual selection has received even less at-

suites of behavioural traits (Clark & Ehlinger 1987; Groo-
thuis & Carere 2005; Réale et al. 2007), comparable to
how humans differ in personality (John 1990). Few studies
have focused on the ecology and evolution of animal per-
sonality, although some have investigated whether natu-
ral selection acts on personality in the wild (Dingemanse
ndence: K. van Oers, Department of Animal Population Biol-
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tention, despite the fact that personality is likely to affect
mate-choice decisions and female promiscuity (Forstmeier
et al. 2004; Dingemanse & Réale 2005; Duckworth 2006;
Forstmeier 2007).

Extrapair paternity (EPP) is a common phenomenon in
many socially monogamous birds (Petrie & Kempenaers
1998; Griffith et al. 2002; Westneat & Stewart 2003).
Because in many species extrapair behaviour is mainly
female-driven (Kempenaers et al. 1992), the question
arises why females engage in extrapair interactions (Kem-
penaers & Dhondt 1993). So far the most prominently
tested hypothesis is the good-genes hypothesis, by which
females can increase the genetic quality of their offspring
by engaging in extrapair matings with males of higher (ge-
netic) quality than their social partner (Kempenaers et al.
1992; Westneat & Stewart 2003). Alternative hypotheses
include the fertility insurance hypothesis and the genetic
dy of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
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compatibility hypothesis. In the first, females engage in
extrapair behaviour to decrease the risk of having a com-
plete clutch failure when their social male is infertile
(see e.g. Krokene et al. 1998). This is, however, a scarce
event, and the frequency of azoospermia is low, but still
indicates a potential risk to females (Lifjeld et al. 2007).
The genetic compatibility hypothesis states that a female
would benefit from mating with an extrapair male when
she is able to produce thereby offspring with optimally
dissimilar alleles across many loci (Mays & Hill 2004).

Among great tits, individuals differ in an array of
correlated behavioural and physiological parameters in
both social and nonsocial contexts (Groothuis & Carere
2005). Studies have provided evidence for the existence
of behavioural profiles or personalities that are in part
genetically and in part environmentally-determined
(Groothuis & Carere 2005; van Oers et al. 2005). Previous
work on the relationship between exploratory behaviour
(ranging from slow to fast exploratory behaviour) and fit-
ness in this species (reviewed in Dingemanse & Réale
2005) suggests that variation in personality might play
a role in sexual selection. Thus, male great tits of a line ar-
tificially selected for ‘fast exploration’ (Drent et al. 2003)
displayed at higher rates towards females of the same ex-
ploration type than to females of the slow type. In con-
trast, males of the slow line showed no preference for
females of either line (Carere et al. 2000). Furthermore,
wild pairs of assortative extreme phenotypes (i.e. consist-
ing of two slow- or two fast-exploring partners) produced
offspring with the highest body mass (Both et al. 2005)
and highest recruitment rates, after winters with high
beech mast crop (Dingemanse et al. 2004). In years with
low beech mast in winter, the recruitment rates of off-
spring fledging from these pairs were lower compared to
those of offspring from other pairs (Dingemanse et al.
2004). In these poor years selection seems to be more sta-
bilizing, favouring intermediate personality types. More-
over, earlier work also suggests that pairs may maximize
their fitness by means of adaptive social mate choice: older
males of extreme phenotype tended to be mated disassor-
tatively with respect to personality type (Dingemanse
et al. 2004). In the analysed years, this pattern was present
only in males that were in at least their third calendar year
and could be caused by type-specific divorce in response
to low nest success.

Such disassortative mating may allow individuals with
extreme phenotypes to maximize their reproductive out-
put, by pairing with more genetically or behaviourally
compatible partners (see e.g. Spoon et al. 2006). Great tit
females might thereby aim to have high levels of pheno-
typic variability or produce more intermediate offspring.
The recruitment rates of different personality types de-
pend on winter conditions (Dingemanse et al. 2004), but
the selective environment that offspring will encounter
will vary in time and space in an unpredictable fashion.
Therefore, females may have the highest chance of pro-
ducing at least one offspring that survives to the next
year when they aim for producing a broad range of pheno-
types (i.e. a bet-hedging strategy; Cohen 1966). Genetic
variation in great tit personality is most likely caused by
various loci with small effects (van Oers et al. 2004,
2005), and pairs with extreme and similar personalities
will therefore produce the least variable offspring. Alterna-
tively, extreme pairs that mate disassortatively produce
intermediate heterozygous phenotypes. A phenotypic se-
lection analysis that combined 3 years of data indicated
that intermediate phenotypes would overall have the
highest fitness (Dingemanse et al. 2004). But, although
disassortative pairing might maximize fitness, many indi-
viduals with extreme phenotypes will not be paired disas-
sortatively, especially in their first breeding attempt,
because other factors (e.g. territory quality or femalee
female interactions; Drent 1983) affect social partner
choice in this species. One possibility to circumvent
such constraints of social mate choice is to engage in
extrapair matings (Birkhead et al. 1987). Hence, we may
expect the probability of having extrapair offspring
(EPO) in great tit broods to vary with both the personality
of the female and that of her social mate.

Although variation in promiscuous behaviour within
populations is common, but generally not well under-
stood (Petrie & Kempenaers 1998), to our knowledge no
studies exist that have investigated the link between
mate choice and personality in natural populations. Per-
sonality might thus explain a significant proportion of
the between-individual variation in female promiscuity.
The aim of this study was therefore to investigate the rela-
tionship between variation in personality and levels of
promiscuity in a natural population of great tits. More spe-
cifically, we tested (1) if exploratory behaviour of either
females or their social mates is a predictor of female pro-
miscuity and (2) whether extreme pairs that are mated as-
sortatively have higher probabilities of having extrapair
offspring in their broods. We show that personality differ-
ences play a role in the mechanism behind extrapair be-
haviours, implying that sexual selection plays a role in
the evolution of animal personality.
METHODS

We collected data from a nestbox population of great tits
in the study areas Westerheide and Warnsborn near
Arnhem, the Netherlands (5�500E, 52�000N) in 2003 and
2004. The study area consists of a mixed pineedeciduous
wood with about 200 nestboxes (for further details see
Dingemanse et al. 2002) and all great tits breed in these
nestboxes (only one pair has been found breeding in a nat-
ural cavity in 12 years; P. de Goede, unpublished data).
Outside the breeding season, we caught birds by means
of mist netting in a continuous captureemarkerecapture
program or by capturing the birds roosting in nestboxes
at night. Within 1.5 h of catching the birds, we trans-
ported those whose personality score had not been mea-
sured before to the laboratory. We housed them
individually in cages of 0.9 � 0.4 � 0.5 m, with a solid bot-
tom and top, solid side and rear wall, a wire-mesh front
and three perches. We provided the birds with mealworms
and ad libitum water, sunflower seeds and commercial
seed mixture.

The following morning, we measured exploratory be-
haviour using the novel environment test developed by



Table 1. Characteristics of the microsatellite markers used

Locus No. of alleles HO PE

PmaCAn1 14 0.810 0.645
PmaGAn30 9 0.667 0.419
PmaD22 16 0.866 0.755
Pma69m 10 0.728 0.464
Combined 0.973

Data are based on 865 individuals. HO is the observed heterozy-
gosity, PE the exclusion probability. Calculations were done using
CERVUS version 3.0.
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Verbeek et al. (1994). We tested individuals alone in
a sealed room (4.0 � 2.4 � 2.3 m) with five artificial trees.
We introduced the birds into the room without handling,
by darkening the cage with a curtain, opening the sliding
door and turning on the light in the test room. We used
the total number of flights (movements between trees)
and hops (movements within trees) within the first
2 min as a measure of exploratory behaviour, with faster
explorers having higher scores compared to slower ex-
plorers by definition. We corrected data for date of capture
based on the finding that behaviour changes with capture
date within individuals (following procedures outlined by
Dingemanse et al. 2002). After we had tested and weighed
all birds, they were released at the place of capture.

During the breeding season, we checked nestboxes at
least twice a week to record laying date, clutch size, start of
incubation, hatching date, brood size and fledging date.
We caught adults using spring traps when their nestlings
were approximately 10 days of age. We fitted nestlings and
unringed adults with numbered rings. We recorded body
mass (to the nearest 0.1 g using a spring balance), mea-
sured tarsus length (to the nearest 0.1 g using callipers)
from all adults and took blood samples (10 ml) from the
brachial vein. We took tarsus measurements, weight and
blood samples of the nestlings 14 days after hatching. Per-
mission for catching, behavioural testing and blood sam-
pling was granted by the Dutch legal entity: KNAW Dier
Experimenten Commissie no. CTO.03.03.
Paternity Analysis
On collection, we suspended blood in Eppendorf tubes
containing either 100 ml of EDTA (2003) or 1 ml of
Queen’s lysis (2004) buffer. We extracted DNA using
a Puregene kit (Gentra Systems, Minneapolis, Minnesota,
U.S.A.) when the blood was diluted in EDTA. When the
blood was diluted in Queen’s lysis buffer, we used a GFX
genomic blood DNA purification kit (Amersham Biosci-
ences, Buckinghamshire, U.K.) following the manufactur-
er’s protocol. To resolve the paternity of the nestlings we
used four microsatellite markers: PmaCAn1, PmaGAn30,
PmaD22 (Saladin et al. 2003) and Pma69m (Kawano
2003). PCR products were run on an ABI Prism 3100 ge-
netic analyser (Applied Biosystems, Foster City, CA, USA)
with a molecular size standard (GeneScan-500 LIZ, Ap-
plied Biosystems). We determined the sizes of the amplifi-
cation products using commercial software (Genescan and
Genotyper, Applied Biosystems).

A summary of the characteristics of the microsatellite
markers is given in Table 1. The combined exclusion prob-
abilities for all microsatellites were >0.97 for 2003 and
>0.96 for 2004. We calculated an error rate (i.e. mutation
rate), based on the assumption that all social mothers were
also the genetic mothers. The mean observed error rates
were 0.029 for both 2003 and 2004, which are comparable
to mutation rates found in other studies on passerine spe-
cies (e.g. Brohede et al. 2004). Because we did not collect
unhatched eggs (N ¼ 33 in 15 clutches), our results in-
clude only hatched chicks. We determined paternity for
99 of 102 available broods (55 in 2003, 44 in 2004; three
broods from 2003 did not amplify sufficiently well to get
enough loci working) containing 667 offspring (349 in
2003, 318 in 2004). Individuals were categorized as
within-pair young if all loci matched those of the social fa-
ther (288 in 2003 and 311 in 2004) or if we found a mis-
match with the social father in one locus, but the social
father was still the most likely father (10 in 2003 and 14
in 2004). We did this by testing all young for parentage
against their putative fathers using the Windows-based
program CERVUS version 3.0 (Marshall et al. 1998; Kali-
nowski et al. 2007). We calculated critical values using
the following parameters in CERVUS: 10 000 cycles, 98%
of loci typed, error rate 0.01%, two candidate parents. In
this way the tolerance of mismatches was set to accept
up to one mismatch. An individual was categorized as
an extrapair young if there were one or more mismatches
and CERVUS-based analyses did not recognize the social
father as the most likely father (27 in 2003 and 16 in
2004).

When an offspring was recognized as being extrapair,
we set its genotype against the genotypes of all sampled
males present in the study site in that year in CERVUS
(‘open analysis’), using the mother as ‘known parent’. We
calculated critical values using the following parameters in
CERVUS: 10 000 cycles, 98% of loci typed, error rate
0.01%, 55 (2003) or 44 (2004) candidate fathers present.
If the genotype of one candidate male showed a perfect
match and it was a more likely match than the next best
matching male, we assigned paternity to this male. Also if
there was one mismatch, the EPO was assigned to
a candidate male if this same male fathered another chick
in that nest without mismatch (parsimony). None of the
loci deviated significantly from HardyeWeinberg equilib-
rium when the genotypes of all individuals in the analysis
were included.
Statistical Analyses
We used the software packages R 2.4.0 (R Development
Core Team 2006), Statistics101 (http://www.statistics101.
net) and SPSS 14.0 (SPSS, Inc., Chicago, Illinois, U.S.A.)
for statistical analyses. All statistical tests were two-tailed.
Due to missing values for some of the data, sample sizes
vary among analyses.

To test whether the distribution of EPO in our sample
was different from random expectation, we applied a two-
step method described by Brommer et al. (2007). In the
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first step a value for s is calculated, which describes the
probability that an offspring is extrapair on the basis of
one extrapair copulation (EPC) and a model comparison
is made between the expected and the observed distribu-
tion. Rejection of the model (P > 0.05) indicates a nonran-
dom distribution of EPO. In the second step, apart from s,
m is calculated, which is the estimated mean number of
EPC per female. This model is compared to the model
with s only. A rejection of the test between these models
(P > 0.05) indicates a better fit of the brood-level model
(Brommer et al. 2007). In our data set 11 mothers and
eight social fathers raised broods in both 2003 and 2004.
We found no indication that these individuals had a con-
sistent tendency to have or not to have EPO in their
broods (Fisher’s exact test: P ¼ 0.42). Individuals that oc-
cur twice in the analyses will therefore not bias the out-
come of the analyses, because their personality score will
not change over the years (Dingemanse et al. 2002; Carere
et al. 2005), but they may fall into different categories re-
garding whether they have or do not have EPO in their
broods. Moreover, because none of these individuals had
the same partner in both years, and our unit of analysis
was a pair, we treated each pair combination as an inde-
pendent data point. The only exception to this was in
the analyses on main effects only, because males and fe-
males were treated as independent individuals. To discard
the effect of pseudoreplication, we therefore used a linear
mixed-effects model approach with ‘female’ as the ran-
dom factor, when testing the effect of female personality
score, and ‘male’ as the random factor when testing the ef-
fect of male personality score. We found no year effects in
any of our analyses, except for recruitment rate. The years
2003 and 2004 are therefore combined in all analyses.

To analyse the relationship between the probability of
having an EPO in a brood and the exploratory score we
used generalized linear models (GLM; glm in R package
stats) and generalized linear mixed models (GLMM; lmer
in R package lme4) with binomial errors and a logit link
function. We used the presence or absence of any EPO
in a brood as the dependent variable and exploratory score
of both mother and social father (linear and quadratic) as
explanatory variables. Because the probability of having
EPO in a brood might depend on the size of a brood
(Brommer et al. 2007), we used the number of offspring
in a brood as a covariate. We first fitted only exploratory
score (linear and quadratic) of either the father or the
mother as main effects to test these without any interac-
tions in the model. Based on these results, we subse-
quently fitted a full model including exploratory score of
the father (linear and quadratic) and exploratory score of
the mother (linear) as main effects and all interactions.
From this full model we generated simpler models and
used the Akaike information criterion corrected for bias
due to small sample size (AICc) to select the most parsimo-
nious model (the model that fits the data best with the
fewest parameters, i.e. with the lowest AICc; Burnham
et al. 1995). We tested the significance of explanatory vari-
ables by comparing nested models using a likelihood ratio
test (LRT). Because the proportion of extrapair young may
also vary between broods containing extrapair young, we
also repeated the above-mentioned analyses with the
proportion of offspring sired by extrapair males as the de-
pendent variable using a binomial mixed-effect model
(GLMM, lmer in R package lme4) with quasibinomial er-
rors and a logit link function. Because the results were
very similar to results based on the probability of any
EPO (i.e. none of the P values changed from significant
to nonsignificant and vice versa), we present only the re-
sults with the presence or absence of an EPO in a brood
as the dependent variable (see also the Discussion).

Because the analyses revealed a significant interaction
effect between female and male personality, and to test
specifically whether pair combinations of extreme explor-
atory behaviour (fastefast andsloweslow) were significantly
different from any other pair combination (fasteslow, slowe
fast or any combination with intermediate behaviour)
regarding the chance of having EPO in their broods, we
calculated a similarity index. Because fastefast and slowe
slow pairs have two aspects in common, the index reflects
a combination of these two attributes of a pair. First, how far
the exploratory scores of the pairmembers deviated from the
population (this sample) mean (how extreme they are) and
second, how similar these scores were among the pair
members. We transformed exploratory scores by subtracting
the mean value of all individuals from each of the individual
values. We then summed the transformed scores from both
pair membersand subsequently took the absolute values. We
used these values for analyses. Low values thereby indicate
pairs that have dissimilar and/or intermediate exploratory
scores. In contrast, pairs with both extreme and similar
exploratory scores will have high values. For example, a pair
with two extreme slow birds (uncorrected scores of 0 and 2)
will get a value of j�20 þ �18j ¼ 38 if the mean population
score is 20, and likewise a pair with two extreme fast birds (35
and 37) will get a value of j15 þ 17j ¼ 32. A pair with two
intermediate birds (scores 20 and 26) will get a value of
j0 þ 6j ¼ 6.

We used pairwise tests to compare social fathers with
extrapair fathers; a paired t test to compare exploratory
score, weight, tarsus, mean offspring survival and similar-
ity index; and a Fisher’s exact test to compare age (second
calendar year versus older) and survival until next breed-
ing season (yes or no). To compare recruitment rates of
nests with and without EPO, we used GLM with a bino-
mial error and a logit link function. We included year as
an independent variable to control for annual differences
in recruitment rate. Recruitment is thereby defined as the
proportion of young that survived until the next breeding
season.

To compare weight and size of EPO and within-pair
offspring (WPO), we ran a Monte Carlo simulation in
which the status of being either EPO or WPO was random-
ized within each nest with mixed paternity (N ¼ 24). We
did this because there were far more WPO compared to
EPO within each nest. The mean weights or sizes of chicks
assigned as EPO and WPO were calculated. To get a pairwise
character we subtracted these values from each other per
nest. The test value was the mean of these differences. We
repeated this procedure 10 000 times, giving 10 000 values.
We then compared the observed t value derived from the
pairwise t test of the means of the EPO and the WPO with
the distribution of the simulated t values, giving the
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P value. To compare the recruitment rate of EPO and WPO,
we ran the same procedure, but used a Fisher’s exact test to
calculate the P value.
RESULTS
Extrapair Paternity
35

40
Paternity analysis revealed moderate levels of EPP.
Twenty-five of the 99 broods (25.3%) contained at least
one EPO. Forty-three of the 667 genotyped offspring
(6.5%) were not sired by their social father. Figure 1 illus-
trates how these 43 offspring were distributed over the 25
broods. On an offspring level, the distribution was differ-
ent from a random Poisson distribution (s ¼ 0.20,
c2

74 ¼ 350:69, P < 0.0001). However, it was not different
on a brood level (s ¼ 0.26, m ¼ 0.71, c2

73 ¼ 73:59,
P ¼ 0.46) and we found a better fit for the brood-level
model compared to the offspring-level model (model com-
parison: c2

1 ¼ 277:1, P < 0.0001).
We did not know the identities of six males in 2003 and

two in 2004. Because we therefore also did not know their
personality scores, they were not taken into account in
any analysis including parental personality. From 69 of
the 99 sampled nests we had information on exploratory
scores of both parents. Figure 2 shows which of these pairs
contained EPO in relation to the exploratory scores of the
male and female. In a mixed-effect model (lmer) with
main effects only (both linear and quadratic), the explor-
atory score of the mother (linear component: c2

1 ¼ 0:75,
P ¼ 0.39; quadratic component: c2

1 ¼ 1:01, P ¼ 0.31) had
no predictive value for the probability of having EPO in
a brood. There was also no linear relationship with the ex-
ploratory score of the father (lmer: c2

1 ¼ 0:73, P ¼ 0.39).
However, extreme slow and extreme fast social fathers
had a higher probability of having EPO in their brood
than fathers with intermediate exploratory scores (lmer:
c2

1 ¼ 5:97, P ¼ 0.015).
In a model selection analysis, the likelihood that a brood

includes EPO depends on both the interaction of the
exploratory scores of the parents (Fig. 3, Table 2, LRT model
Number of extrapair offspring
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Figure 1. Frequency distribution of the number of extrapair offspring

in a brood.
3 versus 1: c2
1 ¼ 9:40, P ¼ 0.002) and a quadratic effect of

the exploratory score of the father (linear þ quadratic
term versus linear term only; Table 2, LRT model 4 versus
1: c2

1 ¼ 9:33, P ¼ 0.002). The latter indicates that, when tak-
ing the interaction into account, extreme fast and slow fa-
thers have a higher chance of being cuckolded. In the same
model selection analysis, the full model (Table 2, model 2)
described the data nearly as well as model 1, the minimal
adequate model. In this model also the number of offspring
and the exploratory score of the mother (quadratic) were
present. However, subsequent removal of these factors
did not change the model significantly (Table 2, number
of offspring (s), LRT model 6 versus 2: c2

1 ¼ 2:82, P ¼ 0.09;
the exploratory score of the mother (quadratic), LRT model
5 versus 2: c2

1 ¼ 2:87, P ¼ 0.09).
To explore further the interaction between father’s and

mother’s personality on the chance of a brood containing
EPO, we calculated a similarity index (see Methods).
Broods of pairs consisting of birds with the same extreme
personalities (fastefast or sloweslow; i.e. with a high sim-
ilarity index) had the highest chance of containing EPO
(Fig. 4; GLM: c2

1 ¼ 14:85, P ¼ 0.0001) compared to all
other pair combinations.
Extrapair Males
We were able to assign paternity to 31 of the 43 EPO in
24 broods, thereby identifying 15 extrapair males. Two
males fathered EPO in two broods and the remaining 13
in one brood only. In one nest the EPO were sired by two
different extrapair males, in all other cases the EPO were
sired by one male only. No information was available for
one social male, so our sample size for analyses consisted
of 14 social fathereextrapair father paired comparisons. In
pairwise analyses we found that extrapair males did not
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Figure 2. Presence (C) or absence (B) of extrapair offspring in
broods in relation to male and female exploratory scores. High scores

indicate fast and low scores slow exploratory behaviour.
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although the analysis was conducted on the similarity index as a con-
tinuous variable. The index is thereby categorized into four equal-

sized groups for illustrative purposes. An index of 1 thereby

corresponds to pairs that have intermediate exploratory scores

and/or contrasting scores. An index of 4 implies that pair members
have extreme exploratory scores and are similar in their score

(fastefast or sloweslow). Sample sizes are indicated by N.
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differ from within-pair males in their exploratory score,
weight, size, age, survival probability to the next year or
recruitment rate of their offspring (Table 3; all P > 0.10).
We also calculated the similarity indexes for the mothers
and the extrapair fathers. They did not differ from the sim-
ilarity indexes with the within-pair father (Table 3).
Offspring Characteristics
For 23 of 25 nests with mixed paternity we had data on
both EPO and WPO. EPO did not differ from WPO in size
(P � 0.73) or weight (P � 0.98). However, WPO had
a higher chance of surviving until the next breeding sea-
son than EPO (P ¼ 0.028). Recruitment rates were higher
in 2004 compared to 2003 (GLM: c2

1 ¼ 6:87, P ¼ 0.009).
After controlling for this, males with no loss of paternity
did not recruit more young than males with mixed pater-
nity (GLM: c2

1 ¼ 0:86, P ¼ 0.35).
DISCUSSION

Westneat & Stewart (2003) stated that EPP is a conse-
quence of the behavioural interaction between the female,
Table 2. Model selection of the chance of having extrapair offspring in

No. Model

Minimal adequate
model

1 pFAþpMOþpFA
2 þpFA*pMO

Full model 2 pFAþpMOþpFA
2 þsþpMO

2 þpFA*pMO

3 pFAþpMOþpFA
2

4 pFAþpMOþpFA*pMO

5 pFAþpMOþpFA
2 þsþpFA*pMO

6 pFAþpMOþpFA
2 þpMO

2 þpFA*pMO

Data are based on 69 nests for which both paternal exploratory score ( p
indicated by s. Models are ranked according their AICc.
the social male and the extrapair male. We found evidence
for the first part of this hypothesis: the probability of hav-
ing EPO in a brood is dependent on the behavioural char-
acteristics of a female in combination with those of her
social mate. We thereby found that pairs having members
of extreme and similar personalities have the highest
chance of raising a mixed-paternity brood.

There are several non-mutually exclusive explanations
for this. First, great tit females might aim to have high
levels of phenotypic variability in their broods. The
selective environment of the offspring is expected to be
variable in time and space (Dingemanse et al. 2004). Both
parents should have an intermediate personality to obtain
offspring as variable as possible within one nest, and pairs
with extreme and similar personalities will produce the
least variable offspring. The risk of not contributing any
recruits to the next breeding season is therefore highest
when pairs consist of extreme and similar phenotypes.
the brood

AICc

No. of

parameters

Compared

to model c2 P

69.76 5

69.88 7
76.69 3 1 9.331 0.002
76.76 4 1 9.403 0.002
70.19 6 2 2.866 0.090
70.17 6 2 2.851 0.091

FA) and maternal exploratory score ( pMO) were known. Brood size is



Table 3. Pairwise comparisons of the characteristics (mean � SEM) of social and extrapair fathers

Variable Social male Extrapair male df Test P

Exploratory score 14.89�3.06 15.61�0.85 8 �0.22* 0.83
Weight (g) 18.27�0.26 17.72�0.20 13 1.59* 0.14
Tarsus (mm) 20.13�0.37 20.1�0.41 11 0.35* 0.97y
Age (second CYz or older) 12 versus 3 11 versus 4 14 0.19y 1.00y
Survival 4 versus 10 7 versus 7 13 1.35y 0.44y
Offspring recruitment 0.071�0.025 0.089�0.030 7 1.14* 0.20
Similarity index 10.09�1.43 7.90�1.84 14 �0.56* 0.58

*Paired t test.
yc2 test with exact P values.
zCY: calendar year.
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Females of these pairs would therefore benefit indirectly
from engaging in extrapair matings, because they would
thereby increase the variability of their offspring. This
could explain our finding that broods of extreme fathers
and of pairs with extreme similar personalities contain
more EPO. Our data, however, do not confirm this hy-
pothesis: we did not find any difference in recruitment
rate between nests with and without EPO (but see Schmoll
et al. 2007), although this could also be due to low power.
However, the personality similarity indexes of females
with their social mates did not differ from those with
the extrapair males, which would be expected if females
would indirectly benefit from the personality of their
extrapair mate. Moreover, in an earlier study on the
same population, assortative pairs at both ends of the
behavioural spectrum (i.e. consisting of two slow partners
or two fast partners) produced fledglings in the best condi-
tion (Both et al. 2005), suggesting that although they may
be genetically less incompatible, these pairs can produce
offspring of higher quality.

A second possibility is that assortatively mated females
increase the number of intermediate phenotypes in their
brood by extrapair matings. Extreme disassortative mating
would produce the most intermediate offspring (hetero-
zygous in most loci). However, we found no support for
this hypothesis because females chose extrapair males that
were not behaviourally different from their social partners
(although the sample size for this analysis was small).

Third, the documented relationship between personal-
ity and EPP does not necessarily have to be ascribed to
a single factor. In other words, the reason pairs of fast
females with fast males have a higher probability of EPP
could be different from the reason slow � slow pairs have
relatively more EPO. For example, Kokko & Morrell (2005)
describe a model in which the level of EPP depends on
a combination of attractiveness and mate guarding. In
our case we would have to look at these two factors in re-
lation to personality. First, variation in attractiveness can
be directly associated with variation in personality. An ex-
ample of this is described for the Trinidadian guppy
(Godin & Dugatkin 1996), in which bold males were pre-
ferred by all females. Given that attractive males are ex-
pected to do less mate guarding, because they have more
chance to get EPP elsewhere (Kokko & Morrell 2005),
fast males might thus be more likely to lose paternity,
but might also gain more by cuckolding. Individuals
might also differ intrinsically in their propensity to engage
in extrapair matings, which was shown recently in a study
on captive zebra finches (Forstmeier 2007). But individ-
uals may also differ consistently in their preference for
a certain phenotype. This was found in another study
on captive zebra finches, in which certain females consis-
tently preferred aggressive males, whereas other females
preferred nonaggressive males (Forstmeier 2004).

Similarly, in great tits bold males preferred bold females,
but shy males did not show a clear preference (Carere et al.
2000). In this case a male’s attractiveness, extrapair poten-
tial and thus mate-guarding activity should not depend
only on his own personality, but also on the females
that are available as potential extrapair mates relative to
the personality of the female they are mated with. In
the case of extreme fast � fast pairs, behavioural incom-
patibility could also be an important factor. Fast individ-
uals are more aggressive (Verbeek et al. 1996) and are
therefore expected to spend more time in encounters
with other males. Fast females on the other hand are
more explorative and may initiate more visits to other ter-
ritories when mated to a fast male. Clearly, experiments in
wild populations, direct behavioural observations and
samples with larger numbers of microsatellite loci are nec-
essary to investigate these scenarios further under natural
conditions. Another limitation of our study is that because
EPC behaviour has not been observed, we assume that
patterns of EPP reflect EPC behaviour.

So far, the main focus in research on promiscuity in
great tits has been to test the good-genes hypothesis (e.g.
Krokene et al. 1998; Strohbach et al. 1998). However, few
studies have found evidence that females, males or off-
spring from mixed broods differ in quality from those
broods without EPO. For example, in a study that revealed
a very low frequency of extrapair fertilizations (Verboven
& Mateman 1997), females mated to shorter-winged males
were more likely to have EPO in their nest. Nevertheless,
paternal genetic effects could be context dependent and
therefore not detected in these studies (Schmoll et al.
2005). The results of our pairwise comparisons should be
taken with caution (because of low power due to small
sample sizes). But our results also did not show that ex-
trapair males were of higher quality or that EPO were of
higher quality than WPO at fledging. On the contrary,
WPO even had a higher probability of surviving until
the next breeding season compared to EPO, which would
indicate that personality differences mainly play a role in
the decision mechanism behind extrapair behaviours.
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Studies that have investigated the behavioural mecha-
nisms, such as behavioural compatibility and social
dominance, that underlie decisions to engage in extrapair
behaviour in birds showed promising results. In cockatiels
(Nymphicus hollandicus), members of pairs with low mate
behavioural compatibility were more likely to engage in
extrapair behaviours than members of pairs with high
mate behavioural compatibility, and these pairs were
also more likely to divorce (Spoon et al. 2007). In a Danish
population of great tits, Otter et al. (1999) manipulated
the female perception of the outcome of maleemale con-
tests by interactive playback. Females were more likely to
intrude into territories of males that experimentally had
lost a contest (Otter et al. 1999). There were no differ-
ences, however, between the proportion of EPO in the
broods of these simulated winners and losers (Otter et al.
2001). In a study on black-capped chickadees, Poecile atri-
capillus, dominance was an indicator of extrapair mating
potential (Mennill et al. 2004). In great tits dominance is
a context-dependent interaction between-individual dif-
ferences in aggressive and explorative behaviours (Verbeek
et al. 1999; Dingemanse & de Goede 2004). Hence, malee
male aggression and explorative behaviour in combina-
tion with behavioural incompatibility could be important
factors explaining the observed relationship between
extrapair paternity and personality.

In conclusion, our results confirm the hypothesis that
variation in EPP seems to be a consequence of behavioural
interactions between female, male and extrapair male
(Westneat & Stewart 2003). This interaction probably in-
volves consistent individual differences among females in
their capacity to avoid EPP and among males in their deci-
sion making on how to trade off gaining and losing pater-
nity. Moreover, we have shown that partner preference is
based not only on morphological characteristics, as was
classically seen (Andersson & Simmons 2006), but also on
consistent behavioural traits. Here, we have shown not
only that variation in consistent individual differences in
personality is under natural selection, but also that the evo-
lution of personality is influenced by sexual selection.
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