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Abstract

The evolution and function of female trait exaggeration in species with traditional sex roles are poorly understood. Competition for social
and ecological resources, rather than mating opportunities, may be a key selection pressure in females of socially monogamous species.
Moreover, such pre-existing resource competition-selected traits (armaments) may become the object of mating preferences (ornaments);
however, the benefits that males may gain in choosing more ornamented females remain unclear. Here, using observational data on free-
living female great tits (Parus major), we explore whether tie size, a well-known melanin-pigmented plumage trait, covaries with
intrasexual aggressiveness during the breeding season and the investment in current reproduction (fledgling number and mass). We found
consistent individual differences (i.e. personality variation) in most of the aggressiveness parameters studied. Moreover, we found support
for a signalling role of tie size with respects to how close females approached intruders. Interestingly, this relationship was only evident in
older females, not first-year breeding females, suggesting age-related changes in the information content of tie size in the context of same-
sex aggressiveness. Additionally, although first-year breeding females, on average, produced fledglings with lower body mass compared
to older females, tie size was positively associated with fledgling mass, suggesting that males could potentially gain benefits by choosing
females with larger tie size. Experimental studies are now necessary to confirm whether females with larger tie size have a selective
advantage in female competition (i.e. armament), as well as whether males base their mate choice on female tie size (i.e. ornament).

Significance statement

Why females of many species with traditional sex roles often have exaggerated traits very similar to those found in males remains
poorly understood. We explored the functional significance of a well-known melanin-based plumage trait (tie size) in females of a
socially monogamous passerine bird, the great tit. Female tie size positively covaried with consistent individual differences in
aggressiveness during female-female interactions, but only so in older females and not first-year breeding females. In addition, females
with larger tie size produced fledglings with higher body mass, suggesting that it could potentially be used by males in mate choice. Our
study emphasizes that greater attention should be paid to female trait exaggeration in socially monogamous species in the context of
female-female competition and male mate choice, as well as to potential age-related changes in the information they convey.
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the specific selection pressures acting on exaggerated traits are
less well understood, apart from the classic case of sex-role-
reversed species (Amundsen 2000; Clutton-Brock 2009;
Tobias et al. 2012). However, female trait exaggeration is also
widespread in species with traditional sex roles, raising ques-
tions about their evolution and functional significance
(Amundsen and Parn 2006; Tobias et al. 2012).

In socially monogamous bird species, at least three evolu-
tionary mechanisms have been put forward to explain exag-
gerated traits in females (Amundsen and Pérn 2006). First,
female trait exaggeration can arise as a genetically correlated
(non-functional) by-product of selection on males (Lande
1980). Second, mutual mate choice (i.e. mutual sexual selec-
tion) can lead to the evolution of ornamentation in both sexes
as they signal an individual’s quality in terms of good genes
and parenting abilities (Kraaijeveld et al. 2007; Clutton-Brock
2009). In this case, female ornaments, like male ornaments,
are expected to give information about aspects of fitness, such
as fecundity, viability or survival. Third and finally, female
trait exaggeration may have evolved to signal competitive
ability during intrasexual competition over resources neces-
sary for successful reproduction, such as territories, nest sites
and paternal care (i.e. social selection; West-Eberhard 1983;
Tobias et al. 2012). Under this latter scenario, females are
expected to signal their prospective investment in competitive
behaviours towards same-sex conspecifics to avoid conflicts
from escalating (Maynard Smith and Parker 1976; Johnstone
and Norris 1993). Importantly, these different processes are
not mutually exclusive and a growing number of studies, pre-
dominantly focusing on males, have indicated that the same
trait can be selected by both intrasexual competition and mate
choice (e.g. Tarof et al. 2005; Hoi and Griggio 2008; review in
Wong and Candolin 2005). These findings are in support of
the armament-ornament (or dual utility) hypothesis, stating
that traits used in intrasexual competition become the objects
of mating preferences due to their pre-existing association
with qualities preferred in mates (Berglund et al. 1996; Stern
and Servedio 2017). Although the existence of traits with dual
utility is well documented in males, only a few studies have
assessed this possibility in females of socially monogamous
species (e.g. Kraaijeveld et al. 2004; Griggio et al. 2010).

Melanin-based traits in particular are good candidates to
evaluate relationships between colouration and competitive
trait expression. The deposition of melanin pigments is largely
under genetic control, varies greatly among individuals of the
same species and is heritable (Ducrest et al. 2008). Moreover,
melanin-based traits are presumably costly to produce and
maintain (Roulin 2016), they can be involved in mate choice
(Kraaijeveld et al. 2007; Roulin 2016) and they likely signal
individual differences in competitive, reproductive and life
history strategies (Ducrest et al. 2008). Indeed, increasing ev-
idence indicates that melanin-based colouration covaries with
suites of other phenotypic traits, with darker individuals for
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instance often being bigger, having higher metabolic rates and
being more sexually active and aggressive compared to lighter
individuals (Ducrest et al. 2008). Nonetheless, in females,
only a few studies have directly assessed whether melanin-
based colouration covaries with consistent individual differ-
ences (i.e. personality variation) in risk-taking behaviours
(e.g. Da Silva et al. 2013; Nicolaus et al. 2016; Costanzo
et al. 2018) or intrasexual aggressiveness (e.g. Morales et al.
2014; Lopez-Idiaquez et al. 2016). This is surprising since,
especially in species where both sexes display aggressive or
territorial behaviour, intrasexual competition for reproductive
resources may be a key selection pressure on female trait
exaggeration (West-Eberhard 1983; Tobias et al. 2012).
Likewise, although numerous studies have revealed male
preference for females with larger (melanin-based) ornaments
(see Kraaijeveld et al. 2007; Clutton-Brock 2009), only a few
studies have investigated the potential fitness benefits males
may obtain in choosing such females (e.g. Clutton-Brock
2009). As a consequence, evidence for a relationship between
female melanin-based traits and the investment in current re-
production, as predicted by the mutual mate choice hypothe-
sis, remains scarce (but see Roulin 2004; RemesS and
Matysiokova 2013).

Here, we use observational data on great tits (Parus major),
a socially monogamous passerine with biparental care, to ex-
plore whether the size of a melanin-based plumage trait (tie)
covaries with female-female aggressiveness and the invest-
ment in current reproduction. Female great tits are known to
respond aggressively towards same-sex intruders during the
breeding season to prevent the intruder from taking over the
territory, nest site or mate (Slagsvold 1993), i.e. key resources
for reproductive success (Dhondt and Schillemans 1983; Both
et al. 1999). We recently demonstrated that females in our
population consistently adopt different behavioural strategies
during same-sex territorial intrusions, both within a breeding
season (Thys et al. 2017) and across breeding seasons (BT,
unpublished data). Specifically, aggressive behavioural types
approach an intruder closely, spent a lot of time on the caged
intruder, potentially attacking it, while less aggressive behav-
ioural types stay further away from the intruder and produce
alarm calls (Thys et al. 2017). In addition, great tits are slightly
sexually dimorphic with females having a smaller melanin-
based black breast stripe (or tie) than males (Hegyi et al.
2007; Nicolaus et al. 2016). Importantly, tie size is repeatable
and heritable in both sexes (e.g. Norris 1993; Kolliker et al.
1999; Nicolaus et al. 2016), often considered to honestly sig-
nal an individual’s reproductive potential (Norris 1993;
Remes and Matysiokova 2013) and therefore likely to covary
with individual differences in behavioural and life history
strategies. Previous work has shown that tie size correlates
with dominance, aggressiveness and nest defence in males
(Jarvi and Bakken 1984; Poysa 1988; Quesada and Senar
2007) and exploratory behavioural type in both sexes
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(Nicolaus et al. 2016). Female tie size has recently also been
linked to offspring quality, thereby suggesting that direct se-
lection by male mate choice might play a role in the evolution
of female tie size (Reme$ and Matysiokova 2013). However, it
remains to be determined whether female tie size is used as a
signal during female-female competition over reproductive
resources. To address this research question, we assessed
whether female tie size relates to consistent individual differ-
ences in female-female aggressiveness during the breeding
season, where females with larger tie size are expected to
respond consistently more aggressive compared to females
with smaller tie size. Additionally, we examined whether fe-
male tie size gives information about the investment in current
reproduction. Specifically, we explored whether females with
larger tie size produced more offspring (i.e. higher fecundity)
or offspring with higher mass at fledging (i.e. higher viability;
cf. Remes and Matysiokova 2013).

Methods
Study population

Data were collected in a resident semi-urban population of
great tits in the surroundings of Antwerp, Belgium (51°09’
44"N—-4°24'15"E). This population has been monitored since
1997, with at present approximately 150 nest boxes for great
tits (e.g. Van Duyse et al. 2000; Rivera-Gutierrez et al. 2010;
Raap et al. 2015; Thys et al. 2019). Birds in the population are
provided with a metal leg ring as nestlings, or upon first cap-
ture, and adults are fitted with a unique combination of colour
rings. Age of birds is determined using either hatching records
(resident birds) or plumage characteristics upon first capture
(first-year vs. older breeders; Svensson 1992). Reproductive
activities of breeding pairs are monitored to determine lay
date, clutch size, hatch date and fledgling number. When
15 days old, nestlings are ringed and weighed to the nearest
0.1 g, providing a proxy for fledgling mass (Both et al. 1999).

Measurement of tie size

In three consecutive years (2017-2019), individuals were cap-
tured when roosting in nest boxes between half January and
early March, as part of ongoing research on novel environ-
ment exploration behaviour (see, e.g. Thys et al. 2017). The
morning after capture, morphometric measurements and pho-
tographs of the breast were taken following general proce-
dures described in Nicolaus et al. (2016). In short, females
were placed on their back on top of a millimetric grid in an
extended position. Belly feathers were gently smoothed and
pictures of the breast were taken from a fixed distance with a
Nikon Coolpix S6500 camera (Nikon, Nikon Instruments
Europe BV, Amsterdam, The Netherlands). Photographs were

analysed using ImageJ (National Institutes of Health,
Bethesda, MD, USA) and tie size was calculated as the area
of black surface within a 4-cm-long rectangle starting at the
lowest point of yellow on the chest and as broad as the width
of the shoulders. For a random set of 40 females, we quanti-
fied tie size three times, based on three different photographs
taken on the same day. Within-day repeatability was high (R =
0.96 [0.95-0.97]), indicating the reliability of our method. In
total, 190 photographs were taken on 144 females, with 34
females photographed across 2 years and 6 females across
3 years. Tie size was not correlated with structural size (i.e.
tarsus length; »=0.07; P=0.32; N=190 observations) and
since absolute tie size and tie size corrected for structural size
(i.e. proportional to tarsus length) were strongly positively
correlated (r=0.99; P<0.001; N =190 observations), we on-
ly used absolute tie size for further analyses.

Since male tie size has been found to give information
about an individual’s reproductive potential (Norris 1993),
we wanted to assess whether potential relationships between
female tie size and reproductive investment were driven by
male tie size. Hence, available photographs of males (N = 34)
that were found breeding together with females in the dataset
were also analysed following the methods described above.

Asymmetry in ornament size between responding and in-
truding birds may influence the outcome of aggressive inter-
actions (e.g. Jarvi and Bakken 1984; Garamszegi et al. 2006;
Hegyi et al. 2008; Lopez-Idiaquez et al. 2016), so we also
quantified the tie of the stuffed decoy females used during
simulated territorial intrusions (see below). The posture of
mounted decoys prevented quantification of tie size in the
same way as for live individuals, so for decoy birds, we mea-
sured the width of the breast stripe to the nearest mm, at the
base of the sternum, using a digital calliper (Jarvi and Bakken
1984). Although this method does not enable a direct compar-
ison of tie size between responding birds and decoys, it does
allow us to assess whether tie width of decoy birds affects the
behaviour of responding birds.

Female-female aggressiveness

Aggressiveness in females was assessed using simulated ter-
ritorial intrusion, following procedures described in Thys et al.
(2017). In short, a taxidermic mount of a female great tit (de-
coy; one out of five) inside a protective wired mesh was
placed on top of the focal female’s nest box, at days 2 and 5
of the egg-laying period (with day 1 referring to the day the
first egg was laid). From a distance of approximately 15 m, the
observer (one out of nine) scored the following aggression
parameters during a 5-min observation period: number of
alarm calls produced, the minimum distance to the decoy (ap-
proach distance, in meters), the time spent on the decoy (in
seconds), occurrence of attacks (yes versus no) and entering
nest box (yes versus no; Thys et al. 2017). Over the course of
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2017-2019, a total of 226 aggression tests were successfully
performed on 102 females that were also photographed for tie
size in the winter preceding the respective breeding season.
When carrying out behavioural assays, information on tie size
and reproductive success of the focal individual was unknown
for the observer indicating that criteria for blind experimenta-
tion were met. Since relatively few females (N=26) were
assessed across more than 1 year for both aggressiveness
and tie size, we included only data from the first year in which
both aggressiveness and tie size measurements were available.
This resulted in a sample size of 174 aggression tests on 102
females for further analyses.

Statistical analyses
Sources of variation in female tie size

We modelled variation in female tie size using a univariate
mixed model with Gaussian errors, including data of all fe-
males for which tie size measurements were available (N =
144). The model included random intercepts for ID (i.e. 34
females measured across 2 years, 6 females across 3 years).
Age is known to affect tie size (Hegyi et al. 2007; Nicolaus
et al. 2016), and given the repeated measurements of tie size
on the same individuals, this effect can exist both at the
among- and within-individual level (cf. Nicolaus et al.
2016). Hence, using within-individual centering, we
partitioned age into its among-individual (mean age per indi-
vidual) and within-individual effects (age deviation, i.e. the
deviation of each observation from an individuals’ mean
age) and included both variables in the model. We did not
include year or maximum age in the model since the former
variable was highly correlated with the within-individual age
effect (r=0.54; P<0.001; N=190 observations) and the lat-
ter with the among-individual age effect (»=0.93; P<0.001;
N=190 observations; cf. Nicolaus et al. 2016). The adjusted
(cross-year) repeatability of female tie size was calculated
from this model as the among-individual variance divided
by the sum of the among-individual and residual variance
(Nakagawa and Schielzeth 2010).

Female aggressiveness and tie size

A set of univariate mixed models was used to model variation
in different aggression parameters (relationships between
different aggression parameters are given in Table S1). Each
model included random intercepts for female ID (N =102)
and the following fixed effects: female tie size, age (first-year
vs. older), decoy tie width and two-way interactions of tie size
with age and decoy tie width. Random intercepts for observer
identity (N =9) were not included since this resulted in model
convergence failures. However, our previous work has shown
that observer differences explain little to no variation in
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aggression parameters (Thys et al. 2017). Similarly, we did
not include other fixed effects (e.g. clutch size, Julian date,
time of testing) as they have been found to have little effect on
female aggressiveness (Thys et al. 2017). Prior to analysis,
approach distance was multiplied by — 1 so that higher values
corresponded to more aggressive responses. The different ag-
gression parameters were modelled with the following error
distribution: approach distance (square-root transformed) with
Gaussian errors, the number of alarm calls and time on the
decoy (untransformed) with Poisson errors, and occurrence of
attack and entering nest box with binomial errors. The adjust-
ed (within-year) repeatability of aggression parameters was
calculated from these models with different error distributions
following formulas presented in Nakagawa and Schielzeth
(2010).

Tie size and reproductive investment

Preliminary analysis revealed that nest success (i.e. whether or
not at least one nestling fledged) was not predicted by lay date,
female tie size, age (first-year vs. older) or the two-way inter-
action between tie size and age (Table S2). Subsequent anal-
yses focused on successful nests (N =83), for which detailed
data on fledgling number and mass (i.e. nestling body mass on
day 15) were available. Linear models with Gaussian error
distribution, including the fixed effects described above for
nest success, were used to model variation in fledgling num-
ber and mass, respectively. Since fledgling number and mass
differed among years, we centered and standardized both to
unit variance within years. The same standardization was ap-
plied to lay date, as to control for potential year-specific sea-
sonal effects on fledgling number and mass. Additionally, for
the subset of successful nests for which tie size measurements
of both sexes were available (V= 30), linear models were used
to model variation in fledgling number and mass in relation to
female tie size, male tie size and their two-way interaction.
All analyses were performed in R 3.6.1 (R Core Team
2019). Continuous response and explanatory variables were
centered and standardized to unit variance in all analyses, unless
stated otherwise. Individuals with single measurements were
included in all mixed models as they contribute in estimating
among-individual variances (Nakagawa and Schielzeth 2010).
The sim function (package arm; Gelman et al. 2015) was used
throughout to simulate values from the posterior distributions of
the model parameters. Based on 2000 simulations, we extracted
95% credible intervals around the mean. Fixed effect estimates
were considered to find strong support if the 95% credible
intervals (Crl) did not overlap with zero. However, since vari-
ance components are bound to be positive, we assessed their
support using permutation tests (see, e.g. Araya-Ajoy and
Dingemanse 2016; Thys et al. 2019). In short, each permutation
we randomly reshuffled data (either tie size or aggression pa-
rameters) across observations and performed mixed modelling
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analysis as described above on the new dataset to obtain a
posterior mean estimate for the among-individual variance.
This procedure was repeated 1000 times, resulting in a “null”
distribution of mean estimates for the among-individual vari-
ance. Next, we calculated to probability (permutation.p) that the
observed mean variance was greater than any mean value based
on the “null” distribution.

Data availability

The datasets generated and/or analysed during the current
study are available from the corresponding author upon rea-
sonable request.

Results
Variation in female tie size

We found strong support for among-individual differences in
female tie size (02 [95% CrI]=0.41 [0.32; 0.52];
permutation.p = 0.005; Table 1), with tie size being moderate-
ly repeatable across years (7 [95% Crl] = 0.40 [0.32; 0.49]). In
addition, tie size increased with age within females (age devi-
ation) and tended to decrease with age among females (mean
age; Table 1).

Female aggressiveness and tie size

We found strong support for among-individual differences in
most aggression parameters (i.e. approach distance, number of
calls produced, time spent on the decoy and occurrence of attack;
all permutation.p < 0.02), with the exception of entering the nest
box (permutation.p = 0.106; Table 2). This indicates that females
consistently differed in their aggressive response towards same-
sex intruders. In addition, there was support for age effects on
aggressiveness, with first-year females on average approaching
closer, spending more time on the decoy and being more likely to
enter the nest box compared to older females (Table 2).
Interestingly, for approach distance, we found support for an
interaction-effect between female tie size and age (Table 2), in-
dicating that the relationship between approach distance and tie
size differed between age classes. Specifically, in first-year breed-
ing females, there was no support for a relationship between
approach distance and tie size (3 [95% CrI]=—0.12 [-0.33;
0.09]), while in older females, there was strong support that
females with larger tie size approached the decoy closer com-
pared to those with smaller tie size (3 [95% Crl]=0.27 [0.03;
0.52]; Fig. 1; Table 2). For the other aggression parameters, we
found no support for an effect of female tie size, or the interaction
between tie size and age. In addition, no support was found for an
effect of the ornament size of the intruding female (decoy tie
width), or an interaction-effect between decoy tie width and tie

Table 1 Sources of variation in female great tit (N = 144) tie size. Mean
estimates for fixed (3) and random (0?) effects are given with their asso-
ciated 95% credible intervals (Crl). Fixed effects that found strong sup-
port are denoted in italics. Significance of the among-individual variance
was assessed using a permutation test (see text for details; *permutation.p-
=0.005). The adjusted repeatability (r), with associated 95% Crl, repre-
sents the cross-year repeatability of female tie size

Tie size

Fixed effects 5 (95% Crl)

Intercept 0.16 (—0.15; 0.49)

Mean age —0.09 (= 0.23; 0.06)

Age deviation 0.31 (0.05; 0.59)
Random effects 0% (95% Crl)

1D 0.41 (0.32; 0.52)*

Residual 0.59 (0.49; 0.72)

7 (95% Crl)

Repeatability 0.40 (0.32; 0.49)

size of the responding female, on any of the aggression parame-
ters (Table 2).

Tie size and reproductive investment

Average fledgling mass was positively related to female
tie size (Fig. 2; Table 3) and differed between age classes,
with first-year breeding females, on average, producing
fledglings with lower mass compared to older females.
However, we found no support for an interaction-effect
between tie size and age, indicating that the relationship
between fledgling mass and tie size did not differ across
age classes (Fig. 2; Table 3). On the other hand, fledgling
number was not related to female tie size, age or the
interaction between tie size and age (Table 3). Also, no
support was found for an effect of lay date on either
fledgling number or fledgling mass (Table 3).

Since the correlation between female and male tie size
within breeding pairs was non-significantly positive (r=
0.17; P=0.33; N=34 pairs), we assessed whether the
above-mentioned relationship between female tie size and
fledgling mass was potentially driven by male tie size. The
analysis revealed that this was not the case, since within this
subset of pairs (N =30), only female tie size tended to predict
fledgling mass (6 [95% CrI] =0.33 [-0.03; 0.69]; Table S3),
while male tie size, or the interaction between female and male
tie size, did not (see Table S3).

Discussion
We assessed whether a well-known melanin-based plumage

trait (tie size) was associated with consistent individual differ-
ences in same-sex aggressiveness during the breeding season
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Table 2 Sources of variation in female great tit (V= 102) aggression
parameters. Mean estimates for fixed () and random (0?) effects are
given with their associated 95% credible intervals (Crl). Fixed effects
that found strong support are denoted in italics. Significance of among-

individual variances was assessed using permutation tests (see text for
details; permutation,p values: ¥0.003; "< 0.001: %0.006; $0.018; £0.106).
The adjusted repeatability (r), with associated 95% Crl, represents the

within-year repeatability of aggression parameters

Approach distance® No. calls

Time decoy

Occurrence of attack

Enter nest box

Fixed effects
Intercept

3(95% Crl)

0.31 (0.10; 0.53)

Tie size —0.12 (= 0.33; 0.09)
Age® —0.64 (- 0.95; — 0.34)
DecoyTW* 0.06 (—0.08; 0.20)

Tie size x age 0.39 (0.08, 0.72)

0.00 (—0.14; 0.14)

0” (95% Crl)

3(95% Crl)
1.11 (0.55; 1.67)
0.06 (—0.51; 0.60)
0.74 (- 0.09; 1.52)
~0.03 (—0.26; 0.22)
0.05 (- 0.79; 0.85)
0.00 (- 0.27; 0.26)
02 (95% Crl)

Tie size X decoyTW
Random effects

D 0.33 (0.25; 0.43)"* 4.08 (3.13; 5.17)"

Residual 0.55 (0.44; 0.69) 1.11 (0.95; 1.30)
7 (95% Ctl) 7 (95% Ctl)

Repeatability 0.38 (0.29; 0.47) 0.78 (0.74; 0.82)

B(95% Crl)
2.13 (1.40; 2.88)
0.00 (~0.70; 0.73)

—2.53 (- 3.66;, — 1.38)

0.00 (—0.44; 0.46)
0.54 (—0.56; 1.65)
0.23 (—0.25;0.72)
02 (95% Crl)

3.22 (2.44; 4.19)°
5.50 (4.50; 6.66)

7 (95% Crl)

0.37 (0.31; 0.43)

8(95% Crl)
—0.75 (- 1.28;-0.21)
0.13 (- 0.42; 0.65)
—0.74 (- 1.63; 0.10)
—0.31 (—0.69; 0.08)
0.36 (-0.51; 1.22)
0.08 (—0.29; 0.48)

0 (95% Crl)

1.10 (0.83; 1.42)°
1.00 (1.00; 1.00)

7 (95% Crl)

0.20 (0.16; 0.25)

8(95% Crl)
0.24 (-0.21; 0.69)
—-0.08 (-0.51;0.37)

— 098 (— 1.64; — 0.32)
—0.06 (—0.38; 0.26)
—0.11 (—0.80; 0.55)
0.16 (- 0.16; 0.49)

0” (95% Crl)

0.29 (0.22; 0.38)*

1.00 (1.00; 1.00)

7 (95% Crl)

0.06 (0.04; 0.08)

# Approach distance was multiplied by — 1 prior to analysis
® First-year breeding females as reference category

¢ Tie width of the decoy female used during simulated territorial intrusion

and related to the investment in current reproduction. We
found that older females with larger tie size consistently
approached same-sex intruders more closely compared to
older females with smaller tie size. No such relationship was
observed in first-year breeding females. Hence, we demon-
strate that female tie size covaries with certain aspects of ag-
gressiveness, but not others, and moreover in an age-
dependent way. The latter suggests age-related changes in
the information content of female tie size, potentially resulting
from differences in the strength of selection across age classes.
Additionally, although first-year females, on average, pro-
duced fledglings with lower body mass compared to older
females, tie size related positively to fledgling mass, but not
fledgling number. Hence, female tie size appears to give in-
formation about offspring viability, but not fecundity, and
males could potentially gain fitness benefits in choosing fe-
males with larger tie size.

Variation in female tie size

Female tie size was moderately repeatable across years (=
0.40), with an estimate of similar magnitude as previously
reported for males only (»=0.41; Kolliker et al. 1999) and
both sexes combined (= 0.31; Nicolaus et al. 2016). In addi-
tion, tie size increased with age within females and tended to
decrease with age among females. A within-individual in-
crease in tie size with age has been previously reported
(Hegyi et al. 2007; Nicolaus et al. 2016) and potentially re-
flects age-related changes in an individual’s social status (Jarvi
and Bakken 1984; Poysa 1988). The observation that tie size
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tended to decrease with age among females suggests the un-
derrepresentation of females with larger ties in older age clas-
ses. Interestingly, a recent study in another Western European
great tit population found strong support for a decrease in tie
size with age among individuals (in both sexes; Nicolaus et al.
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Fig. 1 Approach distance with respect to tie size differed between age
classes (first-year, N=56, full circles; older, N=46, open circles) in
female great tits. Average regression lines for first-year breeding females
(solid line) and older females (dashed line), as predicted by the model in
Table 2, are given with 95% credible intervals (shaded area). Approach
distance and tie size are centered and standardized to unit variance
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Fig. 2 Fledgling mass with respect to female tie size in great tits (N = 83).
The average regression line (solid), as predicted by the model presented in
Table 3, is given with 95% credible intervals (shaded area). First-year
breeding females (N =44) are represented by full circles, older females
(N=39) by open circles. Note: fledgling mass is centered and standard-
ized to unit variance within years, female tie size is centered and stan-
dardized to unit variance across years

2016). Moreover, this study found that tie size related to lon-
gevity, with individuals with large tie size living relatively
shorter than individuals with small tie size. Together, this sug-
gests that older birds with larger ties may selectively disappear
from the population (Nicolaus et al. 2016), potentially because
larger melanin-based ornaments are more costly to produce
and maintain (Roulin 2016). Nonetheless, in our population
we fail to find strong support for a decrease of tie size with age
among females, with an effect size (3=—10.09) in the same
direction but only half the magnitude of the effect size ob-
served in Nicolaus et al. (2016; 5=—10.18). The absence of
a strong among-individual age effect in our population may
result from differences in survival selection on tie size be-
tween populations (Senar et al. 2014). Moreover, survival se-
lection on tie size presumably also differs between sexes (but
see Nicolaus et al. 2016) and years within populations, which
remains to be tested.

Female aggressiveness and tie size

Our findings that females consistently differed in their aggres-
sive response towards same-sex intruders and that first-year
females were on average more aggressive than older females
extend our previous work in the same population (Thys et al.
2017). Somewhat contrary to predictions, female tie size re-
lated only to approach distance and not to the other repeatable
aspects of aggressiveness (i.e. the number of calls, time on the
decoy and occurrence of attack). These findings appear to
suggest that female tie size only plays a limited role in the

Table 3  Results of linear models predicting fledgling number and
fledgling body mass (i.e. average nestling body mass at day 15) for
female great tits (N =83). Mean estimates for fixed effects are given
with their associated 95% credible intervals (Crl). Fixed effects with
strong support are denoted in italics. Note: fledgling number, fledgling
mass and lay date were centered and standardized to unit variance within
years, tie size was centered and standardized to unit variance across years
prior to analysis

Fledgling number Fledgling mass
Intercept 0.30 (0.10; 0.51) —023 (=0.57;0.11)
lay date —0.01 (- 0.16; 0.15) —0.05 (= 0.31; 0.20)
Tie size 0.12 (= 0.10; 0.32) 0.43 (0.08; 0.78)

Age® 0.08 (=0.22; 0.39)
—0.12 (= 0.43;0.19)

0.49 (0.01, 0.99)

Tie size x age —0.33(=0.79; 0.16)

? First-year breeding females as reference category

context of same-sex aggressiveness. However, previous work
on male great tits has demonstrated that approach distance
during same-sex territorial intrusion represents a reliable pre-
dictor of the overall intensity of aggressiveness (Araya-Ajoy
and Dingemanse 2014, 2016). This might also be the case in
female great tits, given that approach distance positively
covaries with the time spent on the decoy and the occurrence
of attacks (Table S1; see also Thys et al. 2017). Interestingly,
approach distance of male great tits towards a potential pred-
ator has been directly linked with tie size, while other aggres-
siveness parameters (latency to respond and number of alarm
calls) were not (Quesada and Senar 2007). Hence, approach
distance in particular might reflect aggressive intensity in both
female and male great tits and, if so, tie size might generally be
involved in signalling in the context of aggressiveness (see
also Jarvi and Bakken 1984; Poysa 1988).

Surprisingly, we only found support for a relationship be-
tween approach distance and tie size in older females, and not in
first-year breeding females. One potential explanation for this
finding, when combined with the observed population-level
age-effect on aggressiveness, is that the strength of selection
on female aggressiveness and tie size varies across age classes.
In first-year breeding females, there might be strong selection
for high aggressiveness as to ensure successful territory and
nest site maintenance. That is, territory or nest site value might
be higher for first-year breeding females compared to older
females, for example because the former have more difficulties
maintaining a territory, regaining an obtained territory when lost
and/or are less familiar with other territories in the area due to
their lack of breeding experience (see, e.g. Garamszegi et al.
2006; Hegyi et al. 2008). Hence, in first-year breeding females,
the value of winning a contest for maintaining a territory or nest
site, relative to the cost of getting injured due to overt aggres-
sion, might be too great for status signalling to be involved
(Maynard Smith and Harper 1988; Johnstone and Norris
1993). Older females, on the other hand, commonly reoccupy
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their territory from the previous year (Kluijver 1951; Harvey
et al. 1979), which might be relatively easier to maintain (see,
e.g. Krebs 1982; Jakobsson 1988). If so, then older females
might rely on status signalling to settle same-sex contests over
breeding territories or nest sites (Maynard Smith and Harper
1988; Johnstone and Norris 1993). In this case, tie size might
only become an important and honest signal of aggressiveness
in female great tits after their first breeding season, possibly due
to differences in the cost-benefit ratio of competition for a ter-
ritory or nest site between age classes. On the other hand, we
cannot exclude that the observed relationship between female
aggressiveness and tie size is a genetically correlated (non-func-
tional and non-adaptive) by-product of selection on males
(Lande 1980). In other words, strong correlational selection
on the association between tie size and aggressiveness in males
may result in the same, though non-functional, association in
females. If so, tie size does not signal aggressiveness in females.
Hence, experimental studies are now necessary to assess wheth-
er variation in female tie size results in differential success
during aggressive interactions over reproductive resources
(i.e. female tie size is used as an armament), and hence whether
there is direct (social) selection acting on female tie size in the
context of female-female competition.

Asymmetry in ornament size between opponents is com-
monly expected to influence the cost-benefit ratio of aggres-
sive interactions (Maynard Smith and Parker 1976). Here, we
found no support for any effects of the ornament size of the
decoy female on aggressiveness. These findings should be
interpreted with caution, as we measured tie characteristics
differently between responding and decoy females, making
direct comparison difficult. In addition, we did not manipulate
female tie size, so any effect of tie size on aggressiveness
could be the result of correlated ornamental traits we did not
measure. This is rather unlikely since other plumage traits
with a potential signalling function in the great tit (e.g. yellow
breast, black crown, white cheeks) have been found to be
largely unrelated to tie size (Hegyi et al. 2007; Reme$ and
Matysiokova 2013). Nonetheless, future studies should con-
sider measuring tie size the same way in responding and de-
coy birds, while simultaneously manipulating tie size of de-
coy females.

Unfortunately, our limited sample size of females repeated-
ly assessed across years for both aggressiveness and tie size
prevented us from partitioning the phenotypic correlation be-
tween these traits into its among- and within-individual corre-
lations (Dingemanse and Dochtermann 2013). This will be a
fruitful future endeavour as it will clarify the mechanisms
underlying the observed phenotypic correlation between fe-
male aggressiveness and tie size (see, e.g. Nicolaus et al. 2016;
Santostefano et al. 2019). Specifically, aggressiveness and tie
size may change in concert within females across years (i.e.
within-individual correlation), as a result of correlated chang-
es in within-individual plasticity (and/or correlated
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measurement error). On the other hand, or in addition, aggres-
siveness and tie size may form an integrated suite of traits
among females (i.e. among-individual correlation), proxi-
mately underpinned by the effects of maternal, permanent
environmental and genetic correlations. In the latter case, ag-
gressiveness and tie size might not be able to evolve indepen-
dently in response to selection (Blows 2007; see also Nicolaus
etal. 2016).

Tie size and reproductive investment

Females with larger tie size produced fledglings with
higher body mass compared to females with smaller tie
size, which is in line with previous findings in another
great tit population (Reme$ and Matysiokova 2013). In
addition, although first-year breeding females, on average,
produced fledglings with lower body mass than older fe-
males, we found no support for differences in the relation-
ship between fledgling mass and tie size across age clas-
ses. Given the observational nature of our data, we cannot
exclude the possibility that the relationship between fe-
male tie size and offspring mass is the result of unmea-
sured variables that covary with tie size. It is important to
note that the local environment (e.g. habitat and territory
quality) typically can have an influence on offspring mass
(e.g. Norris 1990; Riddington and Gosler 1995). Hence, if
females with different tie size are non-randomly distribut-
ed across territories, for example due to non-random mat-
ing, the observed relationship might be driven by territory
and/or male quality, rather than female quality. Here, we
found no support for non-random mating according to tie
size (see Hegyi et al. 2007 and Remes and Matysiokova
2013 for similar results), nor any evidence that male tie
size, rather than female tie size, was predicting fledgling
mass. This suggests that the relationship between female
tie size and offspring mass was not driven by male tie
size, although our limited sample size for this analysis
prevents making strong conclusions. In addition, since a
male’s tie size does not necessarily reflect the quality of
his territory (Norris 1990), territory quality per se may
still have played a role. On the other hand, a recent
cross-fostering experiment has revealed that tie size of
the genetic mother can explain variation in offspring
mass, indicating a causal relationship between female tie
size and offspring mass (Reme§ and Matysiokova 2013).
Hence, we argue that female tie size in combination with
female age at least partially explains variation in offspring
mass, but not offspring number, in our population.
Poorer condition of offspring produced by first-year
breeding females compared to older females might be
the result of age-related changes in reproductive perfor-
mance. That is, first-year breeders commonly produce
fewer or poorer-quality offspring than older birds, at least
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up to a certain age, after which reproductive performance
declines again (e.g. Perrins and McCleery 1985; Dhondt
1989; but see Bouwhuis et al. 2009). Nonetheless, within
each age class, female tie size seems to convey informa-
tion about offspring body mass. Since offspring mass
shortly before fledging is a good indicator of post-
fledging survival, recruitment and adult mass in great tits
(e.g. Both et al. 1999; Naef-Daenzer et al. 2001; Perrins
and McCleery 2001), males might gain benefits in mating
with older females and/or females with a larger tie (i.e.
female tie size is used as an ornament). If so, females and
males are expected to mate non-random according to age
and/or tie size, which awaits more solid validation. As a
consequence, direct evidence for the (relative) importance
of female age and tie size in male mate choice is currently
lacking. Age itself may be a good indicator of viability,
since old age necessarily indicates the capability of sur-
viving up to that age and, as we demonstrate here, can
influence reproductive performance (see also Bouwhuis
et al. 2009). However, preference for old age can also
arise as a by-product of preference for larger ornaments
whenever there are age-related changes in ornament ex-
pression (Kokko 1997), as is the case for tie size (this
study, see also Nicolaus et al. 2016).

It should be noted here that the observed population-
level age-effect on fledgling mass does not necessarily
reflect within-individual changes in reproductive perfor-
mance. This effect might also, or in addition, be the result
of selective disappearance of poor-quality breeders from
the population, resulting in on average higher quality
breeders in older age classes (see Bouwhuis et al. 2009).
Disentangling the contribution of both processes (i.e.
within-individual changes and/or selective disappearance)
in explaining population-level age-effects on reproductive
performance is informative in itself, but will be of partic-
ular importance in study systems where both reproductive
performance and exaggerated trait expression show age-
related changes. Addressing the latter requires data on a
large number of individuals repeatedly assessed for repro-
ductive performance and exaggerated trait expression
across reproductive attempts, which we are currently lack-
ing. In addition, the same data will enable to assess
whether female tie size is associated with differences in
life history strategies. Both correlational and experimental
evidence is suggesting that females with larger tie size
invest more in current reproduction (in terms of offspring
mass; Remes§ and Matysiokova 2013), but also have lower
survival probability (Nicolaus et al. 2016), compared to
females with smaller tie size. These findings raise the
interesting possibility that the melanocortin system is in-
volved in the trade-off between current and future repro-
duction in female great tits, which remains to be investi-
gated (Ducrest et al. 2008; see also Immonen et al. 2018).

Conclusions

We demonstrate that a well-known melanin-based plumage
trait (tie size) covaries with certain aspects of intrasexual ag-
gressiveness during the breeding season in females of a so-
cially monogamous passerine. Surprisingly, this relationship
was only evident in older females, but not in first-year breed-
ing females, suggesting age-related changes in the information
conveyed by female tie size. In addition, female tie size ap-
pears to provide information about the average body mass, but
not the number, of offspring produced. This suggests that
males may gain certain fitness benefits in choosing females
with larger tie size, but whether they do so remains to be
tested. Together, the here observed relationships are in line
with predictions within the armament-ornament hypothesis,
although experimental studies are now necessary to exclude
potential alternative (non-functional) hypotheses. In addition,
future studies should aim at obtaining a large sample size of
females repeatedly assessed for aggressiveness, tie size and
reproductive performance across years. Such studies will be
able to partition phenotypic correlations between aggressive-
ness and tie size, and between offspring mass and tie size, into
its among- and within-individual components, thereby clari-
fying underlying mechanisms. Moreover, these data will en-
able to assess age-related changes in individual traits and trait
correlations, as well as selective disappearance of individuals
with certain traits or combinations of traits. In general, our
results indicate that greater attention should be paid to the
potential dual function of female trait exaggeration in species
with traditional sex roles (including socially monogamous
species), while simultaneously taking into account potential
age-related changes in the information conveyed in different
contexts.

Acknowledgements We like to thank Geert Eens, Wannes Leirs, Thomas
Raap, Peter Scheys, Bo Sterckx and Emma Van den Camp for invaluable
support during fieldwork. Special thanks to Melissa Grunst and Andrea
Grunst for help with collecting photographs of birds and useful discus-
sion. The editor and two anonymous reviewers providing valuable feed-
back on an earlier version of the manuscript.

Authors’ contribution All authors contributed to conceiving and design-
ing the study. BT performed the fieldwork, statistical analyses and wrote
the first draft of the manuscript. All authors contributed to revising the
manuscript and gave final approval for publication.

Funding This study was made possible through financial support from
the University of Antwerp (to BT, RP and ME) and the ‘Fonds
Wetenschappelijk Onderzoek’ (FWO) Flanders through a PhD fellowship
to BT (grant ID: 1.1.434.18N) and a FWO-project to RP and ME (project
ID: GOA36.15).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

@ Springer



43  Page 10 of 11

Behav Ecol Sociobiol (2020) 74: 43

Ethical approval Experiments were approved by the ethical committee
of the University of Antwerp (ID 2014-88 and ID 2017-23) and per-
formed in accordance with Belgian and Flemish laws. The Royal
Belgian Institute of Natural Sciences provided ringing licences for all
authors and technicians.

References

Amundsen T (2000) Why are female birds ornamented? Trends Ecol
Evol 15:149-155

Amundsen T, Parn H (2006) Female coloration: review of functional and
nonfunctional hypotheses. In: Hill GE, McGraw KJ (eds) Bird col-
oration, Function and evolution, vol 2. Harvard University Press,
Cambridge, pp 280-345

Andersson M (1994) Sexual selection. Princeton University Press,
Princeton

Araya-Ajoy YG, Dingemanse NJ (2014) Characterizing behavioural
‘characters’: an evolutionary framework. Proc R Soc B 281:
20132645

Araya-Ajoy YG, Dingemanse NJ (2016) Repeatability, heritability, and
age-dependence in the aggressiveness reaction norms of a wild pas-
serine bird. J Anim Ecol 86:227-238

Berglund A, Bisazza A, Pilastro A (1996) Armaments and ornaments: an
evolutionary explanation of traits of dual utility. Biol J Linn Soc 58:
385-399

Blows MW (2007) A tale of two matrices: multivariate approaches in
evolutionary biology. J Evol Biol 20:1-8

Both C, Visser ME, Verboven N (1999) Density-dependent recruitment
rates in great tits: the importance of being heavier. Proc R Soc Lond
B 266:465-469

Bouwhuis S, Sheldon BC, Verhulst S, Charmantier A (2009) Great tits
growing old: selective disappearance and the partitioning of senes-
cence to stages within the breeding cycle. Proc R Soc Lond B 276:
27692777

Clutton-Brock T (2007) Sexual selection in males and females. Science
318:1882-1885

Clutton-Brock T (2009) Sexual selection in females. Anim Behav 77:3—11

Costanzo A, Romano A, Ambrosini R, Parolini M, Rubolini D, Caprioli
M, Corti M, Canova L, Saino N (2018) Barn swallow antipredator
behavior covaries with melanic coloration and predicts survival.
Behav Ecol 29:1472-1480

Da Silva A, van den Brink V, Emaresi G, Luzio E, Bize P, Dreiss AN,
Roulin A (2013) Melanin-based colour polymorphism signals ag-
gressive personality in nest and territory defence in the tawny owl
(Strix aluco). Behav Ecol Sociobiol 67:1041-1052

Dhondt AA (1989) The effect of old age on the reproduction of great tits
Parus major and blue tits P. caeruleus. Ibis 131:268-280

Dhondt AA, Schillemans J (1983) Reproductive success of the great tit in
relation to its territorial status. Anim Behav 31:902-912

Dingemanse NJ, Dochtermann NA (2013) Quantifying individual varia-
tion in behaviour: mixed-effect modelling approaches. J Anim Ecol
82:39-54

Ducrest AL, Keller L, Roulin A (2008) Pleiotropy in the melanocortin
system, coloration and behavioural syndromes. Trends Ecol Evol
23:502-510

Garamszegi LZ, Rosivall B, Hegyi G, Szol16si E, Torok J, Eens M (2006)
Determinants of male territorial behavior in a Hungarian collared
flycatcher population: plumage traits of residents and challengers.
Behav Ecol Sociobiol 60:663-671

Gelman A, Su YS, Yajima M, Hill J, Pittau MG, Kerman J, Zheng T,
Dorie V (2015) Arm: data analysis using regression and multilevel/
hierarchical models. R package version 1:10-11 https://CRAN.R-
project.org/package=arm

@ Springer

Griggio M, Zanollo V, Hoi H (2010) Female ornamentation, parental
quality, and competitive ability in the rock sparrow. J Ethol 28:
455-462

Harvey PH, Greenwood PJ, Perrins CM (1979) Breeding area fidelity of
great tits (Parus major). J Anim Ecol 48:305-313

Hegyi G, Szigeti B, Torok J, Eens M (2007) Melanin, carotenoid and
structural plumage ormaments: information content and role in great
tits Parus major. J Avian Biol 38:698-708

Hegyi G, Garamszegi LZ, Eens M, Torok J (2008) Female ornamentation
and territorial conflicts in collared flycatchers (Ficedula albicollis).
Naturwissenschaften 95:993-996

Hoi H, Griggio M (2008) Dual utility of a melanin-based ornament in
bearded tits. Ethology 114:1094-1100

Immonen E, Haméldinen A, Schuett W, Tarka M (2018) Evolution of sex-
specific pace-of-life syndromes: genetic architecture and physiolog-
ical mechanisms. Behav Ecol Sociobiol 72:60

Jakobsson S (1988) Territorial fidelity of willow warbler (Phylloscopus
trochilus) males and success in competition over territories. Behav
Ecol Sociobiol 22:79-84

Jéarvi T, Bakken M (1984) The function of the variation in the breast stripe
of the great tit (Parus major). Anim Behav 32:590-596

Johnstone RA, Norris K (1993) Badges of status and the cost of aggres-
sion. Behav Ecol Sociobiol 32:127-134

Kluijver HN (1951) The population ecology of the great tit (Parus m.
major L.). Ardea 39:1-135

Kokko H (1997) Evolutionarily stable strategies of age-dependent sexual
advertisement. Behav Ecol Sociobiol 41:99-107

Kolliker M, Heeb P, Werner 1, Mateman AC, Lessells CM, Richner H
(1999) Offspring sex ratio is related to male body size in the great tit
(Parus major). Behav Ecol 10:68-72

Kraaijeveld K, Gregurke J, Hall C, Komdeur J, Mulder RA (2004)
Mutual ornamentation, sexual selection, and social dominance in
the black swan. Behav Ecol 15:380-389

Kraaijeveld K, Kraaijeveld-Smit FJL, Komdeur J (2007) The evolution of
mutual ornamentation. Anim Behav 74:657-677

Krebs JR (1982) Territorial defence in the great tit (Parus major): do
residents always win? Behav Ecol Sociobiol 11:185-194

Lande R (1980) Sexual dimorphism, sexual selection, and adaptation in
polygenic characters. Evolution 34:292-305

Lopez-ldiaquez D, Vergara P, Fargallo JA, Martinez-Padilla J (2016)
Female plumage coloration signals status to conspecifics. Anim
Behav 121:101-106

Maynard Smith JM, Harper DGC (1988) The evolution of aggression:
can selection generate variability? Phil Trans R Soc B 319:557-570

Maynard Smith J, Parker GA (1976) The logic of asymmetric contests.
Anim Behav 24:159-175

Morales J, Gordo O, Lobato E, Ippi S, Martinez-de la Puenta J, Tomas G,
Merino S, Moreno J (2014) Female-female competition is influ-
enced by forehead patch expression in pied flycatcher females.
Behav Ecol Sociobiol 68:1195-1204

Naef-Daenzer B, Widmer F, Nuber M (2001) Differential post-fledging
survival of great and coal tits in relation to their condition and fledg-
ing date. J Anim Ecol 70:730-738

Nakagawa S, Schielzeth H (2010) Repeatability for Gaussian and non-
Gaussian data: a practical guide for biologists. Biol Rev 85:935-956

Nicolaus M, Piault R, Ubels R, Tinbergen JM, Dingemanse NJ (2016)
The correlation between coloration and exploration behaviour varies
across hierarchical levels in a wild passerine bird. J Evol Biol 29:
1780-1792

Norris K (1990) Female choice and the evolution of the conspicuous
plumage coloration of monogamous male great tits. Behav Ecol
Sociobiol 26:129-138

Norris K (1993) Heritable variation in a plumage indicator of viability in
male great tits Parus major. Nature 362:537-539

Perrins CM, McCleery RH (1985) The effect of age and pair bond on the
breeding success of great tits Parus major. Ibis 127:306-315


https://cran.r-project.org/package=arm
https://cran.r-project.org/package=arm

Behav Ecol Sociobiol (2020) 74: 43

Page 11 of 11 43

Perrins CM, McCleery RH (2001) The effect of fledging mass on the lives
of great tits Parus major. Ardea 89:135-142

Poysa H (1988) Feeding consequences of the dominance status in great tit
Parus major groups. Oris Fenn 65:69-75

Quesada J, Senar JC (2007) The role of melanin- and carotenoid-based
plumage coloration in nest defence in the great tit. Ethology 113:
640-647

R Core Team (2019) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna http://www.
R-project.org

Raap T, Pinxten R, Eens M (2015) Light pollution disrupts sleep in free-
living animals. Sci Rep 5:13557

Remes V, Matysiokova B (2013) More ornamented females produce
higher-quality offspring in a socially monogamous bird: an experi-
mental study in the great tit (Parus major). Front Zool 10:14

Riddington R, Gosler AG (1995) Differences in reproductive success and
parental qualities between habitats in the great tit Parus major. Ibis
137:371-378

Rivera-Gutierrez HF, Pinxten R, Eens M (2010) Multiple signals for
multiple messages: great tit, Parus major, song signals age and
survival. Anim Behav 80:451-459

Roulin A (2004) Proximate basis of the covariation between a melanin-
based female ornament and offspring quality. Oecologia 140:668—675

Roulin A (2016) Condition-dependence, pleiotropy and the handicap
principle of sexual selection in melanin-based colouration. Biol
Rev 91:328-348

Santostefano F, Fanson KV, Endler JA, Biro PA (2019) Behavioral, en-
ergetic, and color trait integration in male guppies: testing the
melanocortin hypothesis. Behav Ecol 30:1539-1547

Senar JC, Conroy MJ, Quesada J, Mateos-Gonzalez F (2014) Selection
based on the size of the black tie of the great tit may be reversed in
urban habitats. Ecol Evol 4:2625-2632

Slagsvold T (1993) Female-female aggression and monogamy in great
tits Parus major. Ornis Scand 24:155-158

Stern CA, Servedio MR (2017) Evolution of a mating preference for a
dual-utility trait used in intrasexual competition in genetically mo-
nogamous populations. Ecol Evol 7:8008-8016

Svensson L (1992) Identification guide to European passerines, 4th edn.
BTO, Stockholm

Tarof SA, Dunn PO, Whittingham LA (2005) Dual functions of a
melanin-based ornament in the common yellowthroat. Proc R Soc
Lond B 272:1121-1127

Thys B, Pinxten R, Raap T, De Meester G, Rivera-Gutierrez HF, Eens M
(2017) The female perspective of personality in a wild songbird:
repeatable aggressiveness relates to exploration behaviour. Sci Rep
7:7656

Thys B, Lambreghts Y, Pinxten R, Eens M (2019) Nest defence behav-
ioural reaction norms: testing life-history and parental investment
theory predictions. R Soc Open Sci 6:182180

Tobias JA, Montgomerie R, Lyon BE (2012) The evolution of female
ornaments and weaponry: social selection, sexual selection and eco-
logical competition. Phil Trans R Soc B 367:2274-2293

Van Duyse E, Pinxten R, Eens M (2000) Does testosterone affect the
trade-off between investment in sexual/territorial behaviour and pa-
rental care in male great tits? Behaviour 137:1503—-1515

West-Eberhard MJ (1983) Sexual selection, social competition, and spe-
ciation. Q Rev Biol 55:155-183

Wong BBM, Candolin U (2005) How is female mate choice affected by
male competition? Biol Rev 80:559-571

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


http://www.r-project.org
http://www.r-project.org

	Does...
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Study population
	Measurement of tie size
	Female-female aggressiveness
	Statistical analyses
	Sources of variation in female tie size
	Female aggressiveness and tie size
	Tie size and reproductive investment

	Data availability

	Results
	Variation in female tie size
	Female aggressiveness and tie size
	Tie size and reproductive investment

	Discussion
	Variation in female tie size
	Female aggressiveness and tie size
	Tie size and reproductive investment

	Conclusions
	References


