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Abstract Nest and territory defence are risky and po-
tentially dangerous behaviours. If the resolution of life
history trade-offs differs between individuals, the level
of defence may also vary among individuals. Because
melanin-based colour traits can be associated with life
history strategies, differently coloured individuals may
display different nest and territory defence strategies.
We investigated this issue in the colour polymorphic
tawny owl (Strix aluco) for which plumage varies from
dark to light reddish melanic. Accordingly, we found
that (1) our presence induced a greater response (flying
around) from dark-coloured than light-coloured females
and (2) dark reddish males suffered lower nest predation
rates than light-coloured males. In experimentally en-
larged broods, the probability that females reacted after
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we played back the hoot calls of a stranger male was
higher if these females were lighter reddish; the oppo-
site pattern was found in experimentally reduced broods
with dark parents being more reactive than light parents.
Finally, darker females alarmed more frequently when
paired with a light than with a dark male, suggesting
that partners adjust their behaviour to each other. We
also tested whether colouration is used as a signal by
conspecifics to adjust the level of their defensive behav-
iour. Accordingly, breeding females responded more
vigorously to a dark than a light reddish stuffed tawny
owl placed beside their nest. We conclude that melanin-
based colouration is a signal of alternative nest and
territory defence behaviour that depends on ecological
factors.

Keywords Nest defence - Colour polymorphism -
Personality - Pheomelanin - Predation

Introduction

The life history theory proposes that individuals opti-
mally allocate resources among energy-demanding and
time-consuming life history traits (Stearns 1992). Some
of the best-known life history trade-offs are resource
allocation between reproduction and self-maintenance,
between offspring number and quality and between cur-
rent and future reproduction (Stearns 1989). For in-
stance, if past investment in reproduction was made at
the expense of self-maintenance, adult survival and the
value of current offspring would be reduced (Williams
1966; Roff 1992). A model of aggressiveness towards
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predators revealed that differences in risk-taking behaviour
can evolve since individuals with higher future expectations
have more to lose and are thus more risk-avoiding (Wolf et al.
2007). Several evolutionary stable strategies to resolve such
trade-offs can thus coexist within populations through slight
investment differences in current and future reproduction
(Wolf et al. 2007).

Investment in current reproduction involves anti-predator
behaviour and territory defence against intruders. These ac-
tivities can increase adult mortality caused by predators and
competitors (Montgomerie and Weatherhead 1988) and also
increase physiological stress through increased testosterone
and corticosterone levels (Marler and Moore 1988; Buchanan
etal. 2003; Fontaine et al. 2011), costs that should be lower
than the benefits generated by rearing high-quality off-
spring. Because the cost/benefit ratio of anti-predator and
territorial behaviours is likely to differ between individuals
(Montgomerie and Weatherhead 1988), individuals may sig-
nal to conspecifics prospective investment in these behaviours
to settle contests without escalation (Maynard Smith and
Parker 1976). Few studies have reported colour traits that
signal different reproductive and territorial strategies with
compelling evidence mainly restricted to colour polymorphic
species (Roulin 2004). For instance, differently coloured indi-
viduals were found to adopt alternative reproductive strategies
in the white-throated sparrow (Zonotrichia albicollis; Tuttle
2003) and nest defence strategies in the Gouldian finch
(Erythrura gouldiae; Mettke-Hofmann 2012).

Melanin-based colouration is an appropriate pheno-
typic marker of strategies in trade-off resolutions be-
tween life history traits. Inherited variation in the
deposition of melanin pigments (grey—black eumelanin
and reddish brown pheomelanin) is frequently reported
to covary with morphology, physiology, life history
traits and behaviour such as resistance to stress, sexual
activity and aggression (Roulin 2004; Ducrest et al.
2008). Previous studies already reported associations
between anti-predator behaviour and melanin-based col-
ouration in a number of species including the common
buzzard (Buteo buteo; Boerner and Kruger 2009), marsh
harrier (Circus aeruginosus; Sternalski and Bretagnolle
2010), great tit (Parus major; Quesada and Senar 2007),
barn owl (7yto alba; Van den Brink et al. 2012a) and
European kestrel (Falco tinnunculus; Van den Brink et
al. 2012b). Melanin-based colouration can thus be asso-
ciated with different levels of aggressiveness and be
involved in specific trade-off resolutions such as invest-
ment in current and future reproduction.

To study the hypothesis that the degree of melanin-
based colouration signals alternative anti-predator and
territory defence strategies, we performed a study in
the tawny owl (Strix aluco). This owl displays large
inter-individual variation in the deposition of melanin
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pigments that covaries with physiological and life history
traits in several European populations (Galeotti and Sacchi
2003; Brommer et al. 2005; Piault et al. 2009; Karell et al.
2011b). Under prime rearing conditions, offspring of
dark reddish parents grow faster than those of light
reddish parents (Roulin et al. 2004, 2008; Piault et al.
2009), while the opposite pattern is observed when
rearing conditions are poor. Thus, under rich conditions,
darker reddish individuals may be more aggressive to
protect their high-quality offspring than light-coloured
ones, whereas under poor conditions, the opposite pat-
tern may prevail. Alternatively, because lighter reddish
females skip reproduction more often than darker red-
dish females (Roulin et al. 2003), when they reproduce,
they may have more to lose if their nest is depredated,
potentially inducing them to be more aggressive. There-
fore, nest defence behaviour in differently coloured
parents may be conditional to ecological factors. To
investigate how melanin-based colouration covaries with
aggressiveness, we performed three types of studies in
nests for which the number of nestlings was experimen-
tally manipulated. This manipulation allowed us to in-
vestigate whether differently coloured individuals
experiencing experimentally reduced or enlarged broods
defend their brood differentially. The rationale of this
experiment was to generate rich vs. poor environments
(i.e. in experimentally reduced vs. enlarged broods),
since we have already demonstrated that dark and light
reddish tawny owls perform differentially in these con-
trasted environments (Roulin et al. 2008).

We first began with an analysis of nest defence
using a dataset of daylight nest visits collected during
6 years. The tawny owl is well known for its nest
defence as it will often attack humans who approach
their nest too closely (e.g. Leifert et al. 2004). We
examined whether dark or light morphs were more
reactive to the presence of researchers. Second, because
tawny owls remain territorial during the breeding sea-
son, probably because of the risk that intruders kill
offspring (e.g. Webster et al. 1999; Birrer and Hiisler
2003), we tested with playback experiments whether
differently coloured individuals are differentially prone
to evict intruders during the breeding season. During
daylight hours, we broadcasted the hoot of a male to
examine which of dark or light reddish parents react
more often. Third, we performed a playback experiment
at night the following year with the extra use of a dark
or light reddish stuffed owl placed beside nests. We
could thus examine whether a dark or light reddish
intruder (i.e. stuffed bird) represents a greater threat to
breeding pairs and hence elicits a stronger defensive
response. This would indicate that colouration signals
the level of aggressiveness to conspecifics.
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Methods
Study species

The tawny owl is monogamous, philopatric and can live up
to 20 years (Galeotti 2001). Clutch sizes vary between one
and eight eggs, which hatch between February and the end
of May. Males deliver food to their offspring and partner
(Sunde 2008; Sasvari et al. 2009), while females distribute
the prey items among the progeny. Nestlings leave the nest
box even before they are able to fly, at an age of 25-30 days,
but parents continue to feed and protect them until they are
about 2 months old (Sunde 2008). Because of their 5-10 %
larger size and 20-25 % greater body mass (Glutz von
Blotzheim 1987), females are also responsible for the ma-
jority of nest defence against predators (Wallin 1987),
whereas in territorial disputes, males and females are equal-
ly active (Sunde and Belstad 2004). The response to an
individual that challenges the territory by singing is most
frequent and intense in autumn, when territories are estab-
lished, and during reproduction (Galeotti 1990; Appleby et
al. 1999). Vocalization rate of breeding individuals is higher
in sites where floaters are more abundant (Sunde and
Bolstad 2004). Thus, territorial disputes are frequent and
playback experiments mimic a natural situation. Melanin-
based plumage colouration is independent of age and sex
and is highly heritable (4*=0.72—0.93; Brommer et al. 2005;
Gasparini et al. 2009; Karell et al. 2011b). Feather content in
pheomelanin and eumelanin accounts for 68 and 21 %,
respectively, in inter-individual variation in the degree of
reddish colouration. Feathers of darker reddish individuals
contain more pheomelanin and eumelanin (Gasparini et al.
2009).

Study site

Our study was carried out in a forested area of 911 km?
situated in western Switzerland, at a mean altitude of 672 m
(range, 400-950 m). In this area, 377 nest boxes were set up
within forest patches of at least 4,000 m?. The mean distance
between two nest boxes was 627 m, with a minimal distance
of 500 m (Roulin et al. 2011); for this reason, a visit at one
nest did not disturb neighbouring nests. When nestlings
were 10 days of age, breeding females were captured in
the nest box during daylight (8 a.m.—6 p.m.), while males
were captured at night when provisioning their brood
(10 p.m.—6 a.m.). We applied the same method to all nests
independently of colouration.

Colour measurements

Male and female breeders were assigned to one of five
colour morphs based on the colouration of the entire body

(1=dark reddish brown, 2=reddish brown, 3=brown, 4=
brown—grey, S=grey; Roulin et al. 2003; Figs. 1 and 2). The
scale we used in previous papers is counter-intuitive because
darker colouration reflects an increase in melanin pigments
in the feathers. To obtain a more logical scale from light
to dark reddish, we multiplied the above scale by —1.
Furthermore, the names of the different morphs we
coined in 2003 (i.e. brown, grey and reddish) are poorly
reflecting that colouration of adult tawny owls show a
continuum from dark to light melanic (Gasparini et al.
2009). This is why we now use the terminology light to
dark reddish or light to dark melanic. Between-year
visual assessments of individual colouration were signif-
icantly repeatable in both females (comparing 280 indi-
viduals for which morph was determined in different
years, r=0.86+0.023 SE, F,79613=11.37, P<0.0001)
and males (226 individuals, 7=0.88+0.025 SE, F3s5354=
12.59, P<0.0001; Lessels and Boag 1987). We already
demonstrated that scores assigned in the field are strongly
correlated with colouration measured on back feathers
using either Adobe Photoshop or a spectrophotometer
(Gasparini et al. 2009).

Brood size manipulation experiment

Based on the criterion that clutches were laid on similar
dates, between 2005 and 2011, we matched 388 out of
545 successfully hatched pairs of nests to reduce (R) or
enlarge (E) brood size and in turn induced a decrease
and increase in parental investment of breeding pairs,
respectively. The average difference in laying dates is
2.8 days (range, 0-9 days); we could sometimes match
pairs with more than 1 week difference in laying dates
because last-hatched chicks of one brood had similar
age as first-hatched chicks of the matched brood. This
resulted in a reduced body mass in E parents compared
to R parents (Roulin et al. 2011), demonstrating that
the increase in clutch size induces an increase in paren-
tal effort. Brood sizes were manipulated by exchanging
on average two hatchlings or eggs from a nest E against
three hatchlings or eggs from a nest R. Pairs of nests
were randomly selected and colouration of the biological
and foster parents were not correlated to each other,
neither same sex nor opposite sex (all P values>0.19).
Adult plumage colouration was not associated with
clutch size and brood size before or after the manipu-
lation (Spearman’s correlations; P values>0.10). We
found no evidence for assortative mating within breed-
ing pairs (r,=0.05, n=383, P=0.36). Note that sample
sizes can differ between analyses, since we did not
always capture both partners. Detailed descriptions
of effects of brood size manipulation are reported in
Roulin et al. (2011).
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Fig. 1 Differently coloured
tawny owls. a Dark reddish
brown morph. b Reddish brown
morph. ¢ Brown morph. d
Brown—grey morph. e Grey
morph. Pictures by Guillaume
Emaresi

Nest defence during daylight hours in relation to adult
colouration

Between 2005 and 2009, we examined whether plumage
colouration of the parents was associated with their anti-

15% =

Frequency

Grey Brown-grey Brown Brown-reddish  Reddish
Morph Morph Morph Morph Morph
(-5 (-4) (-3) (-2) (-1)

Fig. 2 Frequency distribution of colour morphs of 552 breeding tawny
owls
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predator behaviour. We always parked our car at approxi-
mately 30 m from the nest box, took a ladder from the roof
of the car and immediately walked towards the nest box. We
climbed the tree, removed the nestlings, ringed and mea-
sured them and finally placed them back in their nest box
and left. The entire procedure took approximately 30 min
and was independent of bird colouration, and during this
time period, we observed whether parents were visible in the
surroundings. We considered 1,555 brood visits performed
in 318 nests during daylight hours when nestlings were old
enough to be thermo-independent (mean+SE=20.2+
0.2 days of age). At this time, parents do not roost in the
nest anymore (Glutz von Blotzheim 1987) but usually in a
tree nearby to detect any potential predator. During these
daylight visits, adults were often detected thanks to alerting
passerines. We determined sex either visually based on
sexual size dimorphism (Baudvin and Dessolin 1992) or
the type of alarm calls (Galeotti and Pavan 1991). When
we did see an adult that was sitting still in a tree (or when we
did not see it at all and did not hear any passerines alerting),
we considered them as not adopting any anti-predator
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behaviour. But when we saw an adult flying around us,
vocalising or attacking us, we considered it as adopting an
anti-predator behaviour. Nest defence behaviour is very
conspicuous and hence cannot be missed. For this reason,
the probability to detect an owl that defends its nest is not
influenced by its colouration. Age of the adults was deter-
mined upon capture by ring numbers or moult patterns
(Baker 1993). Birds were assigned to the age categories
‘yearling’ or ‘adult’.

We used a generalized linear mixed model (GLMM)
with a logit link function and parental anti-predator
behaviour as a binomial response variable. We incorpo-
rated female identity and year as two random factors to
account for individuals breeding in more than 1 year
(only 20 out of 212 females were only seen breeding in
1 year) and for more than one visit to the same nest in
the same year (mean number of visits per nest, 4.0+
0.08; range, 1-9). Independent variables were female
colour morph, female age, brood size manipulation
treatment (i.e. experimentally enlarged and reduced
broods), time of the day (mean, 1405 h+35 min; range,
6-21 h), date (i.e. number of days after 1 January;
range, 4 February—24 June), nestling age and initial
brood size before manipulation (mean, 3.9+0.04; range,
1-7 nestlings). In a preliminary model, we incorporated
two-way interactions between female colouration and
the other independent variables. We performed a similar
model for breeding males. We had a sample of 163
experimentally enlarged nests, 160 experimentally re-
duced broods and 85 non-manipulated broods. We first
ran an analysis by considering only experimental nests
and then confirmed the results by using the entire sam-
ple of nests.

Nest predation in relation to adult colouration

Between 2005 and 2010, we recorded breeding success or
failure. It is difficult to distinguish predation from abandon-
ment in the egg phase and, therefore, we limited our analysis
to the nestling phase. We had a sample of 165 experimen-
tally enlarged broods, 163 experimentally reduced broods
and 106 non-manipulated nests to examine the relationship
between nest predation and parental colouration. We con-
sidered a nest as depredated (most often by mustelids) when
the nestlings were missing long before they should have
fledged at 25-30 days or when we found them dead with
injuries. To investigate possible differences in predation risk
between parents of different colour, we performed a GLMM
with a logit link function and presence/absence of predation
on nestlings as binomial response variable. We included
year, brood identity and identity of the mother and father
as four random variables. Independent variables were adult
colouration, sex and age of the adults, brood size manipulation

treatment and all two-way interactions. Unfortunately, we
could not test whether predation was more frequent in pairs,
showing no anti-predator behaviour during daylight hours
because we usually noticed that a nest was depredated when
the mother should still have been roosting in her nest. We
confirmed the results using all 434 nests regardless of whether
we manipulated brood size.

Playback experiment during daylight hours in 2010

In 2010, we studied 26 experimentally enlarged and 26
reduced broods of similar mean hatching date (Student’s ¢
test, t50=1.11, P=0.27). Between 21 April and 18 May,
when nestlings were 29+0.8 SE days old, we performed a
playback experiment during daylight hours (mean, 1201 h+
12 min; range, 0850—1550 h). In all nests, we captured the
parents a couple of days before performing the playback
experiment. Male and female colouration was not signifi-
cantly associated with time of the day, date and offspring
age at the time of the playback (Spearman’s correlations,
P values>0.31); including these variables in preliminary
statistical analyses did not modify our results. We placed a
stereo CD player at 10 m from the nest box and played
territorial calls of a male tawny owl during 5 min. We chose
this duration because a previous study showed that 50 % of
the birds already respond to a playback within 5 min, while
it could take up to 20 min for more than 90 % of the birds to
respond (Redpath 1994). We could thus test which of dark
and light reddish parents respond rapidly to a playback. This
soundtrack was a series of three hoots per minute from a
male originating from a breeding population in the UK,
unknown to all owls in our local population. Note that
tawny owls respond more strongly to the hooting of stranger
males than to the hooting of known neighbouring males
(Galeotti and Pavan 1993). During the playback, we
retreated to approximately 20 m from the nest, visually
recording tawny owl presence or absence as well as whether
passerines produced alarm calls. The latter measure is an
efficient proxy of movement of tawny owls that otherwise
remain hidden to avoid being mobbed by passerines
(Hogstad 1995); more than 20 years of experience showed
us that passerines are producing alarm calls when an owl is
moving. During our playback experiment, we saw or heard
an owl on 18 occasions out of 52 occasions and we heard
passerines on 24 occasions. We ran a first series of logistic
regression models with presence or absence of at least an
owl (i.e. heard and/or seen) during our playback experiment
as a binomial response. In the second series, the binomial
response was either presence or absence of a reaction from
the owls (i.e. heard and/or seen) or passerines (i.e. alarming
or not). In these two models, we included brood size manip-
ulation treatment and colour morph of the two parents, as
well as all two-way interactions.

@ Springer
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Playback experiment at night in 2011

Between 19 April and 23 May 2011, we performed a play-
back experiment in 13 experimentally enlarged broods and
18 experimentally reduced broods when nestlings were
17.6+£0.4 days old and a second time when they were
21.1+£0.4 days old. Eight nest boxes that were occupied in
2010 were also used in 2011, five by the same pair, two by
the same female and one by the same male. We performed
the playback experiment at night (mean time, 2315 h412 min;
range, 2115-0115 h) because we expected owls to be more
active at this time. We placed a recorder (Marantz PMD
661) and microphone (Beyerdynamic MC 930) at 10 m from
the front of the nest box and then retreated to a location at
10 m away. We used the same male tawny owl territorial call
as used the year before to perform playback experiments. A
loudspeaker was placed on the ground close to the nest box,
and after 3 min of silence as an acclimation period, we
played back twice in a row a sequence of 8 min (3 min of
calls followed by 5 min of silence). To test whether colour
morph of an intruder influences the response of the territory
owner, we presented next to the loudspeaker a stuffed owl of
either dark or light reddish morph. It was covered under a
black sheet until we broadcasted calls. We assigned the dark
and light reddish stuffed owl independently of the colour-
ation of the two breeding adults (Wilcoxon tests, males:
z=1.77, P=0.08; females: z=—0.38, P=0.71).

As a measure of the response to our playback, we
counted the number of female alarm calls (‘wick’; Galeotti
2001). On 35 occasions, we heard at least 1 alarm call; on 9
occasions, the female was present (she produced contact
calls directed to males, ‘kewick’; Galeotti 2001) but did
not produce any alarm call; and on 18 occasions, we neither
heard nor saw the female. When we heard no alarm call, we
assigned a zero to the number of alarm calls. To examine
whether the response to the playback experiment was asso-
ciated with colouration of the territory owner, we introduced
log-transformed call rate as an dependent variable in linear
mixed models; female identity and replicate (the playback
experiment was performed on two separate nights always
with the same stuffed owl) were two random variables, and
colour morph of the territory owner and of the stuffed owl as
well as brood size manipulation treatment were three fixed
effects. We performed the playback experiments on two
nights to determine whether individual females responded
similarly to our playback on different nights.

Statistical procedure
All analyses were performed using JMP 9.0.2 (SAS 2010)
and SAS v9.1 (SAS 2008). GLMM were performed with

SAS, whereas logistic regressions (without any random
variables) were carried out with JMP. Final models were
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obtained by eliminating non-significant variables, non-
significant interactions first. All tests were two-tailed and
P values smaller than 0.05 are considered significant; values
are reported as means+standard error.

Results

Nest defence during daylight hours in relation to adult
colouration

Female tawny owls were more often seen during our day-
light visits (1,039 observations, 66.8 % of our visits) than
males (357 times, 23.0 % of visits). Females were more
likely to adopt an anti-predator behaviour when they were
dark rather than light reddish (GLMM with female identity
and year as random variables; estimate, 0.28+0.11; F} ;5=
6.57, P=0.011), when they reared an experimentally en-
larged rather than reduced brood (0.46+0.23, F'; 9;5=5.60,
P=0.018) and when their offspring were older (0.08+0.01,
F1015=29.21, P<0.0001). In an initial model, the variables
time of the day, date, clutch size, female and male age, male
colouration and two-way interactions with brood size
manipulation experiment and other independent variables
were not significant (P values>0.38) and hence removed
from the final model. When considering also nests indepen-
dently of whether we manipulated brood size or not, we still
found a significant effect of female colouration on anti-
predator behaviour (GLMM,; estimates, 0.31£0.11; Fy j574=
8.01, P=0.0047). The random factor ‘female identity’ had
a significant effect as shown by the log-likelihood ratio test
(x*=173.35, P<0.0001), indicating that females behaved
consistently across nest visits. The random factor ‘year’
was also significant (x*=697.1, P<0.0001), but the interac-
tion between year and female colouration was not significant
in a model where year was included as a fixed cofactor
(F5,1303=0.68, P=0.64).

In a similar analysis, males were more likely to adopt an
anti-predator behaviour in the afternoon rather than morning
(GLMM with male identity and year as random variables;
estimate, 0.10+0.03; F gp5=124.18, P<0.0001), when the
offspring were younger (—0.17+0.02, F g,5=106.19, P<
0.0001) and tended to do so when brood size was experi-
mentally reduced compared to enlarged (—0.71+0.32, F; g>5=
3.51, P=0.06). The other independent variables (male and
female colouration, male and female age, clutch size and
date) and two-way interactions were not significant (P>0.17).
We obtained similar results when considering all nests
independently of whether we manipulated brood size or not
(not shown). In contrast to females, the random factor ‘male
identity’ had no significant effect (log-likelihood ratio test,
x>=0.01, P=0.92), indicating that males did not behave
consistently across nest visits. The random factor ‘year’
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was also significant (y?=731.51, P<0.0001), but the
interaction between year and male colouration was not
significant in a model where year was included as a
fixed cofactor (Fss505=0.40, P=0.81).

Nest predation in relation to adult colouration

Nine of the 165 experimentally enlarged broods were dep-
redated at the nestling age (5.5 %) compared to 18 of the
163 experimentally reduced broods (11.1 %). Nest predation
was lower at nests of darker-coloured than lighter-coloured
males (GLMM with male and female identities as well as
year as three random variables; estimate, —0.51+0.24; F| 4=
4.44, P=0.041; Fig. 3); the other terms (brood size manipu-
lation, female colouration, male and female age and all two-
way interactions) were not significant and hence removed
from the final model. When considering also nests that were
not manipulated (7 of 106 were depredated), the association
between male colouration and predation was still significant
(estimate, —0.48+0.24; F) 50=4.04, P=0.049). The random
effect year was significant (x*=90.63, P<0.0001), which
was not the case for the identity of male and female
(x*<0.02, P>0.9).

Playback experiment during daylight hours in 2010

The probability that we saw or heard an owl when we
played back the hoot of a male tawny owl was significantly
associated with colour morph of the two parents in interac-
tion with the brood size manipulation experiment (logistic
regression analysis, male colour morph [chi-square test]:
x*=1.32, P=0.25; female colour morph: x*=0.52, P=0.47,
brood size manipulation: x*=0.01, P=0.92; interaction brood
size manipulationx male colour morph: x*=9.13, P=0.0025;

Dark reddish

(Reddish-brown morph)
(-2)

291 nests

(Brown morph)
(-3)

14 nests
(Grey-brown morph)

(1)

Light reddish No predation Predation
Fig. 3 Mean+SE colouration of male tawny owls in relation to wheth-

er their brood had been depredated or not

interaction brood size manipulation* female colour morph:
x°=5.13, P=0.024). The significant interaction is explained
by the fact that, when rearing an enlarged brood, adult
owls were more often seen or heard when the male
or the female were lighter reddish (male: x*>=7.47,
P=0.006, estimate=—1.54+0.76; female: X2=3.75,
P=0.05, estimate=—0.97+0.59; Fig. 4a), while in the
reduced treatment, adult colouration did not differ regardless
of whether we saw an adult owl (male: y*=2.12, P=0.15;
female: x*>=1.50, P=0.22; Fig. 4a). When the binomial
response was bird reaction (i.e. adult owl and/or passer-
ines), the only significant term was the interaction be-
tween brood size manipulation and female colour morph
(x*=13.02, P=0.0003). In the reduced treatment, we
observed a bird reaction (i.e. adult owl and/or alarming
passerines) more often when the female was darker
reddish (female colour morph: x*=10.78, P=0.0010,
estimate=1.69+0.71; male colour morph: x*=0.63, P=0.43),
while in the enlarged treatment, we observed the opposite
pattern with more frequent bird reaction when the
female was lighter coloured (female colour morph: x>=3.78,
P=0.05, estimate=—0.70+0.40; male colour morph: x*=0.75,
P=0.39; Fig. 4b).

Playback experiment at night in 2011

Females responded more often than males (71 vs. 27 %, chi-
square test: y>=21.8, P<0.001). Females tended to produce
a similar number of alarm calls in the two successive nights
both for when we were sure that females were around their
nest (repeatability=0.28+0.09, F627=1.77, P=0.07) and
did so when considering all nests regardless of whether
females were proved to be around their nest or not (repeat-
ability=0.52+0.09, F5,5s=2.73, P=0.024).

In a linear mixed model, the log-transformed number of
female alarm calls was higher when the stuffed owl was darker
rather than lighter reddish (nest and replicate as two random
variables, F 31.6,=5.81, P=0.022; Fig. 5), but was not signif-
icantly associated with female colouration (F 2644=0.44, P=
0.52) and the brood size manipulation experiment (£ »g03=
3.20, P=0.085); all interactions between colour of the adult
stuffed owl and breeding female were not significant (P>0.40).
When considering only cases where the female was proved to
be around her nest, we obtained similar results (colour of the
stuffed owl: Fj 5695=3.74, P=0.06; female colour: F} 53 63=
0.26, P=0.61; brood size manipulation: F; 54 c=0.70, P=0.41).

In another linear mixed model, we analysed the log-
transformed number of female alarm calls in relation to
colouration of both the female and male partners and found
a significant interaction (nest and replicate as two random
variables; female colour: F 3563=10.23, P=0.0037; male
colour: Fj,577=4.66, P=0.04; interaction: F »565=9.48,
P=0.0049). To examine this interaction, we split males into
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Fig. 4 Colouration of the two
tawny owl parents that reacted
to a male hoot broadcasted
during daylight hours in 2010
for both when they reared an
experimentally reduced or
enlarged brood. a Colouration
of the two parents when we saw
(or did not see) any adult during
the playback experiment. b We
consider the situation where we
saw at least one parent owl or
heard alarming passerines
during the playback experiment
or when we did neither see any
tawny owl parent nor heard
passerines. Means are given
with bars indicating SD
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Fig. 5 Number of alarm calls by breeding females in the presence of a
stuffed dark or light reddish tawny owl placed beside their nest. Data
from 2011

two categories based on the median of their colour distribu-
tion, resulting in a group of dark-coloured males and a group
of light-coloured males. Then, for each nest, we calculated
the mean number of female alarm calls measured in the two
nights. Females paired with males assigned to the category
‘light coloured’” produced more alarm calls when these
females were darker reddish (»=0.67, n=14 nests, P=
0.009); in contrast, we found no significant relationship
between the number of female alarm calls and female

colouration for females paired with males assigned to the
category ‘dark’ (r=0.14, n=16 nests, P=0.62) (Fig. 6).

Discussion

Our nest visits during daylight hours mimicked the presence
of a potential predator. These visits induced dark reddish
female tawny owls more often than light reddish females to
move from their hide and be aggressive towards us. Further
tests showed that, when we experimentally enlarged broods,
lighter-coloured parents reacted more often after we played
back the hoot of a stranger male than darker parents. Inter-
estingly, the opposite pattern was detected in experimentally
reduced broods where darker females were more reactive.
When the playback was carried out at night, we observed
that females alarmed more often when we placed a dark than
light reddish stuffed owl near their nest. In the same exper-
iment, we also found that dark reddish females alarmed
more frequently when paired with a light rather than a dark
male. Finally, predation at the nestling stage was more
frequent when the father was light rather than dark reddish.
We, therefore, conclude that melanin-based colouration is
associated with anti-predator and territorial behaviour dur-
ing the reproductive season and also that conspecifics may
assess colouration to adjust their behaviour in front of an-
other individual.

Sex-specific investment in nest defence

Nest defence can be costly and risky, particularly in terms of
survival and injuries (Wallin 1987). In owls and raptors,
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. . o -
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selection often favoured females to be larger and heavier
than males, leading them to be more intensively involved in
protecting the offspring than males that are mostly involved
in hunting for the progeny (Wiklund and Stigh 1983). Ac-
cordingly, our daily visits to tawny owl nests induced
females to fly around us 2.9 times more often than males,
and the playback experiments induced more intense nest
defence by females than males. Interestingly, while females
adopted an anti-predator behaviour mainly when their off-
spring were older, males did so mainly when their offspring
were younger. This sex-specific temporal pattern of nest
defence could be explained by the sex-specific roles in
reproduction (Galeotti 2001). When offspring are still
young, the mother is dedicated to feeding and warming
them and hence she may count on the male to defend the
nest. When the offspring are older and hence their food
requirement increases, males have to spend more time hunt-
ing, while the mother does not need to stay in her nest to
warm and feed their offspring anymore. At that stage, she
has, therefore, more time to defend the nest. We also ob-
served that females are more likely to defend their nest in
experimentally enlarged rather than reduced broods, while
the males tended to defend more often experimentally re-
duced than enlarged broods. This is again consistent with
sex-specific roles in reproduction, since males have to spend
more time hunting for enlarged than reduced broods. This
implies that males can invest more effort in nest defence for
reduced than enlarged broods, while females may have to
compensate for reduced male effort in this activity in exper-
imentally enlarged broods.

Dark reddish owls are commonly more aggressive

A major goal of our study was to test whether colour morphs
differentially defend their nest against predators and
intruders as shown in a number of related species (see the
“Introduction” section). As expected, melanin-based colour-
ation was associated with anti-predator behaviour and in
turn with reproductive success, but in a rather complex
way. We found associations between colouration and index-
es of nest defence more often in the sex that invests more
effort in this activity, i.e. female. Most of our results suggest
that darker reddish females are more aggressive than lighter
conspecifics: during our daylight nest visits, we saw more
often dark than light reddish females: darker reddish females
reacted more strongly to the playback experiments per-
formed during daytime (when brood size was experimental-
ly reduced or when their partner was lighter reddish), and
finally at night, a dark-coloured stuffed owl placed beside
their nest induced a stronger reaction of females than a light-
coloured stuffed owl. The latter result suggests further that
dark reddish owls represent a greater threat than lightly
coloured conspecifics. In males, we also found that broods
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were less often depredated when the father was dark rather
than light reddish. Altogether, our findings suggest that dark
and light reddish tawny owls evolved alternative life history
strategies (Brommer et al. 2005; Roulin et al. 2008; Karell et
al. 2011b) that necessitate different physiology (Galeotti and
Sacchi 2003; Gasparini et al. 2009; Piault et al. 2009: Karell
et al. 2011a) and behaviour (present study). Determining
how dark and light reddish birds achieve the same fitness
(e.g. one morph may survive longer but produce smaller
broods than the other morph) and identifying the selective
mechanism behind the evolutionary stability of this poly-
morphism (e.g. frequency-dependent selection or local ad-
aptation) are major challenges. Because inter-individual
variation in the degree of reddish colouration is explained
almost solely by genetic factors (Brommer et al. 2005;
Gasparini et al. 2009; Karell et al. 2011b), the evolutionary
stability of several morphs within populations implies that
they should achieve the same fitness. Therefore, the obser-
vation of directional selection favouring one morph may be
only a transient situation. In one study, Brommer et al.
(2005) found that light-coloured individuals had a fitness
advantage, whereas in another study performed in the same
country (but at a larger scale), they found the opposite result
with dark reddish owls being favoured (Karell et al. 2011b).
In this context, the present study has the merit to reveal that
behaviour is an important component to understand how
colour polymorphism is maintained.

Darker reddish tawny owls were more aggressive either
towards conspecifics or predators, and hence, if plumage
colouration acts as a signal, we would predict that different-
ly coloured individuals induce different behaviours from
conspecifics. For a first test, we presented a stuffed owl
beside active nests to examine whether darker reddish stuf-
fed individuals induce stronger defensive behaviour from
territory owners than lighter reddish individuals. This was
the case, as already observed in the buzzard in a similar
experiment (Boerner and Kruger 2009). Therefore, plumage
colouration may be used as a mate choice criterion, some-
thing that remains to be tested. Because the costs and bene-
fits of aggressiveness may vary between years and
environments, the most reddish owls may not necessarily
be the most preferred mates in all situations and by all
individuals, which may explain why pairing with respect
to colouration is not assortative in our study and also in
Finland (Brommer et al. 2005). Indeed, a light colouration
may signal other qualities than aggressiveness. Colour may
act as a signal not only in the context of mate choice but also
to resolve conflicts over territory ownership. The tawny owl
is territorial throughout the year, competing for limited
reproductive sites, with high-quality holes in trees being
usually rare. Thus, colouration may be a signal of agonistic
behaviour, like the black badges in the siskin (Carduelis
spinus; Senar and Camerino 1998), house sparrow (Passer
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domesticus; Mpller 1987; Klvanova et al. 2011), Gouldian
finch (E. gouldiae; Pryke and Griffith 2009) and great tit
(Quesada and Senar 2007). If colouration has a major func-
tion in defending territories, light reddish owls may be
relegated to the poorest-quality territories, something that
remains to be formally tested.

Why are light reddish owls aggressive in some situations?

In 2010 and 2011, we found contrasting results with respect
to the association between colouration and response to the
playback. In 2010, when broods were experimentally en-
larged, males and females were more reactive if light col-
oured. In contrast, when broods were experimentally
reduced, darker females were more reactive to the playback.
These results are consistent with previous findings showing
that offspring sired by darker parents perform better under
good conditions, i.e. when brood size is experimentally
reduced (Roulin et al. 2008) or when food is abundant
(Piault et al. 2009), whereas offspring sired by light parents
grow faster under poor conditions, i.e. when food supply is
low (Piault et al. 2009). These relationships were found
between offspring raised by foster parents and colouration
of their biological parents, suggesting a genetic link between
colour and the ability to grow fast under contrasting envi-
ronmental conditions. Therefore, darker parents may invest
in nest defence mainly when their offspring are reared in
prime conditions compared to lighter parents from the same
population. In 2011, food supply was very low and, as a
consequence, reproductive success was low which could
explain why, regardless of male coloration, female response
to the playback experiment was not associated with female
colouration. This may explain why dark females were more
aggressive when paired with a light than dark male. In this
situation, females probably had to compensate for the low
level of male aggressiveness in front of an intruder.
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