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Abstract: 1t has been hypothesized that incubation beging before laying is completed because
it controls bacterial growth on egeshells and infection of eges. Thus, early incubation should
be associated with decreased bacterial abundance on eggshells. There is no detailed information
of early incubation activity during daytimes or night-times of the laying period and its association
with egeshell bacterial loads in birds. We used temperature sensors placed in contact with eggs
and connected to data-loggers o measure early incubation of female Pied Flycatchers Ficedula
fivpedenca, a hole-nesting passerine, beginning with laying of the third egg (daytime 3). Incubation
usually began with laying of the fourth egg (daytime 4. the modal clutch size being 6 in our
population. Egeshell heterotrophic bactena from the whole clutch were sampled soon after clutch
completion. Colony-forming units counted on trypticase soy agar were used to estimate bacterial
loads. Clurches that were incubated more intensively during daviime 4 and also during the total
of mght-times 3-5_ had fewer bacteria on eggshells than clutches that were incubated less. Air
temperature in contact with the eggs seemed not the key explanatory variable for eggshetl
bacterial loads. suggesting that alternative mechanisms to thermal changes associated with
incubation may be more relevant 10 control bacterial proliferation. This 15 the first stody to show
a correlation between higher daytime incubation on the day of incubation onset during laying
and reduction in bacterial loads on eggshells of wild birds and supports the hypothesis that early
incubation 15 an antimicrobial defence of clutches.

Key words: Behavioural antimicrobial defences, culurable bacteria, egeshells, Ficeduia hypeleuca,
onset of incubation.

INTRODUCTION

Avian parents can influence the initiation of development of eggs and the resultant synchrony
of hatching through incubation onset {0 "Connor 1984 ). The onset of incubation prior 1o clutch
completion ocours in many avian taxa, most especially in Passerifomes (Hébert 2002, Wang and
Beissinger 2009). Most hypotheses regarding the sigmificance of hatching patterns in birds assume
that hatching patterns reflect patterns of incubation during laying {Heébert 2002, Wang and
Beissinger 2009). However, despite much study, the evolution of hatching panterns remains still
controversial (Magrath 1990, Stoleson and Bessinger 1995, Stenning 1996). Far less attention
has been paid o factors that may select for an early onset of incubation in relation o embryo
and not nestling survival (Cook et al. 2003, Massaro et al. 2007, Wang and Bessinger 2009), In
the present study, we will only deal with hypotheses related o factors promoting early incubation
onset independently of hatching patterns.

A recent hypothesis suggests that the onset of incubation may have evolved to reduce bacterial
growth on eggshells, thereby reducing mortality from trans-shell infection during laying (Cook
etal. 2003, 2005a). Thus, experimental evidence has shown that incubation inhibits bacteria on
egeshells in a tropical (Cook et al. 2003k, Shawkey et al. 2009) and temperate cavily-nesting
passerine (D" Alba et al. 20007, though the underlving mechanisms of such inhibition are poorly
understood. Incubation may limit bacterial growth on egeshells by keeping eggs dry through
greatly increasing temperature around them (Cook et al. 2003, 2005a.b, D" Alba et al. 2010).
Also, direct thermal effects can occur by raising temperatures above the optimum for bacterial
growth (Cook et al. 2003, 2005a.b). Alternatively chemicals in uropygial gland secretions
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colonizing avian eggshells in the wild. The inhibitory mechanisms underlying this adaptation are poorly
understood and only recent experimental evidence demonstrates that keeping eggs dry is a proximate
mechanism for the antimicrobial effects of avian incubation. We estimated partial incubation (the bouts
of incubation that some birds perform during the egg-laying period, days of lay 3-5 in our population)
intensity of female pied flycatchers breeding in nest-boxes using data loggers that allowed a precise
measurement of temperature just between the eggs in the nest-cup. We also measured relative humidity
within the nest-boxes and related it to incubation intensity, showing that more intense incubation dur-
ing laying contributes to drying the air near the eggs. We analyzed separately the effects of incubation
and of relative humidity on loads of three types of culturable bacteria known to be present on eggshells,
heterotrophic bacteria, Gram-negative enterics and pseudomonads. Our results show an association of

Temperature early incubation with an inhibition of bacterial proliferation through a drying effect on eggshells, as we
found that incubation intensity was negatively and relative humidity positively associated with eggshell
bacterial loads for heterotrophic bacteria, Gram-negative bacteria and pseudomonads, although the sig-
nificance of these associations varied between bacterial groups. These results point to microclimatically
driven effects of incubation on bacterial proliferation on eggshells during laying in a temperate cavity

nesting passerine,

1. Introduction

The study of behavioural defences against bacterial infection of
eggs and embryos may contribute to our understanding of some
important aspects of avian breeding biology. During laying and
incubation eggs are exposed during variable periods of time (Wang
and Beissinger, 2009) to different sources of environmental and
maternal bacteria such as air, nest-material, cloacae and plumage
(Burtt and Ichida, 1999; Cook et al., 2003, 2005a; Shawkey et al.,
2009; Peralta-Sanchezetal.,2010; Ruiz-de-Castaiiedaetal.,2011a).
Some of these bacteria could ultimately infect egg contents and kill
the developing embryo (Cook et al., 2005a; Soler et al., 2008 but
see Peralta-Sanchez et al., 2010; Ruiz-de-Castaneda et al., 2011a,b;
D'Alba et al,, 2010). Both Cook et al. (2005b) and Shawkey et al.
(2009), based on culture dependent and independent methods,
respectively, have demonstrated experimentally that partial incu-
bation, the bouts of incubation that some birds perform during
the egg-laying period (D'Alba et al., 2010), inhibits bacterial pro-

* Corresponding author. Tel.: +34 91 411 13 28x1218.
E-mail address: rrdcb@mncn.csic.es (R. Ruiz-De-Castaiieda).

0376-6357/S - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.beproc.2011.08.012

© 2011 Elsevier B.V. All rights reserved.

liferation and diversification on eggshells in a tropical hole-nesting
passerine. This was also found in temperate passerine in a correl-
ative study by Ruiz-de-Castaneda et al. (in press). Several possible
inhibitory mechanisms operating during early incubation have
been proposed. For instance, antibacterial secretions produced in
the uropygial gland of some species (Shawkey et al.,, 2003; Soler
er al., 2008; Martin-Vivaldi et al., 2010), but also other secretions
produced on the brood patch (Menon and Menon, 2000) may be
transferred onto eggshells through contact with the incubating
adult. Other species may have evolved the capacity to include in
their nests certain types of biologically active plants that could
release volatile antibacterial compounds during incubation (Clark
and Mason, 1985; Mennerat et al., 2009).

Besides these specialized adaptations, the most obvious effect
of incubation itself is a strong modification of microclimatic con-
ditions within the nest, and this may be particularly true for
cavity nesters. Thus, the presence of the incubating bird in the
nest together with the nest structure may create a local envi-
ronment that differs from conditions outside the cavity (Ar and
Sidis, 2002). It is well known that humidity is among the most
limiting abiotic factors affecting bacterial proliferation under lab-
oratory and natural conditions (Maier et al., 2000; Madigan et al.,

passerine. Behav. Process. (2011), doi: 10.1016/j.beproc.2011.08.012
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2005). Thus, behavioural strategies of incubating adults that have
the potential to control humidity around the eggs may have been
selected, at least in part, to prevent proliferation of harmful bac-
teria on eggshells. Cook et al. (2003, 2005a,b) first hypothesized
about the possibility that by incubating, parents may potentially
minimize the build up of harmful bacteria by reducing moisture on
eggshells. Interestingly, D'Alba et al. (2010) recently demonstrated
experimentally for a temperate western hole-nesting passerine
that keeping eggs dry is a proximate mechanism for the antimicro-
bial effects of avian incubation. Removal of water from eggshells
may itself occur through a number of mechanisms. For instance,
increasing the temperature of eggs may cause water to evaporate
faster and prevent condensation (Cook et al., 2003, 2005a,b; D'Alba
et al.,, 2010) and/or egg turning (Deeming, 2002) may cause water
to become absorbed by nest materials.

In this study we measured nest microclimatic relative humidity
(RH) and temperature around the eggs during daytime periods of
the critical part of the laying period for incubation onsetin a popula-
tion of pied flycatchers Ficedula hypoleuca breeding in nest-boxes in
a temperate montane habitat in Central Spain (Ruiz-de-Castafieda
et al, in press). We used the temperature record to detect partial
incubation activity and related this activity to microclimatic vari-
ation of RH within the nest-box. We analyzed the association of
incubation intensity and RH with loads of three prevalent types
of culturable bacteria on eggshells, namely heterotrophic bacte-
ria, Gram-negative enterics and pseudomonads. We specifically
selected these types of culturable bacteria based on a previous
descriptive study of culturable eggshell microbiota in this popula-
tion (Ruiz-de-Castaiiedaet al.,2011b). We have tested the following
predictions derived from the fact that incubation during laying
serves to reduce eggshell bacterial loads through a drying effect
(D'Alba et al., 2010):

(1) Incubation activity during laying produces a reduction of micro-
climatic RH within the nest-box.

(2) Eggshell bacterial loads are negatively affected by the reduction
of RH effected by incubation activity, although the intensity of
these effects may differ between bacterial groups.

To our knowledge, this is the first study specifically testing
effects of incubation driven microclimatic variation of RH within
a cavity nest in a wild European passerine in a temperate habitat.

2. Methods
2.1. Study area and species

We conducted this study during the spring of 2009 on a pop-
ulation of pied flycatchers breeding in artificial nest-boxes in a
montane forest of pyrenean oak, Quercus pyrenaica, at 1200 m
above the sea level in central Spain (40°54'N, 04°01'W). The pied
flycatcher is a small hole-nesting passerine of European woodlands
that readily accepts artificial nest-boxes for breeding and is fre-
quently used as a model species in behavioural ecology (Lundberg
and Alatalo, 1992). Egg laying in this population typically begins in
late May, and modal clutch size is six. Eggs are laid within a well
defined semi-spherical nest-cup mainly composed of strips of bark
(Moreno et al., 2009) and are incubated solely by the female.

2.2. Nest microclimatic relative humidity and temperature
measurements

We visited nest-boxes daily at early morning once nests were
fully lined indicating that females were about to lay. Thus, we
exactly recorded the day of clutch initiation. On the day of lay of

the third egg (day 3, hereafter), we placed HOBO® Data Loggers
(Onset Computer Corporation, MA) inside 36 nest-boxes occupied
by pied flycatchers. We unwound the temperature sensor wire from
the circuit board and extended it through the nest material until
the small sensor (1.5 mm) showed up in the middle of the nest-
cup just between the eggs. This setup allowed the measurement
of temperature just between the eggs. The humidity sensor could
not be used outside the logger box according to technical indica-
tions of use of the logger. Thus, we measured relative humidity
of the air within the nest-box just below the position of the eggs
in the nest-cup. We started measurements at 13:00h on day 3 and
programmed the data-loggers with a 1 min measuring interval cov-
ering part of the daytime period for day 3 and complete daytime
periods for days 4 and 5. A previous study in this population showed
that most females start nocturnal incubation after completion of
the clutch (Ruiz-de-Castafieda et al., in press), so we will only con-
sider daytime incubation in this study. Observatorio Astronémico
Nacional provided us with information about sunrise and sunset
in our study site during the study period (May 12 to June 2). We
specifically selected day 3 to initiate measurements as no female
has been found on eggs prior to that day during more than two
decades of nest checks in our study population.

To control for the effects of nest material on microclimate inside
nests, we also measured microclimatic humidity and temperature
within 28 nest-boxes containing unoccupied nests randomly dis-
tributed in the study area. The entrance of these nest-boxes was
blocked using a metallic mesh only allowing the circulation of air
but preventing the entrance of birds. Within 16 of these nest-boxes
we placed pied flycatchers nests collected during previous breeding
seasons in nearby study areas, while in the remaining 12 nest-boxes
we introduced similar amount of material and constructed artifi-
cial nests with equivalent composition and structure as in natural
nests. Data loggers were then placed in these control nest-boxes in
the same way as we did in nests occupied by pied flycatchers. We
programmed data-loggers with a 24 s measuring interval covering
part of two daytime periods from 13:00 h on a randomly selected
day during the laying period of flycatchers in the study area to
10:15h on the day after. We specifically considered the daytime
period of the first day of measurements because it covered the cen-
tral daytime hours when ambient temperature is expected to reach
its maximum (13:00-16:00 h).

We did not visit nest-boxes while data-loggers were measur-
ing. The program BoxCar® Pro 4 (Onset Computer Corporation,
MA) allowed a read-out of the loggers after removal from nest-
boxes. From this read-out we calculated the mean RH in % during
incubation activity for the total period covering days 3-5.

2.3. Field microbiological sampling

We marked eggs 1-3 with a small dot on the morning they were
laid using a permanent marker pen. We could not mark the remain-
ing eggs of the clutch since data-loggers were measuring while
they were laid and we did not visit nest-boxes during this period.
We identified the last laid egg among the 2 (clutch size 5) or 3
(clutch size 6) non-marked eggs by the size of the air bubble (Pitts,
1995). We sampled eggshell bacteria once on the same morning
of removal of the data-loggers from the nest. We sampled all eggs
in the clutch excepting the last laid egg, as it was not exposed to
incubation during the laying period. There were no significant dif-
ferences in eggshell loads of each of the three types of bacteria due
to differences in the number of eggs sampled (4 and 5 in clutches
of 5 and 6 eggs, respectively) (all F=1.02, P=0.32).

To minimize the possible contamination of the sample with
external bacteria not directly associated with the sampling surface
we always handled eggs with latex gloves previously disinfected

passerine. Behav. Process. (2011), doi:10.1016/j.beproc.2011.08.012
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BACTERIAL DEGRADABILITY OF AN INTRA-FEATHER
UNMELANIZED ORNAMENT: A ROLE FOR FEATHER-
DEGRADING BACTERIA IN SEXUAL SELECTION?
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The impact of feather-degrading bacilli on feathers depends on the presence or absence of
melanin. /n vitro studies have demonstrated that unmelanized (white) feathers are more degradable
by bacteria than melanized (dark) ones. However, no previous study has looked at the possible
effect of feather-degrading bacilli on the occurrence of patterns of unmelanized patches on
otherwise melanized feathers. The pied flycatcher Ficedula hypoleuca is a sexually dimorphic
passerine with white wing bands consisting of unmelanized patches on dark flight feathers. These
patches are considered to be a sexually selected trait in Ficedula flycatchers, especially in males
where these patches are more conspicuous (larger and possibly whiter) than in females. Using
in vitro tests of feather bacterial degradation, we compared degradability of unmelanized and
melanized areas of the same feather for 127 primaries collected from the same number of
individuals in a population breeding in central Spain (58 males and 69 females). In addition,
we also looked for sex differences in feather degradability. Based on honest signalling theory
and on the fact that there is stronger sexual selection on males to signal feather quality than in
females, we predicted that unmelanized areas should be more degradable by bacteria than
melanized ones within the same feather, and that these unmelanized areas should also be more
degradable in males than in females. We confirmed both predictions. Micro-structural differences
between cross-section dimensions of unmelanized and melanized barbs but not differences in
the density of barbs within unmelanized and melanized areas of feathers in males and females,
could partly explain differences in degradability. This is the first study to show differences in
bacterial degradability among markings on the same feather and among unmelanized patches
between males and females in the sense predicted by sexual selection theory.

KEYWORDS: Feather-degrading bacteria - melanin-based signal - sexual selection - pied
flycatchers.

INTRODUCTION

Feather-degrading bacteria (FDB), a polyphyletic assemblage of microorganisms that colonize
the plumage of most wild birds (Burtt & Ichida, 1999; Whitaker et al., 2005; Shawkey et al.,
2007, 2009; Gunderson et al., 2009), have recently received increasing attention from avian
ecologists (see for a review Gunderson, 2008; Burtt, 2009). Although no experimental study has
to date demonstrated the detrimental effects of FDB on feathers under natural conditions,
correlative evidence suggests that these bacteria are active on the plumage and can damage it
(Gunderson et al., 2009; Shawkey et al., 2009). Moreover, the evolution of antibacterial defences
such as uropygial oils (Shawkey et al., 2003; Reneerkens et al., 2008) suggests that FDB are a
real threat for avian plumage in the wild.

An important issue in the context of avian optical communication is the association of the
keratinolytic activity of Bacillus licheniformis, the most studied FDB, with feather coloration.
Previous studies have shown that the expression of carotenoid-dependent plumage signals is
negatively related to endogenous (Nolan et al., 1998; Brawner et al., 2000; Hill et al., 2004) and
exogenous bacterial infections (Shawkey et al., 2009). FDB also alter the blue structural coloration
of feathers (Shawkey et al., 2007; Gunderson et al., 2009). Evidence for domestic (Goldstein
et al., 2004; Gunderson et al., 2008) and wild avian species (Burtt et al., 2010) suggests that
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Feather wear of parent birds becomes accentuated during the nestling period, when they face
higher workloads and have less time and resources available to protect their plumage. Costs of
reproduction in terms of feather condition could be different for males and females, especially
when considering sexually selected plumage markings. Assuming that feathers in poor condition
are more vulnerable to future threats, we were particularly interested in in vitro bacterial
degradability of a sexually and socially selected plumage ornament, the white wing patch of
primary and secondary feathers in reproducing pied flycatchers Ficedula hypoleuca. This band
is composed of the unmelanized white basal sections of flight feathers which have been shown
in another study to be larger and more degradable by bacteria in males than in females. We
compared the in vitro bacterial degradability of the white patch and of the contiguous melanized
area of the fourth primary feather in male and female parents when their nestlings were 13 days
and related it to brood mass, brood size and laying date. Male pied flycatchers but not females
showed a positive correlation between bacterial degradability of their ornament and brood mass
and size, which suggests that the male ornament is an honest signal of the capacity to sustain
flight feather damage, while the signal is less indicative in females. Bacterial degradability of
male and female ornaments was positively correlated with laying date, which indicates that early
breeders have more resistant flight feathers. Brood mass and laying date were not associated
with in vitro bacterial degradability of the melanized area of the feathers. Parents may pay the
cost of reproduction also in terms of increased feather degradation by bacteria.

Key words: Feather degrading bacteria, melanin, sexual selection, parental care, breeding
phenology.

INTRODUCTION

Feathers are inert tegumental appendages of birds that wear down and break gradually under
natural conditions since their production during molt (Vagési et al. 2011). Physical abrasion,
which mainly results from the impact of airborne particles and/or the rubbing of different objects
in the environment against feathers, is the most obvious cause of damage and has thus for long
been known by avian ecologists (Barrowclough and Sibley 1980; Burtt 1986; Bonser 1995).
Feather lice have also received considerable attention and have been suggested as the cause of
holes on feathers, though this conclusion is still controversial (Pap et al. 2005; Vas et al. 2008).
Thus, certain damages initially attributed to feather lice could be instead the consequence of
bacterial degradation of feathers (Végasi et al. 2010). However, feather degrading bacteria (FDB)
have only been recently considered in this context (Burtt and Ichida 1999) and only a few studies
have explored their effects under natural conditions (Shawkey et al. 2009; Gunderson et al. 2009;
Saag et al. 2011). These abiotic and biotic factors may operate simultaneously, complementarily
and additively in natural environments (Vagasi et al. 2011), thereby partly driving the evolution
of feathers towards the production of more resistant structures, for instance through their
melanisation (Bonser 1995; Goldstein et al. 2004, Ruiz-de-Castafieda et al. in press) or though
the application of external chemical substances such as uropygial oil during preening (Shawkey
et al. 2003; Moreno-Rueda 2011).

By the end of the reproductive cycle feathers reach their poorest physical state and are thus
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