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RESUMEN

Los animales se enfrentan diariamente a la necesidad de tomar decisiones tales
como elegir el alimento, con quien reproducirse, o donde criar; decisiones que
repercutiran en su eficacia bioldgica y que, al menos en parte, vienen
moduladas por la informacion que reciben del ambiente que los rodea, incluida
aquella proveniente de pistas y sefales emitidas por otros organismos. Las
sefales se emiten en contextos de comunicacion social y son beneficiosas tanto
para el emisor como para el receptor, mientas que la informacion
proporcionada inadvertidamente por las pistas solo acarrea beneficios al
receptor. En ambos casos, la recepcion de estas informaciones por organismos
no deseados puede tener efectos negativos importantes sobre los emisores vy,

por tanto, sobre la evolucion de los caracteres implicados.

En los ultimos afios se ha destacado el posible papel de los
microorganismos en contextos de comunicacion. Las bacterias estdn en
continua interacciéon con los animales, y son, por ejemplo, productoras de
muchos de los volatiles utilizados por ellos en comunicaciones quimicas.
Ademas, existen muchas especies causantes de graves enfermedades o incluso
la muerte que, en un contexto de comunicacion, podrian promover la evolucion
de sefiales y comportamientos orientados a indicar la capacidad de los
individuos hospedadores de hacerles frente. Las bacterias patdogenas no sélo
afectan directa o indirectamente a las perspectivas de supervivencia de los
organismos, sino que también podrian limitar la evolucion de determinados
rasgos que, como los ornamentos sexuales, impliquen por ejemplo un aumento
de hormonas inmunosupresoras que, a su vez, aumentan la probabilidad de
infecciones bacterianas. Entender la evolucion de pistas y de sefiales, y por
tanto las presiones selectivas que pueden haber favorecido, mantenido, o

restringido su desarrollo, es esencial para entender el funcionamiento de estos
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rasgos en particular, y de la comunicacion animal en general. En este contexto
de informacién y comunicacion, mediado en algunos casos por

microorganismos, se enmarcan los principales objetivos de la tesis.

Trabajamos principalmente sobre distintas pistas y sefiales del
estornino negro (Sturnus unicolor), directa o indirectamente relacionadas con
microorganismos, en contextos de parasitismo, depredacion y comunicacion
social, incluida la sexual. Concretamente, estudiamos experimentalmente (i) el
uso de pistas visuales de ectoparasitos en nidos de estornino por hembras
parasitas de cria en la eleccion de nidos hospedadores (capitulo 1), y (ii) el uso
de pistas quimicas, asociadas a la rotura de sacos fecales de pollos de estornino
en sus nidos, por depredadores y ectoparasitos (capitulo 2). También, nos
planteamos (iii)) poner de manifiesto variaciones inter-especificas en las
caracteristicas de las plumas de distintas especies relativas al estado de
degradacién y a su susceptibilidad a la degradacion bacteriana (capitulo 4), y
(iv) comprobamos la relacion entre coloraciones de caracteres sexuales
secundarios (pico, plumas y patas) y diferentes rasgos relacionados con las
defensas antimicrobianas y €xito reproductor en hembras (capitulo 3). Por
ultimo, (v) estudiamos experimentalmente la relacion entre un caracter sexual
(lalongitud de las plumas de la garganta de estorninos) e indicadores de calidad
fenotipica o genética (la longitud y dindmica de los telomeros) (capitulo 5), y
(vi) entre dos caracteres sexuales secundarios (longitud de las plumas de la
garganta y color del pico de machos de estornino) en un marco teérico de

sefiales multiples (capitulo 6).

Nuestros resultados mostraron que la existencia de motas
experimentales en los huevos de estornino, simulando las producidas por el
ectoparasito Carnus hemapterus — pistas indicativas del nivel de infestacion
por ectoparasitos —, afectd a la eleccion de nidos por hembras conespecificas
parasitas de cria. Estas prefirieron como nidos hospedadores aquellos en los

que se eliminaban las motas de los huevos que, en condiciones naturales, serian
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aquellos en los que sus hijos experimentarian un bajo riesgo de
ectoparasitismo. También relacionado con pistas, pero en este caso mediadas
por microorganismos, mostramos que la rotura experimental de sacos fecales
producia un aumento en la carga bacteriana de los nidos que afectd
negativamente al crecimiento de los pollos y positivamente a la probabilidad
de depredacion y, no significativamente, a la de ectoparasitismo. Estos
resultados sugieren que comportamientos asociados a la retirada de
excrementos de los nidos han evolucionado, al menos en parte, para evitar los
efectos negativos de bacterias patogenas y de pistas que faciliten la deteccion

del nido por depredadores y ectoparasitos.

El estudio comparativo en 16 especies de aves puso de manifiesto
diferencias inter-especificas en los ambientes bacterianos de los nidos que
covariaron con diferencias inter-especificas en susceptibilidad de las plumas a
la degradacion por bacterias queratinoliticas, y también con el deterioro de las
plumas analizadas. Varias caracteristicas de algunas plumas de distintas
especies de aves, como son la coloracion, el disefio y la longitud, actlian como
sefiales en distintos contextos sociales y, por tanto, estos resultados evidencian
que los ambientes bacterianos podrian determinar la integridad de las plumas
y su capacidad de resistir la degradacion bacteriana, asi como influir en la

informacion que pudieran transmitir en escenarios de comunicacion.

En cuanto a los objetivos relacionados con el funcionamiento de
sefiales en contextos de comunicacion social y sexual, encontramos que la
capacidad antimicrobiana del plasma mediada por anticuerpos naturales, y de
la secrecion uropigial de hembras de estorninos, se relacion6 positivamente
con su €xito reproductor. A su vez, estas variables defensivas se relacionan con
la coloracion de sus tegumentos (plumas, pico y patas). Por tanto, estos
resultados sugieren que distintas coloraciones podrian actuar como senales
sexuales indicativas de la calidad de las hembras en época de emparejamiento.

Ademas, con respecto a la longitud de las plumas sexuales de la garganta de
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los machos de estornino, nuestros resultados mostraron una relacion negativa
con indicadores de la calidad individual y de la esperanza de vida de los
animales (longitud y la tasa de deterioro de los telémeros un afio después de la
medida de las plumas y/o experimento). Sin embargo, al considerar la longitud
de las plumas después de una manipulacion de acortamiento, esta asociacion
desaparecia, sugiriendo que la misma no se debia a un efecto directo de la
longitud de las plumas. La edad podria explicar las relaciones encontradas ya
que machos mas viejos tendrian teldmeros mas cortos y plumas de la garganta

mas largas.

El experimento de acortar plumas produjo cambios significativos en la
coloracion de la base del pico al afio siguiente. Esta coloracion resultd
positivamente relacionada con la condicion corporal y con la longitud natural
de las plumas ornamentales de la garganta, lo que sugiere un papel senalizador
y sexual de este caracter. Estos resultados apoyan por primera vez la existencia
de un vinculo causal entre las expresiones de dos caracteres sexualmente
dimorficos, lo cual resulta esencial para comprender su funcionalidad en el

marco de estudio de las sefiales multiples.

Todos estos resultados contribuyen a entender la importancia de la
informacion contenida en pistas y sefiales, directa o indirectamente relacionada
con ambientes bacterianos y de ectoparasitismo, en la evolucidon de caracteres
y comportamientos aviares en contextos de parasitismo, depredacion y
comunicacion social. La novedad de algunos de ellos abre las puertas a nuevas
lineas de investigacion que, por ejemplo, pongan de manifiesto el papel directo

de los microorganismos en estos contextos en aproximaciones experimentales.
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SUMMARY

Animals are continuously making decisions; the food to eat, the partner to
mate, the place to breed, or the host to parasitize. Decision-making has
enormous fitness consequences and, at least partially, are modulated by the
information received from their environment, including that from clues and
signals emitted by other organisms. By definition, the signals function in
contexts of social communication and are beneficial for both senders and
receivers, while the inadvertently information provided by clues, only benefits
to receivers. In both cases, eavesdropping on these cues by undesirable
organisms may have significant negative effects on the emitters and, thus,

constraint the evolution of related traits.

The possible role of microorganisms in contexts of communication has
been highlighted in recent years. Bacteria are in continuous interaction with
animals, and might, for instance, produce volatile components used in
chemical communication. Also, there are many species that inflict severe
negative effects to their hosts, including death. Therefore, in a communication
context, the evolution of signals and behaviours aimed to reliably showing the
ability of individuals to cope with microorganisms will be favoured in host
populations. Pathogenic bacteria may also limit the evolution of certain traits
that for instance imply elevate level of immunosuppressive hormones that
increase the bacterial infections probability. Understanding the evolution of
clues and signals, and therefore the selective pressures that may have favoured,
maintained, or restricted their development, is essential to understanding the
functioning of these traits in particular, and of animal communication in
general. The main objectives of the Thesis are embodied within this context of

information and communication mediated, in some cases, by microorganisms.
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We mainly worked on different clues and signals of the spotless
starlings (Sturnus unicolor). These clues and signals may be directly or
indirectly related to microorganisms, in contexts of parasitism, predation and
social (including intersexual) communication. Specifically, we experimentally
studied (i) the use of visual clues of ectoparasitism load in starling nests by
brood parasite females when choosing the host nest to parasitize (chapter 1),
and (ii) the use of chemical clues, associated with the breaking of faecal sacs
of starling nestlings in their nests, by predators and ectoparasites (chapter 2).
Moreover, we (iv) showed interspecific variations in wear and susceptibility to
bacterial degradation of nestling feathers that covaried with nest bacterial
environment (chapter 4). In addition, (iii)) we checked the relationships
between secondary sexual traits (beak, feathers and legs) and variables related
to antimicrobial defences and reproductive success in females (chapter 3).
Finally, (v) we experimentally studied the relationship between a sexually
selected character, the length of starling throat feathers, and indicators of
phenotypic and genetic quality (the length and dynamics of telomeres) (chapter
5), and (vi) between two secondary sexual characteristics (length of throat
feathers and colour of starling male beak) in a theoretical framework of

multiple signalling (chapter 6).

Our results showed that the presence of experimental spots in starling
eggshells, simulating those produced by the ectoparasite Carnus hemapterus -
clues indicating the level of ectoparasite infestation - affected nest choice by
conspecific brood parasite females. The preferred host nests for brood
parasitism were those without spots, i.e., they prefer nests with a low risk of
ectoparasitism. Also related to starling clues, but in this case mediated by
microorganisms, we showed that the experimental breakage of faecal sacs
produced an increase in nest bacterial loads, and negatively affected nestlings
development. On the other hand, the experimental breakage of faeces in

starling nests increased the probability of depredation and, although not
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significantly, that of ectoparasitism. These results suggest that behaviours
associated with the removal by parents of faecal sacs from nests have evolved,
at least partially, to avoid the negative effects of pathogenic bacteria, and to
eliminate the clues that may facilitate the nest detection by predators and

ectoparasites.

The comparative study performed in 16 bird species showed
interspecific differences in nest bacterial loads that covaried with interspecific
differences in the susceptibility of feathers to degradation by keratinolytic
bacteria, and also with feather wear. Several characteristics of feathers from
different bird species, such as coloration, design and length, act as signals in
different social contexts. Therefore, our results suggest that species-specific
bacterial environments could determine the integrity of the feathers and their
capacity to resist bacterial degradation, and, consequently, the transmitted

information in communication contexts.

Regarding the objectives related to signals functioning in social and
sexual communication contexts, we found that the plasma antimicrobial
capacity of females (mediated by natural antibodies), and the amount of
uropigial secretion produced, were positively related to their reproductive
success. Also, those defensive variables are related to the coloration of the
integuments (feathers, beak and legs). Therefore, these colorations might
function as sexually selected signals indicating immune capacity of females
during mating. In addition, our results showed negative relationships between
the male ornamental throat feathers and proxies of individual quality and
probability of survival, such as telomere length and dynamic one year later.
However, these associations disappeared when considering feather length after
the experimental shortening, which suggests that the detected associations
were not due to a direct effect of feather length. Age could explain the detected
relationships since older males would have shorter telomeres and longer throat

feathers.
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The experiment of feathers shortening produced statistically
significant effects on the coloration of the base of the beak the following year.
This coloration was positively related to body condition and the natural length
of ornamental throat feathers, suggesting a sexual signalling function of this
character. These results support, for the first time, a causal link between the
expressions of two sexually dimorphic traits, which 1is essential for

understanding their functionality within the multiple signals framework.

All these results contribute to our understanding of the evolution of
signalling and/or clueing avian characters, and the provided information in
contexts of parasitism, depredation and social communication. The originality
of some results opens new possibilities and lines of research, such as those
highlighting the role of microorganisms in these contexts through experimental

approaches.



INTRODUCCION GENERAL

1. Informacion y comunicacion animal

Los animales se enfrentan diariamente a la necesidad de tomar decisiones tales
como elegir el alimento, con quien reproducirse, o donde criar; decisiones que
repercutiran en su eficacia bioldgica. En el ambiente que rodea a los animales
existen elementos bidticos y abidticos que proporcionan informacién sobre las
caracteristicas del mismo y, por tanto, utilizar esta informacion en la toma de
decisiones ayuda a los animales a ajustar sus decisiones a las caracteristicas
del ambiente (Danchin et al. 2004). Parte de esta informacion puede obtenerse
por experiencia propia (mediante el ensayo y error, interactuando con el
medio), o por la observacion de otros individuos (informacion social). Este
ultimo caso puede basarse en pistas (informacion proporcionada
inadvertidamente por otros individuos), o en sefiales (rasgos especificamente
seleccionados para transmitir informacion en escenarios de comunicacion)

(Danchin et al. 2004).

1.1 Las pistas como fuente de informacion

Las aves pueden producir diversos tipos de pistas en la naturaleza de manera
no intencionada (Valone 1989, Danchin et al. 2004). Se denominan pistas
porque otros individuos, ya sean miembros de la misma (Smith et al. 1999) o
distinta (Danchin et al. 2001) especie, pueden obtener informacion de ellas.
La informacion que encierran las pistas se puede considerar fiable debido al
hecho de que no se producen deliberadamente, sino que son consecuencia
directa de actividades bioldgicas (por ejemplo, desplazamiento, alimentacion

o reproduccion) que, en cualquier caso, han sido seleccionadas por una funcién
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distinta a la de comunicacion. Estas pistas pueden ser visuales (Valone and
Templeton 2002), auditivas (Naguib 2005) o quimicas (Aragon et al. 2006) y,
en algunos casos, pueden ocasionar costos al emisor debido, por ejemplo, a
que depredadores y parasitos las pueden utilizar pare detectar a sus victimas

(Danchin et al. 2001).

Un ejemplo de estas pistas es el moteado de los huevos del estornino
negro (Sturnus unicolor) (en adelante estornino). Durante la incubacion, sus
huevos adquieren unas motas que provienen de la actividad de un ectoparasito
hematoéfago, Carnus hemapterus, en sus nidos (Grimaldi 1997, Lopez-Rull et
al. 2007b). Carnus es un diptero de 2 mm que parasita a una amplia diversidad
de especies de aves en sus nidos (Brake 2011, Tomas et al. 2018) y, aunque se
alimenta principalmente de los pollos, también lo hacen de los padres mientras
incuban (Lopez-Rull et al. 2007b, Tomas et al. 2018). Las motas de los huevos
se corresponden con las heces de los parésitos, y restos de sangre de la hembra
derramada a causa de las picaduras. Por ello, la densidad de motas que hay
sobre la céscara de los huevos se considera como una pista de la abundancia
de Carnus en el nido que anticipa la intensidad de parasitismo durante la
incubacion, y la que van a sufrir los pollos cuando eclosionen (Lépez-Rull et
al. 2007b). Ademas, la actividad de este ectoparasito también aumenta la
disponibilidad de nutrientes que pueden ser usados por las bacterias para su
crecimiento en los nidos de aves y en la céscara de los huevos (Tomas et al.
2018), lo que afectara negativamente al éxito de eclosion (Peralta-Sanchez et
al. 2018) y al desarrollo de los pollos (Soler et al. 2017, Azcarate-Garcia et al.
2019). Por lo tanto, utilizar esas pistas como indicativas del nivel de riesgo de
ectoparasitismo y de infeccion bacteriana seria una clara ventaja selectiva para
individuos que, como los machos, decidan su inversion parental en funcion del
valor reproductivo de sus polluelos (Avilés et al. 2009), o para hembras
parasitas de cria que busquen nidos libres de parasitos y de bacterias para poner

sus huevos (Tomas et al. 2017, 2018).

10
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El parasitismo de cria en aves es una estrategia reproductiva en la que
las hembras parésitas ponen sus huevos en los nidos de otras hembras de la
misma (intra-especifico) o diferente (inter-especifico) especie (Soler 2017),
siendo estas quienes se ocupan del cuidado y la crianza de los huevos y pollos
parasitos. Debido a que los parasitos deberian elegir hospedadores con
caracteristicas que resulten en mayores beneficios, se espera que el parasitismo
de cria ocurra de manera no aleatoria dentro de las poblaciones de
hospedadores, identificando y eligiendo caracteristicas del huésped que
aumenten su éxito reproductor. En esta tesis, exploramos el uso del moteado
de los huevos de estornino por hembras conespecificas pardsitas, como pista
sobre las condiciones del nido, esperando que prefirieran nidos con huevos

inmaculados para depositar sus huevos.

1.2 Las seniales como fuente de informacion

Las sefales se definen como caracteristicas comportamentales, morfologicas o
fisiologicas que funcionan transfiriendo informacidon intencionada entre
organismos (Otte 1974), y han atraido la atencion de los bidlogos evolutivos
durante décadas (Maynard-Smith and Harper 2003). Por definicion, el uso de
sefiales debe reportar beneficios tanto para el emisor como para el receptor o
receptores y, para ello, la informacién transmitida debe ser fiable (Bradbury
and Vehrencamp 1998, Searcy and Nowicki 2005). La hipotesis evolutiva que,
en general, se utiliza para explicar la evolucion y mantenimiento de los
caracteres sexuales secundarios extravagantes, asume que ¢éstos sean sefiales
que reflejan diferentes componentes de su calidad genética y fenotipica
(Andersson 1994). Aunque en un principio se sugirid6 que, en procesos de
seleccion sexual, los rasgos sexuales extravagantes no necesariamente debian
estar relacionados con la calidad fenotipica o genética de los poseedores

(Fisher 1930), ahora se acepta que, principalmente debido a los costos

11
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asociados a la competencia intra-sexual, estos rasgos evolucionarian
rapidamente reflejando honestamente la calidad de los machos (Macias-Garcia
and Ramirez 2005). Por lo tanto, los rasgos sexualmente seleccionados deben

reflejar de manera fiable la calidad fenotipica o genética del portador.

Las hembras, al elegir machos con rasgos que se correlacionan con una
mejor calidad genética y/o fenotipica, obtendran beneficios directos (mejores
padres) o indirectos (buenos genes) y, por tanto, mayor eficacia biologica
(Hamilton 1990, Andersson 1994, Mgller 1994, Moller and Jennions 2001,
Jones and Ratterman 2009). Por un lado, al exagerar los caracteres atractivos
para las hembras, los machos obtendrian mas oportunidades de reproduccion
(Darwin 1871). Por otro lado, las hembras que se emparejasen con machos de
mayor calidad (expresada por la exageracion de la sefial) podrian realizar una
mayor inversion en la reproduccion (inversion diferencial (Burley 1988)), lo
que deberia resultar en un mayor éxito reproductor para los dos miembros de
la pareja (Meller 1994, Sheldon 2000). Es decir, la evolucion de rasgos
seleccionados sexualmente en los machos, predice una asociacion positiva
entre la intensidad de expresion del rasgo y el éxito reproductor, tanto de

machos como de hembras.

La fiabilidad de las senales estd garantizada principalmente por los
elevados costes que conllevan, y que solo individuos de buena calidad
fenotipica y/o genética podrian abordar (Zahavi 1975, Zahavi 1977, Maynard-
Smith and Harper 2003). Una sefal puede por ejemplo implicar costes de
produccion (Hill 2000, Pardal et al. 2018), de mantenimiento (por ejemplo, en
tiempo y energia (Blount et al. 2003, Ruiz-Rodriguez et al. 2015)), y sociales
(Tibbetts and Dale 2004, Webster et al. 2018). Ademas, los caracteres sexuales
ostentosos podrian ser utilizados como pistas por pardsitos o depredadores
(Stuart-Fox et al. 2003, Johnson and Candolin 2017, pero ver Webster et al.
2018), lo que suponen costos importantes en términos de aumentar la

probabilidad de ser detectados por receptores no deseados. En general, la
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deteccion e identificacion de costes asociados a las sefales, asi como la
caracterizacion de asociaciones entre la expresion del rasgo y las variables que
reflejan la calidad fenotipica o genética del portador, es esencial para entender
el funcionamiento de las sefiales en general, y de las sefales sexuales en

particular.

La evolucion y funcionamiento de sefiales han sido intensamente
estudiadas en aves, tanto por las ventajas y facilidades de estudiar distintos
aspectos de la comunicacidn padres-hijos en sus nidos, como por lo llamativo
de las coloraciones y formas de sus plumajes (Stoddard and Prum 2011,
Bulluck et al. 2017), picos (Navarro et al. 2010) y otros tegumentos (Velando
et al. 2005), que solo podrian explicarse como resultado de procesos de
seleccion sexual. Por ello, y porque son el foco de esta tesis, vamos a

profundizar en algunas de sus caracteristicas.

1.3 Senales en aves

1.3.1 La coloracion de partes desnudas

Las senales visuales tienen gran importancia en aves ya que en muchas
especies determinan en gran medida el éxito de apareamiento (Hill et al.
2006a). Aunque los estudios tienden a centrarse en las plumas (Hill and
Montgomerie 1994, Kose and Meller 1999, Badas et al. 2018), existen otros
tegumentos en los que pueden evolucionar caracteristicas sefializadoras. Un
ejemplo lo encontramos en las coloraciones de la piel de las patas, de picos, o
de otras partes desnudas, no recubiertas de plumas (Iverson and Karubian
2017), que actiian como senales sexuales (Torres and Velando 2005, Bonato et
al. 2009, Schull et al. 2016). Aunque las partes desnudas y el plumaje suelen
estar coloreados por los mismos pigmentos (Hill et al. 2006b, Hill et al. 2006a),

existen diferencias entre ellos que pueden tener implicaciones importantes para
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la funcion y la evolucion de la sefial. Dentro del contexto de la sefializacion
relacionada con bacterias, las partes desnudas como pico y patas podrian ser
sefales fiables del estado de salud e inmunitario (Merrill et al. 2016) de los
individuos en un momento dado y, por tanto, de la resistencia del individuo a
las infecciones, ya que al contrario que las plumas, estas areas pueden sufrir
cambios en el color a muy corto plazo (en dias u horas) (Iverson and Karubian

2017).

1.3.2 Plumas

La presencia de plumas es una de las caracteristicas que definen a las aves, y
ha atraido historicamente la atencion de los bidlogos evolutivos que tratan de
entender la altisima variacion en la morfologia, estructura y coloracion que
presentan (Hanson 2011). Las funciones adaptativas clasicas que se han
atribuido a las plumas son el aislamiento (es decir, la termorregulacion o la
impermeabilizacion) y el vuelo (Rayner 1988, Stettenheim 2000). Hoy
sabemos que son también muy utiles en diferentes escenarios de comunicacioén
social y seleccion sexual (Andersson 1994, Moller et al. 1998, Senar 2006,
Hanson 2011, Roulin 2016). Por lo tanto, distintos factores que afectan a la
integridad y desarrollo de las plumas son decisivos en su funcionalidad, e
imprescindibles para comprender el funcionamiento de sus distintas

morfologias, coloraciones, y por consiguiente, su evolucion.

La integridad de las plumas puede, por ejemplo, depender de las
condiciones fisiologicas de los individuos durante su formacion; individuos en
peor condicion fisica formarian plumas de peor calidad y menor resistencia al
deterioro y a la rotura (Jovani and Rohwer 2017). Factores que danan
directamente las plumas, como el desgaste fisico debido a la friccién con el
aire o el agua mientras el ave vuela o se zambulle, o el deterioro debido al

contacto con distintos materiales mientras el ave incuba, camina o se posa, son
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bien conocidos desde hace muchos afios (Francis and Wood 1989, Swaddle et
al. 1996). La abrasion quimica, especialmente aquella inducida por bacterias
degradadoras de queratina, también se ha estudiado durante la ultima década
(Gunderson 2008). La queratina es el principal componente de las plumas y
existen una gran cantidad de microorganismos que son capaces de digerirla
(Burtt and Ichida 1999). Por tanto, en contacto con las plumas de las aves, los
microorganismos degradadores podrian modificar su coloracidon estructural
(Shawkey et al. 2007), y aumentar la probabilidad de rotura (Ruiz-Rodriguez
et al. 2015). Tanto el color de las plumas como su integridad son usadas como
sefiales en distintas especies de aves indicando por ejemplo la capacidad
antioxidativa (Galvan and Alonso-Alvarez 2009) y/o inmunoldgica del
portador (Hamilton and Zuk 1982, Clayton 1991, Zuk 1992, Mgller et al. 1999,
Zuk and Johnsen 2000). Por tanto, la actividad bacteriana podria estar

modulando el mensaje de estas sefiales (Ruiz-Rodriguez et al. 2015).

2. Los microorganismos como agentes selectivos

Los microorganismos se caracterizan por su ubicuidad, estando presentes en
todos los medios donde los animales se desarrollan y reproducen, por lo que
interaccionan constantemente con ellos. Actualmente sabemos que han jugado
un papel muy importante en la evolucion del resto de organismos, y en
particular en la de sus hospedadores animales, por lo que cada vez son mas
abundantes los estudios bioldgicos que los tienen en cuenta en marcos
evolutivos y ecologicos muy dispares (Archie and Theis 2011, Ezenwa et al.

2012, McFall-Ngai et al. 2013).

Los microorganismos en general, y las bacterias en particular, también
tienen una gran relevancia en los sistemas de comunicacidén entre animales,
pudiendo influir en el desarrollo y produccién de pistas y sefales, asi como en

la informacion que éstas proporcionan. Por ejemplo, sabemos que las
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sustancias quimicas producidas por el metabolismo bacteriano influyen en la
comunicacion de los suricatas (Suricata suricatta) (Leclaire et al. 2017), y que
algunos parasitos utilizan volatiles liberados por bacterias como pistas para
encontrar y seleccionar a sus huéspedes (Verhulst et al. 2011, Busula et al.
2017). Las bacterias también pueden tener efectos positivos (Meller et al.
2012) o negativos (Polin et al. 2015) sobre la probabilidad de captura de sus
hospedadores por los depredadores, o incluso disuadir a los parasitoides de

utilizar potenciales huéspedes infectados (Costopoulos et al. 2014).

La patogenicidad es quizds la caracteristica mas conocida de las
bacterias. Algunas cepas infringen importantes efectos negativos a sus
hospedadores (Pinowski et al. 1994, Lombardo et al. 1996, Mills et al. 1999,
Peralta-Sanchez et al. 2018), influyendo en el desarrollo de determinados
rasgos. El fenotipo de estos rasgos, por tanto, podria informar de la carga
bacteriana, o la capacidad del emisor de la sefial de defenderse de las bacterias.
Pueden incluso existir rasgos que por su forma o estructura estén mas
expuestos a la degradacidn bacteriana, siendo la informacion transmitida por
estos rasgos mas fiable en términos de capacidades antimicrobianas (Ruiz-

Rodriguez et al. 2015).

El ambiente bacteriano que rodea a los animales puede afectar directa
o indirectamente a sus perspectivas de supervivencia, y por lo tanto podria
limitar la evolucion de caracteristicas que aumenten la probabilidad de
infecciones bacterianas. Este podria ser el caso de capacidades o
personalidades exploratorias, o cualquier otra habilidad cognitiva que implique
un aumento en la probabilidad de contacto y contaminacidon con bacterias
patogenas (Soler et al. 2012b). En las aves, los efectos patogenos de las
bacterias se habian explorado tradicionalmente en especies de corral y
domésticas, aunque en los Gltimos afios se estan estudiando sus efectos en aves
silvestres (Benskin et al. 2009). Se han detectado efectos negativos en términos

de supervivencia o viabilidad en embriones (Soler et al. 2012a, Peralta-
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Sanchez et al. 2018), pollos y aves silvestres adultas (Benskin et al. 2009).
Todos estos efectos negativos hacen que las presiones selectivas que favorecen
la evolucidn de estrategias defensivas y barreras contra infecciones bacterianas
sean muy fuertes. Este es el caso de distintos tipos de respuestas inmunitarias
(Soler et al. 2011), secreciones antimicrobianas (Soler et al. 2008a, Moller et
al. 2009, Ruiz-Rodriguez et al. 2009, Soler et al. 2010, Soler et al. 2012a,
Martin-Vivaldi et al. 2014), comportamientos de automedicacion usando por
ejemplo plantas aromadticas con capacidad antimicrobiana como materiales de
nidificacién (Gwinner and Berger 2005, Mennerat et al. 2009a, Ruiz-
Castellano et al. 2016), o comportamientos de saneamiento de nidos para

prevenir o limitar el crecimiento bacteriano (Ibafiez-Alamo et al. 2017).

En el caso de comportamientos de saneamiento de los nidos, las
presiones selectivas ejercidas por las bacterias podrian ser las responsables de
la evolucién de los sacos fecales de los pollos presentes en muchas especies de
aves (envolturas mucosas que envuelven los excrementos) (Guigueno and
Sealy 2012), que facilitan la manipulacion de los excrementos por los padres
para retirarlos del nido sin riesgos de contaminacion (Ibafiez-Alamo et al.
2014). Estos dos rasgos, la eliminacion de las heces de los pollos y la cobertura
de los excrementos con sacos fecales, estan bastante extendidos en las aves y
se correlacionan entre si a lo largo de la filogenia aviar (Ibafiez-Alamo et al.
2017). Retirando los sacos, las aves consiguen evitar, por un lado, los efectos
negativos que podrian causar bacterias intestinales potencialmente patdgenas
(por ejemplo enterobacterias) (Brittingham et al. 1988, Lombardo et al. 1996,
Westneat and Rambo 2000) en los pollos, lo cual beneficiaria su desarrollo y
aumentaria la probabilidad de supervivencia (Ibafiez-Alamo et al. 2014).
Ademas, debido a que tanto la visualizacidon de excrementos como la actividad
bacteriana asociada (olores) podrian suponer pistas visuales o quimicas que
podrian atraer a depredadores (Petit et al. 1989, Lang et al. 2002) y/o
ectoparasitos (Hart 1997, Quan et al. 2015, Ibafiez-Alamo et al. 2016), los
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caracteres asociados a la facil retirada de los excrementos del nido se han
seleccionado en la filogenia de las aves y, actualmente, existen en la mayoria

de las especies (Ibafiez-Alamo et al. 2017).

En esta tesis, estudiamos presiones selectivas, directa o indirectamente
relacionadas con bacterias, que podrian afectar a la evolucion y desarrollo de
algunos de los caracteres mas llamativos y tipicos de las aves como son las
coloraciones y morfologias de plumas, patas y pico. Estos caracteres funcionan
como sefiales sexuales en muchas especies, dando informacion sobre la calidad
del portador y, a su vez, estan afectadas por las bacterias del medio (Shawkey

et al. 2007, Ruiz-Rodriguez et al. 2015, Iverson and Karubian 2017).

3. Mecanismos de defensa frente a microorganismos patogenos y

su relacion con la expresion de seriales

Defensas comportamentales o de respuesta inmune innata no especificas
representan las primeras barreras antibacterianas (Playfair and Bancroft 2004)
frente a una amplia gama de microorganismos, incluyendo a aquellos que son
capaces de degradar las plumas ornamentales (Horrocks et al. 2012). Por ello,
cuando por ejemplo una hembra elige pareja basandose en la expresion
exagerada de estos ornamentos sexuales, en la mayoria de los casos, elije a
machos menos infectados y con mayor capacidad de resistencia a los
patogenos, que heredarian sus descendientes (Hamilton and Zuk 1982, Folstad

and Karter 1992).

En el caso de las plumas, existen caracteristicas y estrategias dirigidas
al mantenimiento y reduccioén del desgaste. Las aves, por ejemplo, pueden
mudar y de esta forma restablecer el plumaje periodicamente. La mayoria de
las especies de aves renuevan completamente sus plumas al menos una vez al

afio, lo cual es costoso en términos de recursos consumidos (Dawson et al.
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2000), e indica la importancia de la integridad de las plumas para la vida aviar
(Swaddle et al. 1996). Ademas, los patrones de muda son paralelos a algunas
de las caracteristicas del ciclo vital que predicen el deterioro de las plumas, lo
que sugiere ademds que su estado de degradacion depende de dichas
caracteristicas del ciclo vital (Guallar and Figuerola 2016). El uso de la
secrecion oleosa de la glandula uropigial para el acicalamiento y cuidado de
las plumas es otra estrategia bien conocida. La glandula uropigial es un
complejo holocrino exclusivo de las aves (Jacob and Ziswiler 1982). Su
secrecion tiene actividad antibacteriana y se utiliza para acicalar y proteger las
plumas de los agentes abrasivos, incluidas las bacterias que degradan las
plumas (Shawkey et al. 2003, Mgller et al. 2009, Ruiz-Rodriguez et al. 2009,
Soler et al. 2012a, Fiilop et al. 2015, Moreno-Rueda 2017, Verea et al. 2017).
Por estudios previos sabemos que el nivel de respuesta inmune innata (Soler et
al. 2011) y el tamafio de la glandula uropigial (Soler et al. 2012a) se asocian
con la carga de bacterias en la superficie de los huevos en aves, y que el tamafio
de esta glandula estd negativamente relacionado con la densidad de las
bacterias que degradan las plumas en las golondrinas (Hirundo rustica)
(Mgller et al. 2009). Ademads, la manipulacion experimental del ambiente
microbiano conduce a cambios en el tamaio de la glandula y en la composicion

de la secrecion (Jacob et al. 2014).

La estructura y composicion quimica de las plumas también podrian
afectar a su susceptibilidad a la degradacion bacteriana (Ruiz-de-Castafieda et
al. 2012). Aunque el principal componente quimico de las plumas es la -
queratina, estas normalmente estan coloreadas y, una ligera variacion en la
composicion y tipo de pigmento, puede influir en su susceptibilidad a la
degradacién. Sabemos, por ejemplo, que la queratina melénica es mas dificil
de romper que la no melanica (Bonser 1995), lo que explica que las tasas de
desgaste (Burtt 1979), rotura (Kose and Mgller 1999) y degradacion bacteriana
(Goldstein et al. 2004, Gunderson et al. 2008, Ruiz-de-Castaneda et al. 2012),
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sean menores en las plumas melanicas que en las plumas palidas no
melanizadas. Esta quizas sea la razon de que las aves de plumaje oscuro sean
relativamente mas abundantes en habitats himedos, donde los bacilos

degradadores de plumas son también mas activos y abundantes (Burtt and

Ichida 2004).

Distintas especies explotan habitats asociados a distintos ambientes
bacterianos y, por tanto, asociados a distintos niveles de riesgos de degradacion
de plumas por microorganismos. Por ello, el estado de degradacion de las
plumas de distintas especies, asi como su resistencia a la degradacion
bacteriana, deberia de ser distinto. Aunque la variacion en la resistencia a la
degradacion de plumas por bacterias ha sido estudiada intra-especificamente
en relacion, por ejemplo, a la pigmentacion de las plumas (Ruiz-de-Castafieda
et al. 2012) y las caracteristicas radioactivas del habitat (Ruiz-Rodriguez et al.
2016), hasta donde sabemos, la variacion inter-especifica ha sido cuantificada
solo una vez en varias especies de loros (Burtt et al. 2011)). La variacion en la
degradacion que presentan las plumas de distintas especies en una misma etapa

del ciclo vital nunca ha sido cuantificada. Esta tesis intenta llenar ese hueco.

4. Variacion intra-especifica en plumas ornamentales. El caso

del estornino negro

La resistencia al ataque por bacterias queratinoliticas y la degradacion de las
plumas varia incluso dentro del mismo individuo. Existen plumas mas fragiles
y mas expuestas a microorganismos y a otros agentes degradadores y que, por
tanto, son buenos candidatos a senalizar caracteristicas antimicrobianas de los
organismos (Shawkey et al. 2007, Ruiz-Rodriguez et al. 2015). Por ejemplo,
las plumas ornamentales de la garganta de los machos de estornino (Ruiz-
Rodriguez et al. 2015) presentan la parte apical alargada y estrecha (Fig. 1)

(Lezana et al. 2000), y son mucho mas largas que en las hembras (Hiraldo and
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Herrera 1974, Lopez-Rull et al. 2007a). Sabemos también que la degradacion
por bacterias queratinoliticas es mayor en estas plumas ornamentales que en
otras no ornamentales de la misma zona (Ruiz-Rodriguez et al. 2015). Ademas,
las propiedades antimicrobianas de la secrecion uropigial estan relacionadas
negativamente con el nivel de degradacion de las plumas ornamentales, pero
no con el de las no ornamentales (Ruiz-Rodriguez et al. 2015). Estas plumas
también pueden reflejar otras caracteristicas de los portadores relacionadas con
su calidad fenotipica y genética (Aparicio et al. 2001), por lo que la
informacion que transmiten no se relaciona exclusivamente con capacidades

antimicrobianas.

Existen evidencias de que plumas ornamentales de estorninos estan
sometidas a seleccion sexual, ya que su longitud se asocia con el éxito de
emparejamiento, con los niveles de homocigosidad (Aparicio et al. 2001), y
con los efectos inhibidores de la testosterona sobre la respuesta inmunitaria
mediada por macrofagos (Gil and Culver 2011). Durante el cortejo, los
estorninos machos exhiben sus llamativas plumas de la garganta mientras

cantan posados en lugares muy visibles.

Conocidos el dimorfismo sexual que presentan estas plumas y su
posible funciéon como senal sexual, en esta tesis nos planteamos la posibilidad
de que este ornamento informe sobre la calidad fenotipica y/o genética del
individuo. Esta posibilidad la analizamos estudiando la asociacion entre la
longitud de las plumas y la longitud y acortamiento de los telomeros de los
cromosomas, que son indicadores de la calidad genética y del nivel de estrés
sufrido durante el crecimiento. También exploramos la relacion entre estas
plumas ornamentales y otro caracter sexual secundario de los estorninos como

es el color del pico.
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Figura 1: (A) Estornino macho capturado durante el periodo de emparejamiento con
aparentes y llamativas plumas ornamentales en la garganta. (B) Plumas de la garganta
ornamentales y (C) no ornamentales del macho. También se muestran (D) plumas de
la garganta de la hembra. En la imagen se distingue entre la parte apical (1) y basal (2)
de las plumas. (Foto y figura modificadas de: Ruiz-Rodriguez, M. et al. (2015)).

4.1 Relacion de las plumas ornamentales con la dinamica y longitud de los

telomeros

La longitud y dindmica de los telomeros son cualidades que informan de la
calidad fenotipica y genética de los individuos y, también, del nivel de estrés
soportado durante periodos de tiempo concretos (Bauch et al. 2013). Los
teldmeros son regiones de secuencias cortas y repetidas de ADN no codificante
(TTAGGGG) que cubren el extremo de los cromosomas eucariotas. Entre otras

funciones, protegen la integridad de la informacion genética durante la division
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celular (Blackburn 1991). Debido a que los fallos de replicacion ocurren
frecuentemente al final de los cromosomas, los telomeros se acortan
continuamente como consecuencia de la division celular (Boonekamp et al.
2017). Asi, su longitud es un buen indicador de procesos de senescencia, tanto
a nivel celular como del organismo (Suram et al. 2012, Campisi 2013), y de
las perspectivas de supervivencia (Monaghan and Haussmann 2006, Kotrschal
et al. 2007, Soler et al. 2015a, pero ver Van Lieshout et al. 2019). Ademas, la
longitud y el desgaste de los telomeros, tienen componentes genéticos
significativos (Dugdale and Richardson 2018), y estan relacionados con las
capacidades antioxidantes (Beaulieu et al. 2011, Badas et al. 2015, Kim and
Velando 2015) y con el nivel de estrés sufrido durante el desarrollo
(Boonekamp et al. 2014, Herborn et al. 2014), incluyendo el relacionado con
infecciones por microorganismos (Asghar et al. 2015, Eisenberg et al. 2017,
2018). La longitud de los telémeros también se asocia con el éxito reproductor
en aves silvestres (Boonekamp et al. 2014, Parolini et al. 2017, Bauer et al.
2018). Por lo tanto, poner de manifiesto relaciones entre ornamentos sexuales
y la longitud y/o desgaste de los telomeros, indicaria que el ornamento puede
informar sobre distintas capacidades (inmunitaria, antioxidativa, estrés, etc.),

todas ellas indicadoras de la calidad fenotipica y/o genética del portador.

La asociacion entre caracteres sexuales y longitud y dindmica de
telomeros solo ha sido explorada y detectada en tres especies de aves. En dos
de ellas, la golondrina comtn (Parolini et al. 2017) y el cuelliamarillo comtn
(Geothlypis trichas) (Taff and Freeman-Gallant 2017), el caracter estudiado
fue la coloracion del plumaje. En golondrinas, la longitud de los telomeros de
machos y hembras se correlaciona con la coloracion del plumaje ventral; un
caracter sexualmente dimdrfico en esta especie (Parolini et al. 2017). En el
caso de los cuelliamarillos, la coloracion de las plumas de sus baberos
amarillos estaba relacionada con la longitud y tasa de desgaste entre afios de

sus telomeros, pero solo en los machos (Taff and Freeman-Gallant 2017). El
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tercer ejemplo se refiere a la coloracion de los huevos de estorninos, que es un
ornamento sexual de las hembras de esta especie (Soler et al. 2008b) y que
predice la longitud de los telomeros de los polluelos (Soler et al. 2018). Todas
estas evidencias son correlativas y, en esta tesis, damos un paso mas y testamos
experimentalmente las relaciones esperadas. Por otro lado, todos los estudios
mencionados tratan sobre caracteres mediados por pigmentos. Nosotros
utilizamos un caracter sexual no mediado por pigmentos; las plumas

ornamentales de la garganta de los machos de estornino.

4.2 Relacion entre la expresion de distintos ornamentos del estornino en un

contexto de seriales multiples

Los machos tipicamente poseen multiples rasgos que pueden transmitir
informacion a las hembras (Meller and Pomiankowski 1993). Aunque la mayor
parte de la investigacion sobre la evolucion y funcion de las sefiales se ha
centrado en rasgos unicos, en los ultimos afios se ha destacado la importancia
de estudiar estos caracteres dentro de un marco tedrico mas realista que
contemple la comunicacion social como el resultado de multiples sefiales
(Candolin 2003, Hebets and Papaj 2005). Una sefial puede proporcionar
informacion sobre distintas caracteristicas o capacidades del portador, y varias
sefiales pueden informar sobre el mismo tipo de capacidades. Diferentes
sefiales pueden, por ejemplo, implicar mensajes multiples o redundantes, o
pueden ser mas eficientes en entornos particulares o en la estimulacion de
determinados canales sensoriales (Mgller and Pomiankowski 1993, Candolin
2003, Hebets and Papaj 2005). Por tanto, en este marco teorico, los caracteres
o sefiales individuales que conforman las sefnales multiples o complejas no se
consideran independientes, sino que su funcidén seria el resultado de la
interaccion entre ellos. Hebets y Papaj (2005) desarrollaron un marco teérico
sobre el funcionamiento de sefiales multiples del que se desprendian hipdtesis

y predicciones comprobables sobre su evolucion y funcionamiento.
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Destacaron por ejemplo que, al considerar sefiales complejas o multiples, la

unidad de seleccion pasaria a ser el conjunto de sefales.

Las investigaciones sobre sefializaciéon compleja se han centrado en
explorar las asociaciones entre varias seiales (Perrier et al. 2002, Bro-
Jorgensen and Dabelsteen 2008, Mason et al. 2014, Chaine and Lyon 2015,
Girard et al. 2015), o entre senales y diferentes aproximaciones de la calidad
fenotipica incluyendo la condicién fisica (Balmford et al. 1992, Martin and
Lopez 2009), el éxito de apareamiento (Meller and Pomiankowski 1993) o la
eficacia de la transmisién de la sefial en diferentes entornos o ambientes
(Endler and Houde 1995). La existencia de una asociacion positiva entre dos
ornamentos sugeriria que la informacion transmitida es redundante o
complementaria, mientras que una asociacién negativa podria indicar que,
aunque puedan transmitir el mismo tipo de informacidén, existe una
compensacion o compromiso entre los caracteres de sefializacion. Finalmente,
la ausencia de asociacidon entre distintas sefiales sugeriria que transmiten
informacion diferente a los receptores (Candolin 2003, Hebets and Papaj

2005).

El desarrollo o la expresion de una senal puede influir o interaccionar
con el desarrollo de otro ornamento. Esto puede ocurrir por ejemplo cuando
los rasgos implicados no se producen simultaneamente, y la exhibicion del
primero que se desarrolla influye en el fenotipo del segundo rasgo en
desarrollarse (Johnstone 1996, Candolin 2003). Es posible que los beneficios
asociados a la expresion de una sefial, reduciendo por ejemplo interacciones
sociales agonisticas (Senar and Camerino 1998, Morales and Velando 2018),
faciliten el desarrollo de ornamentos que se expresen con posterioridad. Este
podria ser el caso de ciertas caracteristicas del plumaje de las aves que reducen
los costos sociales antes de la reproduccion (Senar et al. 2000), y que podrian
potenciar la expresion de otros rasgos sexualmente seleccionados, como son el

canto u otros ornamentos que se expresan exclusivamente durante la
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reproduccion (Badyaev et al. 2002, Mason et al. 2014). En este escenario, la
expresion de los ornamentos desarrollados antes y durante la reproduccion
podrian estar positivamente relacionados. Aqui testamos esta hipotesis
mediante el estudio de la relacion entre dos caracteres sexuales del estornino,

las plumas de la garganta y el color de la base del pico.

En este escenario complejo de pistas y sefiales proporcionando
informacién a distintos tipos de receptores, y donde las bacterias juegan un
papel clave determinando sus caracteristicas y evolucion, es en el que se
encuadra la tesis doctoral. En ella nos planteamos los siguientes objetivos

especificos que expongo a continuacion.
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OBJETIVOS ESPECIFICOS

Explorar experimentalmente el uso de pistas visuales de ectoparasitismo
en nidos de estornino por hembras parasitas de cria en la eleccion de nidos
hospedadores (capitulo 1).

Explorar experimentalmente el uso de pistas (quimicas) asociadas a la
rotura de sacos fecales de pollos de estornino en sus nidos, por
depredadores y parasitos (capitulo 2).

Comprobar la relacidon entre coloraciones de caracteres sexuales
secundarios (pico, plumas y tarso) y diferentes rasgos relacionados con las
defensas antimicrobianas y éxito reproductor de hembras (capitulo 3).
Poner de manifiesto variaciones inter-especificas en las caracteristicas de
las plumas relativas a su susceptibilidad a la degradacion bacteriana y
otros agentes degradadores (capitulo 4).

Comprobar experimentalmente la relacion entre un caracter sexual (la
longitud de las plumas de la garganta de estorninos) e indicadores de
calidad fenotipica o genética (la longitud y dinamica de los telomeros)
(capitulo 5).

Comprobar experimentalmente la existencia de asociaciones entre
caracteres sexuales (longitud de las plumas de la garganta y color del pico

de machos de estornino) en un marco tedrico de sefiales multiples (capitulo

6).

Para llevar a cabo la mayoria de estos objetivos especificos, hemos

realizado una serie de experimentos y aproximaciones correlativas en una

poblacidn de estornino negro, una especie en la que, como ya se ha destacado,
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sus machos presentan unas plumas alargadas en la garganta con las que podrian
mostrar sus caracteristicas genéticas (Aparicio et al. 2001) y la capacidad de
defenderse de bacterias patdogenas (Ruiz-Rodriguez et al. 2015). Los seis
objetivos planteados los hemos desarrollado en sendos -capitulos. A
continuacion, describo brevemente la importancia de cada uno de ellos en el

marco teorico de esta tesis.

Capitulo 1: A la hora de elegir el nido a parasitar, las hembras
parasitas de cria pueden tener en cuenta las caracteristicas de sus hospedadores
potenciales que se relacionen con el ambiente en el que crecera su
descendencia, en términos de, por ejemplo, mejor territorio y menor
probabilidad de ectoparasitismo (Paasivaara et al. 2010, Tomas et al. 2017).
Ademas, el grado de ectoparasitismo se ha relacionado con modificaciones en
la carga bacteriana del nido (Tomas et al. 2018). En este capitulo, abordamos
la posibilidad de que las hembras parésitas utilicen las motas de los huevos,
producidas por la actividad de los ectoparasitos, como pista para seleccionar a
su hospedador en base al ambiente en el que se desarrollaran sus pollos; una
hipotesis propuesta recientemente. Para ello, manipulamos las motas de los
huevos y exploramos la frecuencia de parasitismo en nidos en los que los

huevos estaban sin motas o con motas experimentales de distintos colores.

Capitulo 2: El ambiente microbiano del nido en el que crecen las aves
durante los primeros dias de vida también puede afectar a su desarrollo (Potti
et al. 2002) y, por lo tanto, la eliminacion de los sacos fecales por los padres
puede ser una estrategia para disminuir la contaminacidn bacteriana, o evitar
las pistas producidas por sustancias quimicas presentes en las heces y que
pudieran atraer a depredadores y/o ectopardsitos (Herrick 1900, Petit et al.
1989). En este capitulo, comprobamos esta hipotesis mediante la rotura
experimental de sacos fecales dentro del nido. Este experimento puede
provocar un aumento de la densidad bacteriana en los nidos que podria afectar

negativamente al crecimiento de los pollos.
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Capitulo 3: En este capitulo exploramos la posibilidad de que
ornamentos femeninos se asocien con capacidades inmunitarias. Hemos
estudiado (i) la fluctuacion de la inversion en defensas antimicrobianas a lo
largo de la temporada de cria, (i1) la relacion entre la inversion en defensas y
el éxito reproductor, y (ii1) la posible relacion de la capacidad individual para

defenderse de infecciones con coloraciones del cuerpo.

Capitulo 4: En este capitulo cuantificamos la variacién inter-
especifica en el deterioro de las plumas y su resistencia a la degradacion por
bacterias queratinoliticas en 16 especies de aves. También cuantificamos la
carga bacteriana de los nidos como indicativo de las presiones selectivas
ejercidas en cada especie, debido por ejemplo a los distintos habitats que
ocupan. Detectar la existencia de variaciones inter-especificas en las
caracteristicas de las plumas se podria interpretar como una evidencia del papel
de los microorganismos degradadores de plumas en la evolucion de estas
estructuras aviares. Ademas, encontrar una asociacion entre la carga bacteriana
de los nidos y el grado de degradacion y de resistencia de las plumas, también

apoyaria esta posibilidad.

Capitulo 5: En este capitulo estudiamos la asociacion entre la longitud
y dindmica de los telomeros (como indicadores de calidad fenotipica/genética
y de esperanza de vida) y la longitud de las plumas de los estorninos macho;
un cardcter sexual de la especie. Ademads, manipulamos la longitud de estas
plumas y exploramos los efectos en la tasa de reduccion de teldomeros un afio
mas tarde. Nuestras predicciones son que la longitud original de las plumas de
la garganta (antes del experimento) de los machos, pero no la de plumas de las
hembras, deberia relacionarse positivamente con el éxito reproductor, y
negativamente con la fecha de apareamiento y la tasa de deterioro de los
telomeros. Ademas, la reduccion experimental de la longitud de la pluma de la

garganta deberia resultar en un menor éxito reproductor, fechas de
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reproduccion mas tardias, y mayores tasas de deterioro de los telomeros en los

individuos experimentales.

Capitulo 6: En este capitulo exploramos experimentalmente la
asociacion entre dos caracteres sexuales, la longitud de las plumas de la
garganta y el color azulado de la base del pico de los machos. Si el
acortamiento de las plumas aumenta las interacciones agonisticas sociales
antes de la reproduccion, la energia y los recursos disponibles para desarrollar
la coloracion sexual del pico durante la reproduccidon seran menores para estos
machos. Sin embargo, si el experimento no aumenta los costos sociales, los
machos experimentales podrian compensar la pérdida de una sefial sexual

aumentando la expresion de la otra.
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MATERIAL Y METODOS

1. Especie de estudio: El estornino negro

El estornino negro es un ave semicolonial perteneciente a la familia Sturnidae,
del orden de los Passeriformes. Esta especie de tamafio medio (longitud pico-
cola = 21-23 cm, envergadura alar = 38-42 cm) es endémica de la region
mediterranea occidental. Los estorninos negros son sexualmente dimorficos.
Los machos, por ejemplo, son mas pesados que las hembras (media macho =
93.4 g, media hembra = 88.5g) (Cramp 1998, Veiga and Polo 2016), presentan
un plumaje mas brillante, y ademas, la coloracion de la base del pico en la
época reproductiva es azulada, mientras que las hembras presentan un tono
rosaceo (Fig. 2) (Veiga and Polo 2016). La coloracion amarilla del pico se
relaciona con la concentraciéon de carotenoides y vitamina A en el plasma
sanguineo (Navarro et al. 2010). La diferenciacion sexual mas llamativa la
encontramos en la longitud y forma de las plumas ornamentales de la garganta
(mas largas y estrechas en la zona apical en los machos que en las hembras,
ver Fig. 1) (Ruiz-Rodriguez et al. 2015, Veiga and Polo 2016). El macho,
durante la época de cortejo, extiende estas plumas y las exhibe parado en
lugares visibles mientras canta (Fig. 2C) (Ruiz-Rodriguez et al. 2015). La
muda post-reproduccion en esta especie comienza a finales de junio y se
completa entre mediados de septiembre y mediados de octubre (Veiga and Polo
2016). El huevo tipico de la especie es de color azul verdoso inmaculado
(Cramp 1998), con un pequefio pico en la longitud de onda ultravioleta (Soler

et al. 2008b).

En nuestra poblacion de estudio el cortejo se produce durante los
meses de febrero-marzo, y la temporada reproductiva comienza a principios de

abril. La mayoria de los individuos hacen una segunda puesta durante el mes
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de mayo. El tamafio de puesta mas comun es de 4-5 huevos. La fase de
incubacion suele comenzar con el penaltimo huevo, lo que hace que el altimo
polluelo eclosione mas tarde que los demds (Veiga and Polo 2016). La
incubacion es realizada principalmente por hembras con la ayuda esporadica
de machos, y dura 14 dias. El periodo de estancia de los pollos en el nido es
21-22 dias (Cramp 1998). Tanto el macho como la hembra contribuyen a la
alimentacion y a la extraccidn de los sacos fecales de los pollos (Cramp 1998).
Durante todas las etapas de reproduccion, los adultos llevan plumas y plantas
aromaticas al nido, las cuales han demostrado tener funciones antimicrobianas
beneficiosas (Ruiz-Castellano et al. 2016, Soler et al. 2017). El parasitismo de
cria entre conespecificos es un fendmeno comun en esta especie que ocurre en

alrededor del 25 % de los nidos (Calvo et al. 2000).

Figura 2: Coloracion del pico en la época reproductiva de (A) machos y (B) hembras
de estornino. También se muestra a (C) a un macho exhibiendo las plumas de la
garganta (fotos realizadas por distintos miembros de nuestro grupo durante el trabajo
de campo).
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2. Area de estudio

El trabajo de campo se realizd entre los afios 2015 y 2017 durante la época
reproductiva del estornino en la "Hoya de Guadix", al sureste de Espana; una
meseta de aproximadamente 1000 m de altitud con clima semiarido y
precipitaciones anuales inferiores a 300 L/m? (Pérez-Contreras et al. 2008).
Nuestra poblacién de estudio se encuentra en las antiguas estaciones de
ferrocarril de La Calahorra (37°15' N, 3°01' W) y de Huéneja (37°13' N, 2°56'
W), separadas entre si 20 km, y donde hay 84 y 24 cajas-nido instaladas
respectivamente desde 2005 (altura interna x ancho x profundidad =350 x 180
x 210 mm, altura desde el fondo al agujero de entrada = 240 mm). Estas cajas-
nido se fijan a los troncos de los arboles o paredes de construcciones, a 2-4 m
sobre el suelo y, en su mayoria, las ocupan estorninos negros (Fig. 3). El éxito
reproductor del estornino en el area de estudio varia tipicamente entre afios y
puestas y, entre otros factores, depende de la probabilidad de depredacion. Los
depredadores mas comunes de los nidos de estorninos en nuestra area de
estudio son las ratas (Rattus rattus), las serpientes de escalera (Rhinechis
scalaris), los mochuelos comunes (Athene noctua) y los lagartos ocelados

(Timon lepidus).

3. Trabajo de campo

3.1 Captura de adultos y mediciones generales

Durante el cortejo, algunas aves duermen dentro de las cajas-nido, hecho que
aprovechamos para realizar sesiones de captura de los adultos entre febrero y
mediados de marzo. Una hora antes del amanecer, cerrabamos la entrada de
todas las cajas-nido con esferas de espuma densa, e inmediatamente después
del amanecer, cogiamos a todos los individuos que se encontraban en el

interior. Las aves capturadas se mantuvieron individualmente en bolsas de
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algodon limpias. Las bolsas las manteniamos colgadas de un palo para
mantener tranquilas a las aves. Al finalizar la toma de datos de cada individuo
se le liberaba, de modo que el tiempo maximo que un estornino capturado
estuvo en la bolsa nunca excedio las tres horas. También realizabamos intentos
de captura de los adultos durante la reproduccion (4-5 dias después de la fecha
de eclosion) colocando trampas en el interior del nido que cerraban la puerta
de la caja una vez el ave entraba. El tiempo méximo que manteniamos la
trampa en la caja nido era de una hora. Todos los adultos capturados (machos
y hembras) fueron anillados con una anilla metalica numerada (si no estaban
ya anillados) y con una combinaciéon unica de anillas de tres colores. Se
pesaron con una balanza (Pesola 0-300 g, precision 2 g), y la longitud de su
tarso, pico y ala se midi6 con un calibre digital (precision 0,01 mm) y una regla
(precision 1 mm), respectivamente. Ademas, tomabamos las medidas de altura,
anchura y longitud de la glandula uropigial (capitulo 3) para estimar su
volumen (Martin-Vivaldi et al. 2009). La secrecion de la glandula uropigial
(capitulo 3) se extrajo colocando un micro-capilar estéril (32mm/20ul) en la
abertura de la glandula, y presionandola ligeramente para estimular la salida
de la secrecion. La longitud del capilar con secrecion se utilizé como indicador
del volumen de secrecion producida. Posteriormente, se recogieron muestras
de sangre pichando con una aguja estéril la vena braquial y recogiendo la
sangre en dos o tres capilares heparinizados (75mm?/75ul). Los capilares se
vaciaron en microtubos de 1.5 cm® que se mantuvieron en neveras portatiles a
unos 4 °C y, una vez en el laboratorio (en un plazo maximo de 6 horas), se
centrifugaron (5 min a 14000 rpm) para separar el plasma de la fraccion celular.
El plasma se introdujo en microtubos de 1.5 cm’, y se conservo a -80 °C hasta
su andlisis (capitulo 3 y 5). En el campo, también medimos la longitud de las
plumas de la garganta de machos y hembras con una regla. Estas medidas las
realizamos tres veces para estimar la repetibilidad (capitulos 5 y 6). Ademas,
en el campo, también se midio el color de la base (capitulo 6) y la punta del

pico, las patas, y las plumas del dorso y el pecho (capitulo 3) con un
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espectrometro Ocean Optics S2000 conectado a una luz halégena de deuterio

(D2-W, Mini) (ver a continuacion).

Figura 3: Area de estudio en la Hoya de Guadix: (A) Edificio principal y (B) arboles
con cajas-nido de la Estacion de La Calahorra y (C) Estacion de Huéneja (algunos
ejemplos de cajas nido sefialados con flechas rojas).

3.2 Medidas del color

Para estandarizar las condiciones de luz ambiental, las medidas se tomaban en
un edificio cercano, o en una tienda de campafia. Ademas, el sujeto a medir
(huevos o adultos) se colocaba dentro de una bolsa de tela opaca-negra, que
también envolvia la punta de la fibra Optica. Antes de la medicion de cada
individuo, calibramos el espectrometro utilizando una referencia estandar en
blanco y negro. Se obtuvieron espectros de reflectancia a intervalos de 1 nm
en el intervalo de longitud de onda 300-700 nm. El color se midio tres veces
en cada zona y se obtuvieron valores medios. A continuacion, para la base del

pico (capitulo 3 y 6), estimamos la proporcion de reflectancia total dentro del
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rango de la luz azul (A = 400-475 nm, color al que tiende la base del pico del
macho, en adelante intensidad del color azul) e hicimos lo mismo con el rango
de croma amarillo-rojo del espectro (A = 570-700 nm, en adelante intensidad
de color amarillo-rojo). Este rango coincide con el tipico aumento gradual de
la forma espectral del color de las feomelaninas (Navarro et al. 2010), y en el
que hay una gran variacion en los valores de reflectancia de machos y hembras
en la base del pico. Para las demads areas (capitulo 3), ademas de estos dos
rangos, estimamos la proporcion de reflectancia para el ultravioleta (UV) (A =
300-400 nm), UV-azul (A =300-450 nm) y azul-verde (A =450-570 nm) de los
espectros visuales tetracromaticos de las aves. Obtuvimos estas variables
mediante el software Avicol V.6 (Gomez 2006). Antes de realizar todos los
analisis, se corrigieron los valores negativos de reflectancia, fijAndose a cero,
y el ruido de las curvas de reflectancia se corrigié siguiendo el método de

alisamiento triangular (Gomez 2006).

3.3 Experimento de acortamiento de plumas ornamentales

Manipulamos la longitud de las plumas de la garganta de algunos machos
capturados antes de la reproduccion cortandolas, y dejando otros individuos
sin cortar como control. El tratamiento se asignd alternativamente segtn el
orden de captura. Se recorté aproximadamente el 50 % (en torno a 1.5 cm) de
la porcion distal de las plumas de la garganta con unas tijeras (Fig. 4) antes de
la reproduccion. Posteriormente, exploramos los efectos experimentales sobre
el acortamiento de los teldémeros (capitulo 5) y el color (croma y brillo) de la
base del pico durante la reproduccion, un ano después del experimento
(capitulo 6). Las plumas de la garganta se midieron antes y después del

experimento.
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Figura 4: Experimento de acortamiento de plumas de la garganta en machos de
estornino negro. Aspecto de un individuo control (A), otro experimental (B), y
estimacion de la longitud de las plumas de la garganta (C) (fotos realizadas por
distintos miembros de nuestro grupo durante el trabajo de campo)

3.4 Seguimiento de los nidos y mediciones de pollos

Durante los tres afios de estudio, los nidos se comenzaron a visitar a finales de
marzo, cada tres dias, hasta que detectamos el primer huevo. Exceptuando el
afo del experimento de parasitismo (capitulo 1, ver mas adelante), el nido se
visitaba doce dias después y, en adelante, cada dia hasta la eclosion del primer
huevo (dia 1 del periodo de pollos). Dividiendo el nimero de pollos
eclosionados final entre el niimero de huevos de la puesta, calculamos el éxito
de eclosion del nido. Las siguientes visitas eran los dias 5, 8, 11 y 14 del
periodo de pollos. En cada visita se anotaba el nimero de pollos que habia, se
les media el tarso y el ala, y se les pesaba con una balanza electronica (precision
de 0.01 g) los dias 5 y 8, y con un dinamometro los dias 11 y 14. El dia 8 todos

los pollos fueron anillados con anillas metalicas, y el dia 14 (cuando los pollos
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estaban cercanos a volar) estimamos la abundancia de dipteros ectoparasitos
del género Carnus (mayoritariamente Carnus hemapterus) (capitulo 2).
Utilizamos una escala semicuantitativa en funcién de la densidad de
mordeduras y restos de sangre y heces detectados en las alas y el vientre de

cada uno de los pollos del nido (ver capitulo dos para detalles de la escala).

Durante la estacion reproductora de los anos 2015 y 2016 realizamos
grabaciones de 1 hora de las entradas de las cajas-nido, 2 o 3 dias después de
la eclosion del primer huevo. Estas grabaciones las utilizamos para identificar
a los adultos con ceba que entraban a las distintas cajas. Las camaras se

situaban a 3-5 metros de la caja nido a grabar.

3.5 Experimento de seleccion de hospedador en un contexto de parasitismo de

cria intra-especifico

En el afio 2016 realizamos un experimento para testar la hipdtesis de que las
hembras de estornino parasitas de cria utilicen las motas de las cascaras de los
huevos (ver Introduccidon, Fig. 5A) como pistas sobre el nivel de
ectoparasitismo de los nidos. Para ello, manipulamos las motas de los huevos
en los nidos, y exploramos el efecto sobre la probabilidad de que el nido fuera
parasitado por otra hembra. Al detectar el primer huevo en un nido, se contaban
el nimero de motas procedentes de la actividad parasitaria de Carnus (Lopez-
Rull et al. 2007b). También se median la longitud (L) y anchura (A) de los
huevos con un calibre para estimar su superficie segun la formula superficie =
(3.155 = 0.0136L + 0.0115A)LA (Narushin 2005). Después, todas las motas
se eliminaban de los huevos (Fig. 5B) limpiandolos suavemente con un hisopo
estéril (Sterile R, Nuova Aptaca S.R.L.) ligeramente humedecido con tampon
fosfato (0,2 M; pH = 7,2). Posteriormente, dependiendo del tratamiento
aleatorio asignado al nido, se pintaron 40-50 motas (i) de color marron-rojizas

(similar a la coloracién de las motas naturales producidas por Carnus) (Fig.
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5C) o (ii) turquesa-azuladas (un color similar al de las cascaras de los huevos
de estornino muy pigmentadas) (Fig. 5D). Para pintar las motas utilizamos
rotuladores resistentes al agua y de punta fina (Letraset® Promarker, marron-
ambar R646 y azul C247 respectivamente). En un tercer grupo de nidos, (iii)
no se pintaron manchas en las céascaras de los huevos. Las cajas nido las
volviamos a visitar cada dos dias hasta el final de la puesta. En cada visita se
contaban las manchas naturales producidas por Carnus en todos los huevos y
se aplicaban los tratamientos experimentales a los nuevos huevos encontrados,
repasando los anteriores si era necesario. Una vez terminada la puesta, los
nidos fueron visitados cada 4 dias hasta la eclosion. Los nidos se visitaban
aproximadamente a la misma hora y, dado que los estorninos ponen un huevo
por dia (Calvo et al. 2000), al encontrar mas de 2 huevos nuevos en visitas
sucesivas durante el periodo de puesta, se pudo inferir la existencia de un
evento de parasitismo de cria, lo que en todos los casos se confirmaba
visualmente al comparar la apariencia (color y/o tamafio) de los huevos
individuales dentro de la nidada (Fig. 6). La combinacion de estos dos métodos
para detectar eventos de parasitismo de cria de conespecificos es precisa y

fiable en esta especie (Lyon and Eadie 2017, Tomas et al. 2017).
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Figura S: Fotos de (A) huevos de estornino con motas naturales (con un alto nivel de
infestacion, foto de Gustavo Tomas), y de puestas experimentales bajo los tres
tratamientos de pintado de motas: (B) limpios de motas naturales, y limpios y pintados
con motas (C) marrones (imitando las manchas de Carnus), o (D) azules (semejante a
la cascara del huevo).

Figura 6: Ejemplo de nido parasitado donde se puede distinguir visualmente el huevo
parasito.
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3.6 Experimento de rotura de sacos fecales en los nidos

Con el objetivo de comprobar los efectos que tendria sobre los pollos la no
retirada de sacos fecales del nido, realizamos un experimento que simulaba el
fallo en la retirada de algunos sacos por parte de los padres (capitulo 2). El
experimento se realizd en todos los nidos en el afio 2015 y en una pequeiia
muestra en el afio 2016 (ver mas adelante). El experimento comenz¢ el dia 2
del periodo de pollos. Brevemente, utilizando guantes de latex nuevos y
lavados con etanol al 70 % para evitar la contaminacion bacteriana entre nidos,
se introducian todos los pollos en una bolsa de algodéon. Después, con un
hisopo estéril (Sterile R, Nuova Aptaca S.R.L.) ligeramente humedecido con
tampon fosfato de sodio estéril (0,2 M; pH = 7,2), muestredbamos la
comunidad bacteriana del cuenco del nido durante 10 segundos. El hisopo se
introducia en un tubo Eppendorf con 1,2 ml de tampdn, que se conservaba a 4-
6 °C hasta su procesamiento en el laboratorio en las siguientes 24 horas.
Después, a los pollos se les estimulaba la cloaca para que expulsaran los sacos
fecales. Estos se rompian y se mezclaban en un recipiente de plastico y, con la
ayuda de una pequefia cuchara, se esparcia la mezcla correspondiente a
aproximadamente tres sacos fecales en los cuencos de los nidos experimentales
(la mitad de los nidos), asegurandonos de no dejar piezas grandes que pudieran
ser facilmente retiradas por los padres. En la otra mitad de los nidos (grupo
control), el material también se tocd de la misma manera con una cucharita
limpia. Este proceso se repiti6 los dias 5, 8, 11 y 12. El experimento se realizd

tanto en las primeras como en las segundas puestas.

3.7 Estudio de la variabilidad inter-especifica en la resistencia de las plumas

En los afos 2015 y 2016, se recogieron plumas de pollos de 16 especies de
aves para estimar su deterioro y su resistencia a la degradacion por bacterias

queratinoliticas. También se muestrearon con hisopos los nidos para estimar la
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carga bacteriana por métodos tradicionales de cultivo en los siguientes 4 dias
a la recogida de la muestra (ver metodologia en la descripcion del experimento
anterior y en el capitulo 4). Los muestreos se realizaron en la Hoya de Guadix
y en el bosque de Valsain (Segovia, 40° 54' N, 04° 01' W), en el centro de
Espafia, zona descrita en Gonzalez-Braojos et al. (2017). Con ayuda de tijeras
previamente lavadas en etanol, recolectamos dos o tres plumas (coberteras de
segundas y terceras secundarias) de al menos dos pollos de cada nido al final
de la etapa de crecimiento (en la Tabla 1 se exponen los tamafios de muestras
conseguidos). Dependiendo de la especie, recolectamos plumas con partes
pigmentadas y no pigmentadas. Las plumas de cada pollo se mantuvieron en
bolsas de plastico nuevas con cremallera y se almacenaron en el laboratorio a
4 °C hasta su analisis.

Tabla 1: Especies y tamafos de muestra tomadas para la estimacion del deterioro y el

grado de resistencia a la degradacion bacteriana (degradabilidad) de las plumas, y de
carga bacteriana del nido.

N = Nidos (plumas) N = Nidos N = Nidos
Degradacion Degradabilidad Carga
Bacteriana
No
Melanizadas Melanizadas

Athene noctua 13 13 9 13
Clamator glandarius 9 9 15 9
Coracias garrulus 6 6 6
Corvus monedula 6 6 6
Cyanistes caeruleus 5 5 10 5
Ficedula hypoleuca 23 25 10 24
Hirundo rustica 3 0 3
Oenanthe leucura 3 0 3
Otus scops 12 12 5 11
Parus major 19 18 18 17
Passer domesticus 8 8 8
Petronia petronia 3 4 3
Pica pica 17 17 15 17
Pyrrhocorax 5 11 5
pyrrhocorax

Sturnus unicolor 5 9 5
Upupa epops 26 26 8 26
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4. Trabajo de laboratorio

4.1 Estudio de la carga bacteriana de los nidos

Los tubos con los hisopos de muestras de los nidos (capitulos 2 y 4) se agitaron
vigorosamente en un vortex (Boeco V1 Plus) durante 10 segundos vy,
posteriormente, se sembraron 100 pl en platas de Petri mediante la técnica de
siembra en superficie en cuatro medios solidos diferentes (Peralta-Sanchez et
al. 2010): Tryptic Soy Agar (TSA), un medio generalista en el que crecen
bacterias mesofilas, y tres medios selectivos: Kenner Fecal Agar (KF) para el
cultivo de bacterias pertenecientes al género Enterococcus; Vogel-Johnsson
Agar (VJ) para bacterias del género Staphylococcus; y Hecktoen Enteric Agar
(HK) para bacterias Gram-negativas de la familia Enterobacteriaceae. Se
hicieron diluciones seriadas de las muestras originales de hasta 10 en TSA, y
102 en el resto. La densidad bacteriana de los nidos se expresd como el niimero
de unidades formadoras de colonias (UFC) por ml (N° colonias * 10 factor de

diluciomy /100 ml de dispersion).

4.2 Estimacion de la capacidad del plasma para inhibir bacterias

Se realizaron pruebas de antagonismo del plasma frente a 12 bacterias
indicadoras (capitulo 3): Bacillus licheniformis, Bacillus megatherium,
Bacillus  thuringensis, Enterococcus faecalis, Enterococcus faecium,
Lactobacilus paracasei, Latobacillus plantarum, Lactococcus lactis, Listeria
inocua, Listeria monocytogenes, Proteus sp. y Staphylococcus aureus. Para
preparar las placas de antagonismo, se agregaron 100 pL de un cultivo de 12
horas de cada bacteria indicadora a 15 ml de un medio tamponado estéril (1,8
% de Brain Heart Infusion (BHI) y 0,8 % de agar, en tamp6n fosfato 0,1 M pH
7). Después, se inocularon 2 ml de cada muestra de plasma en las placas

solidificadas con la bacteria indicadora, y se incubaron durante 12 h a 28 °C.
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A continuacion, se revisaron las placas para detectar halos de inhibicion (Fig.
7), es decir, zonas transparentes alrededor del plasma en las que se inhibi6 el
crecimiento de la bacteria indicadora. Los halos se midieron en mm, desde el
limite de la gota de plasma hasta el final del halo (es decir, donde comienza el
crecimiento de las bacterias indicadoras). Con esas medidas se calculdo un
indice de actividad antagénica como la media de la actividad (es decir, el

diametro del halo) mostrada frente total de bacterias testadas.

Figura 7: Ejemplo de halos mostrando el grado de antagonismo del plasma frente a
un tipo bacteriano. Algunos ejemplos de halos de antagonismo sefialados en rojo.

4.3 Evaluacion de la capacidad de respuesta inmune innata

La respuesta inmune mediada por anticuerpos naturales (capitulo 3) fue
estimada en dos placas de ensayo de poliestireno de 96 pocillos siguiendo el

procedimiento descrito en Matson, Ricklefs y Klasing (2005) (Fig. 8). La
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cuantificacion de la capacidad de lisis y aglutinacién se hace considerando el
numero del pocillo con la ultima dilucién plasmatica en la que se observa la
reaccion de lisis o aglutinacion del plasma que estamos testando frente a la
sangre de conejo (Matson et al. 2005). La lisis refleja la accion del sistema del
complemento por la cantidad de hemoglobina que liberan los eritrocitos de la
sangre de conejo, mientras que la aglutinacion refleja la interaccion entre los
anticuerpos naturales y el antigeno, que en este caso es la sangre de conejo

(Matson et al. 2005).
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Figura 8: Placa de poliestireno en la que se muestra la reaccion de lisis y aglutinacion
de muestras de plasma. En la primera fila, el pocillo 1 muestra el proceso de lisis, y
del 2 al 5 la forma mas compacta de la aglutinacion. Los pocillos del 6 al 9 muestran
una forma menos compacta de aglutinacion, en el 10 y 11 no hay lisis ni aglutinacion.
La ultima columna es un control. Por lo tanto, en este ejemplo las estimas de respuesta
inmune en la fila 1 tendrian valores de 1 para lisis y 9 para aglutinacion.

4.4 Susceptibilidad de las plumas a la degradacion

La susceptibilidad de las plumas a la degradacion por bacterias queratinoliticas
se explor6 utilizando plumas completas y siguiendo el protocolo descrito en

(Gunderson et al. 2008, Ruiz-Rodriguez et al. 2009, Ruiz-de-Castafieda et al.
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2012, Ruiz-Rodriguez et al. 2015) (capitulo 4). Las plumas se pesaron en una
balanza de precision (AB135-5/FACT (0.000001 g), Mettler Toledo, Espana)
y se esterilizaron en autoclave antes de comenzar el experimento de
laboratorio. Cada pluma se introdujo en un tubo de vidrio esterilizado que
contenia 4 mL de tampon (9,34 mM de NH4CI, 8,55 mM de NaCl, 1,72 mM
de KoHPO4, 2,92 mM de KH,PO4, 0,49 mM de MgCl-6H,O y 0,01 % de
extracto de levadura en 100 mL de agua destilada). Ademas, se introdujo una
colonia de Bacillus licheniformis previamente aislada en placas TSA en cada
tubo. Se incubaron en agitacion constante a 37 °C y 120 rpm en un agitador
orbital (VWR, Espana). Se recolectd 1 mL de cada tubo antes de comenzar el
experimento y al final de la incubacidn, 21 dias después. Estas muestras se
centrifugaron para eliminar las células bacterianas, y la absorbancia del
sobrenadante se estimé utilizando un espectrofotometro (Helios Zeta UV-Vis,
Thermo Scientific, Reino Unido) a 230 nm (Goldstein et al. 2004). La
concentracion de oligopéptidos en el sobrenadante proviene principalmente de
la degradaciéon de la queratina y, por lo tanto, esta directamente relacionada
con la cantidad de pluma degradada. Las curvas de calibracion de absorbancia
y concentracion de oligopéptidos (de 0 a 300 pug x mL') se obtuvieron mediante
el uso de albimina de suero bovino (BSA) (R? = 0,98 en ambas curvas), lo que
permitid extrapolar las absorbancias a los valores de concentracion de
oligopéptidos. También utilizamos tubos controles de tres tipos: (i) solo con
tampon, (i1) tampon + bacilo y (iil) tampon + una pluma para estandarizar la
concentracion de oligopéptidos en tubos experimentales con respecto a la

observada en estos tubos controles.

4.5 Estima del nivel de degradacion de las plumas

El grado de desgaste que presentaban las plumas se estimo siguiendo el

protocolo descrito en Ruiz-Rodriguez et al. (2015) (capitulo 4). Las plumas se
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fotografiaron (2x) con una camara (Nikon Digital Sight DS Fil) conectada a
una lente binocular (Nikon SMZ1500, Melville, NY, USA). Dos técnicos de
laboratorio, que desconocian el origen de las plumas (es decir, especie, parte
del cuerpo, etc.), evaluaron todas las fotografias, segiin el nivel de degradacion
en una escala semicuantitativa (desde 0 (sin degradacion) a 3 (mas de 2/3 de la
pluma danada)) (Ruiz-Rodriguez et al. 2015). Las estimas de los dos técnicos
fueron repetibles. Por lo tanto, se utilizaron los valores promedios de desgaste

de plumas del mismo nido en los analisis.

4.6 Estudio de la longitud y dindmica de los telomeros

La longitud y dindmica de los teldémeros como indicadores de la calidad
individual (capitulo 5) se estimaron con material genético de células
sanguineas, siguiendo el protocolo de Criscuolo et al. (2009). La concentracion
de ADN se ajustod a 20 ng uL! con agua destilada y se congel6 a -20 °C hasta
los analisis. La longitud relativa de los telomeros fue estimada por q-PCR y el
acortamiento se calculd restando el valor de longitud de las muestras de la
ultima captura al de la primera. Estas diferencias se estandarizaron dividiendo
el acortamiento de los telémeros por la longitud de los mismos en muestras de

las primeras capturas.

5. Analisis estadisticos

Para el analisis de los datos hemos utilizado modelos lineales generales
(GLM), asumiendo distribuciones normales, o binomiales (modelos
generalizados, GLZ). Hemos tenido en cuenta la estructura y el nivel de réplica
estadisticamente independiente de los datos incluyendo el nido o el pollo como
factores aleatorios en los modelos, o utilizando ANOVAs de medidas

repetidas. Ademas, en el caso de que existiera un factor fijo dentro del aleatorio
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(i.e. pollos experimentales y controles dentro del mismo nido), hemos incluido
la interaccion entre el factor aleatorio y el fijo como otro factor aleatorio en los
modelos. En el caso de estar interesados en los efectos fijos sobre varias
variables dependientes, utilizamos MANOV As con modelos similares a los
descritos arriba. En todos los modelos, hemos incluido variables para controlar
los efectos explorados por otras variables que pudieran estar afectando tanto a
la variable dependiente como a la independiente. El software que hemos
utilizado en la mayoria de los analisis fue el Statistica V13 (Dell-Inc. 2015), y
en alguna ocasion también utilizamos R software v3.2.5 (R Core Development
Team 2016). En los distintos capitulos se puede encontrar una explicacion

detallada de los modelos utilizados en cada uno de los test estadisticos.
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Spotless starlings prefer spotless eggs: conspecific brood parasites

cue on eggshell spottiness to avoid nests infested by ectoparasites

Abstract

Avian brood parasites are expected to select host nests according to
characteristics that maximize offspring fitness, such as probability of
ectoparasitism. Spotless starlings (Sturnus unicolor) lay immaculate blue eggs
that sometimes become brownish-spotted due to the activity of the
ectoparasitic fly Carnus hemapterus on incubating birds. Therefore, parasitic
females should adaptively avoid for parasitism nests with spotted eggshells.
Here, we manipulated perceived risk of ectoparasitism by painting the eggs
with either brown (similar to those due to ectoparasite activity), or blue spots.
A third group of nests were maintained with immaculate eggshells. Nests with
non-spotted eggshells showed the highest rate of brood parasitism, while nests
with brownish or bluish spots on the eggshells were parasitized at a similar
lower rate. These results suggest that brood parasitic females use achromatic
information of the eggshells in their selection of host nests. This study adds to
the scarce evidence showing that brood parasitic birds select host nests with
low risk of ectoparasitism, and is pioneering demonstrating that colour patterns
of the eggshell (i.e. spottiness) of their potential hosts represent a major cue

employed to appraise risk of ectoparasitism.

Keywords:  Eggshell spottiness, Sturnus unicolor, Intraspecific nest

parasitism, Host-selection mechanisms, Carnus hemapterus, Ectoparasitism.
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Introduction

Avian brood parasitism is a reproductive strategy in which brood parasitic
females lay their eggs in the nests of other females of the same (conspecific)
or different (interspecific) species (Soler 2017a). Parasitic individuals take
advantage of parental effort of their hosts and save most of the reproductive
costs, but instead have to overcome antiparasitic defences of their hosts as well
as to find and choose suitable host nests (Rothstein 1990, Davies 2000, Lyon
and Eadie 2008, Soler 2017b). Because parasites should choose hosts with
characteristics that maximize their fitness, brood parasitism is expected to
occur non-randomly within the host populations. Therefore, identifying host
characteristics that increase reproductive success of parasites is pivotal to
understanding the evolution of conspecific (Lyon and Eadie 2008, Tomas et
al. 2017) and interspecific brood parasitism (Parejo and Avilés 2007, Soler et
al. 2009, Soler et al. 2014).

Conspecific brood parasitism is widespread in birds (Yom-Tov and
Geffen 2017). Although it has received much less attention than interspecific
brood parasitism (Lyon and Eadie 2008), there is sparse evidence suggesting
that it occurs non-randomly within the available host nests (Poysai et al. 2014).
Brood parasitic females might for instance choose host nests located in
territories of better quality, which can be inferred by nest-site characteristics,
and that will result in higher resource availability for their offspring
(Paasivaara et al. 2010). They can also choose nests with reduced risk of
predation by cuing on several anti-predatory characteristics of nests (Poysd and
Pesonen 2007, Poysa et al. 2010, Soler et al. 2014). Moreover, they might also
choose nests with smaller number of eggs, which might indicate that
incubation has not yet started, favouring a better match with the host egg laying
period, and thus a proper incubation of their eggs (Odell and Eadie 2010).
Parasitic females might also cue on sexually selected traits indicating parental

quality of potential hosts, and choose host nests for parasitism accordingly
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(Soler et al. 1995, McLaren and Sealy 2003, Parejo and Avilés 2007). It has
also been suggested that brood parasitic females could avoid for parasitism
those nests with higher abundance of nest dwelling ectoparasites (Brown and
Brown 1991), for which there is recent experimental evidence (Tomads et al.
2017). Most of this evidence is however correlational, and experimental
manipulation of host nest features is necessary to further understand the non-

random choice of conspecific host nests for parasitism (Poysi et al. 2014).

Nest dwelling ectoparasites are hematophagous arthropods that cause
anaemia in their avian hosts (O'Brien et al. 2001, Hannam 2006, Minias 2015),
which might pose drastic negative effects to fledging success (Brown and
Brown 1991, Richner et al. 1993). Moreover, ectoparasite activity will also
increase nutrient availability that enhance bacterial growth in the avian nests
and on the eggshells (Tomas et al. 2018), which will negatively affect egg
hatchability (Peralta-Sanchez et al. 2018) and nestling development (Soler et
al. 2017, Azcarate-Garcia et al. 2019). Thus, recognising and avoiding nests
with high risk of ectoparasitism would be of clear selective advantage for
brood parasitic females. In accordance with the existence of this kind of bias,
conspecific brood parasitism by cliff swallows (Petrochelidon pyrrhonota)
was more common in nests with a low probability of infestation by fleas and
bugs (Brown and Brown 1991). Furthermore, an experimental increase of
Carnus hemapterus flies in nests of spotless starlings (Sturnus unicolor)
reduced probability of conspecific brood parasitism (Tomads et al. 2017). How
brood parasitic individuals could manage to infer ectoparasitism status remains
however unclear. The first, most direct possibility is that parasitic individuals
directly evaluate abundance of nest-dwelling ectoparasites when inside the nest
cavity. Another possible mechanism includes the evaluation of physical
condition of nest owners, which may reflect their parasitism status. Brood
parasitic females could also use other indirect cues of ectoparasite presence,

such as conspicuous spots on the eggshells, which are ectoparasite faeces and
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blood remains derived from ectoparasite activity on incubating adults, and
appear frequently in nests parasitized by different ectoparasite taxa (Tomas et
al. 2017). Interestingly, these cues will inform brood parasitic females not only
on the abundance of ectoparasites (Lopez-Rull et al. 2007, Avilés et al. 2009,
Tomas et al. 2017), but also on the incubation stage of the host nests, because
these cues of blood sucking activity do not appear until incubation has started
(Tomas et al. 2017). Since avoiding nests where incubation has already started
is of prime importance for brood parasites (Wiley 1988, Kattan 1997, Soler et
al. 2015, Tomas et al. 2017), usage of these cues of ectoparasitism would imply
a two-fold advantage and, thus, should be rapidly selected within the brood
parasitic strategy. Here, we tested this possibility by experimentally painting
conspicuous spots on the eggshells of spotless starlings, simulating those
derived by Carnus hemapterus (hereafter Carnus) activity (Lépez-Rull et al.

2007), and exploring its effects on probability of brood parasitism.

Carnus 1s a blood-sucking ectoparasite of nestling (and incubating
adult) birds (Grimaldi 1997), commonly found in nests of spotless starlings in
their adult form a few days before full incubation starts (Lopez-Rull et al.
2007). The abundance of flies in a nest at the nestling stage can be anticipated
few days after the onset of incubation by the density of spots on the eggshells
(Lopez-Rull et al. 2007). Interestingly, we know that nests of spotless starlings
where eggshells were cleaned from Carnus’ spots deserved more paternal
investment (in terms of feeding visits) during the nestling phase (Avilés et al.
2009). This experimental result suggests that spotless starlings are able to
evaluate such parasitic cue and, thus, open the possibility that brood parasitic
individuals use eggshell spottiness in their selection of host nests. In
accordance, Tomds and coauthors (Tomas et al. 2017) showed that
experimental parasitism with Carnus flies, which increased the abundance of
spots on the eggshells, decreased the probability of brood parasitism. However,

these results could also be explained if brood-parasitic females followed other
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related cues such as the direct detection of abundant ectoparasites or associated
changes in the nest environment or in the behaviour of potential host birds
(Tomas et al. 2017, 2018). Thus, to further demonstrating that brood parasitic
females use eggshell colour patterns (i.e. Carnus-provoked spots on the
eggshells) to choosing host nests for parasitism, we experimentally
manipulated eggshell spottiness and explored its effects on probability of
brood parasitism. Briefly, we cleaned spots from all the eggs in the nests and
painted their eggshells with spots of two different colours in different groups
of nests: (i) reddish-brown (hereafter brown), simulating colouration of
Carnus-spots, and (i1) bluish-turquoise (hereafter blue), a colour similar to that
of highly chromatic spotless starling eggshells (see Fig 1). In a third group of
nests, (iii) we cleaned the eggs from Carnus-spots, but did not paint spots on
the eggshells. If brood parasitic females use Carnus-spots on the eggshells as
cues to decide where to lay their eggs, we expected that they avoid the nests
with experimental brown spots on their eggs simulating a high rate of

ectoparasitism.

Fig. 1: Appearance of spotless starling clutches with natural spots due to Carnus
ectoparasitism (A), and with a larger and more intensely coloured parasitic egg (B).
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Material and Methods

Study area and study species

The study was conducted during the year 2016 in a south-eastern region of
Spain (Hoya de Guadix, 37°15°N, 3°01’W). Our two study areas are located at
La Calahorra (37°15° N, 3°01° W) and Huéneja (37°13° N, 2°56° W) railway
stations, where nest-boxes attached to tree trunks or walls at 3-4 m above
ground are available for starlings to breed in (for further information on the

study area see previous work by Soler and coauthors (Soler et al. 2017)).

The spotless starling is a medium-sized, hole-nesting passerine that
mostly breed in colonies (Cramp 1998, Veiga and Polo 2016). It lays
immaculate blue-greenish eggs (Cramp 1998) with a small peak at the
ultraviolet wavelength (Soler et al. 2008). In this species, conspecific brood
parasitism is a common phenomenon occurring in around 25% of nests (Calvo
et al. 2000). Overall, 17% of nests are parasitized during the host’s egg-laying
stage and 9% during incubation, with the latter representing 32—-53% of total
parasitism depending on the year (Calvo et al. 2000).

In the studied populations, the reproductive season starts in early April,
and most individuals lay a second clutch during May-June. The most common
clutch size is 4-5 eggs. The incubation phase usually begins with the
penultimate egg, which promotes that the last egg hatches one day after the
others (Soler et al. 2008, Veiga and Polo 2016). Incubation is mostly carried
out by females with sporadic help from males, and extends for around 14 days,
while the nestling period lasts 18-25 days (Cramp 1998). Soon after the onset
of incubation, immaculate blue eggs sometimes become brownish spotted as a
result of the viscous faeces (and blood remains) derived from Carnus adults
feeding on incubating females (Lopez-Rull et al. 2007, Avilés et al. 2009; Fig.
1, Tomas et al. 2017). Carnus is a 2 mm blood-sucking fly found in nests of an

extremely wide diversity of birds. It has been found parasitizing 64 host species

58



Capitulo 1

from 24 avian families (Grimaldi 1997, Brake 2011, Tomas et al. 2017). After
emergence from overwintering pupae inside nests, winged adults may
disperse, and lose their wings once a suitable nest is found (Grimaldi 1997).
Carnus flies are hardly visible within the nest materials but easily detected on
the nestling skin (Tomas et al. 2017, Azcarate-Garcia personal observation).
Infestation at the incubation stage can therefore be appraised by prospecting

parasitic birds almost exclusively from egg spottiness (Lopez-Rull et al. 2007).

Fieldwork and experimental procedure

The experimental design aims at detecting if starlings use eggshell colour
patterns, including cues of Carnus parasitism, to select the nests where to lay
their parasitic eggs. With this purpose, from the end of March, we visited the
nest-boxes every 3-4 days until starling eggs were detected. Once a nest was
detected with eggs (in all cases it was between first and third egg laying day),
it was sequentially assigned to one of the three experimental treatments We
first counted the number of natural spots of each egg and, then, measured egg
length and breadth with a digital calliper (to the nearest 0.01 mm) to estimate
eggshell surface following Narushin’s formula (Narushin 2005, (3.155 —
0.0136L + 0.0115B)LB). Afterwards, we cleaned all eggs by gently swabbing
their shells with a sterile swab (Sterile R, Nuova Aptaca S.R.L.) slightly wet
with phosphate buffer (0.2 M; pH = 7.2). Then, we painted 40-50 (i) brown
spots in each egg simulating a high Carnus infestation level (Lopez-Rull et al.
2007), or (ii) blue spots, with waterproof markers (Letraset® Promarker,
brown-amber R646 and blue C247 respectively). Blue is a colouration close to
that of heavily pigmented starling eggshells (Soler et al. 2008) and, thus, spots
of this colour will contrast with the colouration of the eggshells, but at a lower
degree than the brown spots. In a third group of nests, (iii) eggs were not

painted after cleaning. All the eggs were numbered on the thick pole, which
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allowed identification in subsequent visits. After the first visit, nests were
checked every second day until the end of egg laying, i.e., five or six days after
the first egg was laid. During each visit, we counted the number of natural
Carnus-spots to calculate natural eggshell spottiness as the number of spots /
cm?2 of eggshell surface, and within-nest mean eggshell spottiness per egg was
used in the analyses. Experimental treatments were applied to any new eggs
found (and to previous eggs if necessary). From then on, nests were visited
every 4 days until egg hatching and natural eggshell spottiness recorded on
each visit. Data on natural eggshell spottiness from the different visits after
experimental manipulation were averaged for each nest. Natural eggshell
spottiness before, as well as after experimental manipulation were reduced
(mean (SE) values of density of spots per cm?; before: 0.15 (0.009); after: 0.31
(0.013)), and similar in nests under the different experimental treatments,
either in first and in second breeding attempts (all P > 0.12). Each nest was
visited at a similar time of the day and, as starlings lay one egg per day (Calvo
et al. 2000), the occurrence of brood parasitism events was detected when more
than two new eggs were found between successive visits. Events of brood
parasitism were also visually confirmed by comparing the appearance (colour
and/or size) of individual eggs within the clutch (see Fig. 1). Combination of
these two methods for detecting events of conspecific brood parasitism is

accurate and reliable in this species (Lyon and Eadie 2017, Tomas et al. 2017).

Sample size and statistical analyses

We followed 142 starling nests (74 first and 68 second clutches). One hundred
and thirty of those nests were located at La Calahorra and 12 nests at Huéneja
area. Moreover experimental treatments were balanced within first and second

clutches (first clutches: 26 brown /25 blue / 23 unspotted; second clutches: 23
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/ 22/ 23) and within study areas (La Calahorra: 44 / 44 / 42; Huéneja: 5/3/ 4)
(Pearson > < 0.56, df = 5, P > 0.98).

We were interested in detecting possible bias in host selection and,
thus, we considered each parasitic egg as an independent event of parasitism.
As nests available for parasitism, we considered those nests that were in their
laying or early incubation stage (i.e. | — 8 days after the first egg was laid) at
the time of parasitism in the area where a target parasitic egg was detected..
With this data set, possible bias in host nest choice for brood parasitism in
relation to experimental treatment was analysed by means of Generalized
Linear Models (GLZ) with binomial distribution and logit link function.
Information on whether or not a parasitic egg was laid in each of the available
nests was used as the dependent binomial variable, and experimental treatment
as the independent factor. Study area, breeding attempt (i.e. first or second
clutch), and whether parasitism occurred in nests when incubation had (i.e.
from the fifth to the eighth day after the first egg was laid) or had not (from the
first to the fourth day of laying) started (hereafter incubation stage), were
considered additional discrete independent factors. Natural eggshell spottiness,
both before, and after experimental manipulation, were considered additional
continuous independent variables. Because of the relatively low number of
brood parasitism events detected, and the impossibility of testing interactions
between the several additional independent factors considered, the effects of
each of these factors on probability of parasitism were tested in separate
models that also included experimental treatments. The effects of the
interactions between independent factors were also explored to test the
possibility that expected effects of experimental treatment depended on the
study area, incubation stage, natural eggshell spottiness or breeding attempt.
The main effects were estimated in models that did not include the interaction,
while the effect of the interactions was estimated in models that also included

the main effects. Probabilities were estimated by means of type 3 likelihood
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ratio tests after correcting for overdispersion. All analyses were performed in

Statistica V13 (Dell-Inc. 2015).

Results

We detected 23 parasitic eggs in 18 out of the 142 (12.38 %) monitored starling
nests. Most (88.9%, N = 18) of the parasitized clutches received a single
parasitic egg, while the other two parasitized nests received three and four

parasitic eggs.

In accordance with the hypothesis tested, experimental treatment
affected probability of parasitism (Table 1). Brood parasitic females
preferentially selected nests with eggs that were experimentally cleaned but
were not painted (unspotted vs blue spots, x> = 4.87, P = 0.027; unspotted vs
brown spots, y* = 5.93, P = 0.015), while nests containing eggs with painted
spots, either blue or brown, were parasitized at similar lower rates (y*; = 0.07,
P =0.786) (Fig. 2). The experimental effect was detected even after controlling
for statistically significant effects of study area and incubation stage (higher
parasitism rate in nests when incubation had started), and the non-significant
effects of natural eggshell spottiness and breeding attempt (Table 1).
Moreover, the interactions between experimental treatment with incubation
stage, natural eggshell spottiness, and study area did not reach statistical
significance (Table 1), suggesting that the detected experimental effects do not
depend on these additional independent factors. However, the interaction
between experimental treatment and breeding attempt reached statistical
significance (Table 1), suggesting that the experimental effects were more

evident in first than in second clutches.
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Fig. 2: Expected and observed frequencies of brood parasitism in nests of spotless
starlings under different experimental treatments (with painted brown or bluie spots,
or unspotted on the eggshells). Expected frequencies of brood parasitism were
estimated considering nests available for parasitism at the date when each of the 23
events of brood parasitism occurred, and assuming no preference for any experimental
treatment. Representative clutches for each experimental treatment are shown.

Discussion

By painting spots on spotless starling eggshells, simulating cues of
ectoparasitism by Carnus flies, we explored the effects of the presence of such
cues on the probability of conspecific brood parasitism. Our study revealed
that nests without spotted eggshells showed the highest rate of brood
parasitism, even after controlling for the effects of study area, natural eggshell
spottiness, incubation stage, and breeding attempt. These results therefore
confirm that brood parasitic females select host nests with low risk of
ectoparasitism, and convincingly show that risk of ectoparasitism is appraised

through an indirect cue of ectoparasite infestation such as eggshell spottiness.
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Table 1: Rates (%) of brood parasitism in nests of spotless starlings under different experimental treatments, as number of parasitism events
inrelation to the sum of the number of nests (in parenthesis) that were available at the date of each event of parasitism. Results from Generalized
Linear Models testing the effect of experimental treatment and of a second additional independent factor (study area, incubation stage, breeding
attempt, or pre- and post-experimental natural eggshell spottiness), as well as the interactions between the two factors included in each model,
are also shown.P-values lower than 0.05 are in bold.

Frequencies of parasitism (%)

Statistical tests

i Parasitis . Additional
Additional : Experimental : .
. Experimental treatments independent Interaction
independent factors events treatment factor
Brown spots Blue spots Unspotted (N) 12 P 11 P Y1 P
Study area 6.94 0.031 4.11 0.043 2.09 0.148
La Calahorra 3.85(N=104) 3.60(N=111) 10.37 (N =1006) 19
Huéneja 0.00 (N =06) 25.0(N=4) 37.5(N=28) 4
Incubation stage 6.36  0.042 6.52 0.011 0.27 0.873
Before full incubation 1.61 (N=62) 2.99 (N =67) 5.56 (N =54) 6
After full incubation  6.25(N=48) 6.25 (N =48) 18.3 (N =60) 17
Breeding attempt 7.56 0.023 0.07 0.789 5.22  0.022
First 0.00(N=39) 476 (N=42) 16.67 (N =42) 9
Second 563(N=71) 4.11 (N=73) 9.72 (N =172) 14
Pre-experimental 23 811 0.017 207 0151 091 0.635
natural spottiness
Post-experimental 23 854 0014 269 0.101 146 0.480
natural spottiness
Nrotal 110 115 114 23
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Ectoparasites produce severe negative effects in developing nestlings
(Soler et al. 1999, Martin-Vivaldi et al. 2006, e.g. Avilés et al. 2009, Hoi et al.
2010, Hoi et al. 2018). Thus, interpreting cues that reliably anticipate intensity
of parasitism before the nestling phase would be of selective advantage. This
would be the case, not only for brood parasitic females (Tomas et al. 2017),
but also for adoptive parents, which have the opportunity to adjust reproductive
investment to perceived risk of ectoparasitism (O'Brien and Dawson 2005,
Avilés et al. 2009). It might also be advantageous for eavesdropping females
in general that visit nests of neighbours to collect public information about nest
environmental conditions (Parejo et al. 2008). Consequently, recognizing and
assessing eggshell spottiness as a cue of ectoparasitism in decision taking by
starlings will evolve more rapidly than expected in the case of advantages

exclusively related to brood parasitism.

Our experiment included two treatments consisting on painting spots
of two different colours on eggshells: one of brown colouration, simulating
spots derived from the parasitic activity of Carnus flies, and the other of blue
colour. Given that blue is close to the colouration of highly chromatic starling
eggs (Soler et al. 2008), this latter treatment was conceived to explore the
importance of spot colouration. However, parasitism rates in nests under
brown or bluish-turquoise experimental treatments did not differ significantly,
while parasitism rates in nests under these two treatments were significantly
lower than parasitism rate in nests with eggshells experimentally cleaned.
These results allow to infer that chromatic colouration of eggshell spots is not
very important for brood parasitic females. Examples of the importance of
achromatic colouration determining functionality of coloured signals are not
rare in the literature (e.g. Soler et al. 2005, Avilés et al. 2008, Soler and Avilés
2010) and, thus, it is possible that starling females mainly used achromatic
information of eggshell spots when selecting conspecific nests for brood

parasitism. Further experimental work is necessary to confirm this inference.
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The detected experimental effects were significantly larger in first than
in second clutches. This interaction mainly arose because none of the nests
with brown spots on the eggshells was parasitized in first clutches, when brood
parasitism concentrated in nests with cleaned eggshells. This result cannot be
explained by differences in availability of nests for brood parasitism since it
was higher by the time of second clutches, neither by differences in the rate of
parasitism between first and second clutches, which were quite similar.
Availability of nest-boxes for building nests can neither be a reason explaining
the detected interaction since vacant nest-boxes were available in the study
area during the entire breeding season. The reasons we envisage as responsible
for the detected interaction between experimental treatment and breeding
attempt are related to possible variations in antiparasitic defences of starlings
(nest defences) or in the genotype (individual identity) of brood parasitic
individuals during first and second clutches. Exploring such interesting

possibilities deserves future investigations.

One of the advantages that brood parasitic females would enjoy by
avoiding nests with traces of Carnus flies activity is that they would elude
those nests where incubation has already started (Lopez-Rull et al. 2007,
Tomas et al. 2017), and where hatching and fledging success for parasitic
offspring may consequently be reduced (Wiley 1988, Kattan 1997, Soler et al.
2015). In fact, brood parasitism in spotless starlings occurs more frequently in
nests before the start of incubation (Calvo et al. 2000). However, we found that
brood parasitic females preferentially parasitized experimental nests after the
start of incubation. These apparently contradictory results may be related to
the fact that we manipulated all available nests in our study area. For every
studied nest, we cleaned all eggshells at the time of egg laying from stains and
spots due to parasitic activity by Carnus flies and, thus, brood parasitic females
might have considered experimental nests with no painted spots as those where

incubation had not started. However, this a posteriori explanation would
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predict no differences in parasitism rate of nests that had or had not started
incubation and, thus, cannot fully explain the detected preference. To properly
discussing this result, we would need an additional group of nests with non-
manipulated eggshells (i.e. not cleaned) that at present is lacking. We here
focused on detecting whether brood parasitic females assess eggshell spotiness
to choose nests for brood parasitism and, accordingly, designed an experiment
to disentangle the effect of eggshell spottiness from that of ectoparasite
infestation. We knew that brood parasitism rate is relatively low in starling
nests (Calvo et al. 2000, Tomas et al. 2017) and, trying to obtain enough
number of parasitized nests that allowed statistical comparisons between
experimental treatments, we did not consider natural nests with and without
spots derived from Carnus activity. Preferential parasitism of nests after the
onset of incubation may arise as a consequence of time constraints for parasite
females to detect nests where egg laying has started (parasite eggs laid before
host egg laying are ejected from nests in this (Eens and Pinxten 1999) and
related starling species (Stouffer et al. 1987, Pinxten et al. 1991, Yamaguchi
1997)). Moreover, it may represent the outcome of a trade-off between
matching host egg laying stage and waiting to gather more information on host
nest quality (in terms of, for instance, ectoparasitism risk (Tomas et al. 2017)).
Thus, additional research is necessary to explore the causes underlying the
interesting, but somehow counterintuitive, detected preferential brood

parasitism of starling nests that have started incubation.

To conclude, we have confirmed that parasitic starlings avoid host
nests infested by ectoparasites (Tomas et al. 2017). Moreover, we have
demonstrated experimentally, and independently of the presence of
ectoparasites, that the cue used to infer ectoparasitism risk is the presence of
spots on the eggshells of potential host nests. Interestingly, results suggest that
they mainly use achromatic information of eggshell spottiness. To our

knowledge, this is the first experimental demonstration supporting the
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hypothesis that brood parasitic females use colour patterns of the eggshell (i.e.
spottiness) of their potential hosts to choose the nests where to lay their
parasitic eggs. The great and diverse advantages of choosing nests without
spots due to activity of ectoparasites, and the widespread parasitism by Carnus
flies in dozens species of birds as well as by other ectoparasite taxa that deliver
similar cues (Tomas et al. 2017), suggest that the biased brood parasitism we

detected in spotless starling nests without spots is widespread in nature.
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Experimentally broken faecal sacs affect nest bacterial
environment, development and survival of spotless starling

nestlings.

Abstract

Nestlings of most avian species produce faecal sacs, which facilitate the
removal of nestlings’ excrements by parents, thereby reducing proliferation of
potentially pathogenic microorganisms and/or detectability by predators and
parasites. The nest microbial environment that birds experience during early
life might also affect their development and thus, faecal sacs facilitating
parental removal may be a strategy to decrease bacterial contamination of nests
that could harm developing nestlings. Here, we tested this hypothesis by
experimentally broken faecal sacs and spreading them in nests of spotless
starlings (Sturnus unicolor), thereby avoiding their removal by adults. In
accordance with the hypothesis, experimental nests harboured higher bacterial
density than control nests. Nestlings in experimental nests were of smaller size
(tarsus length) and experienced lower probability of survival (predation) than
those in control nests. Moreover, nestlings in experimental nests tended to
suffer more from ectoparasites than those in control nests. We discuss the
possible pivotal role of bacteria producing chemical volatiles that ectoparasites
and predators might use to find avian nests, and that could explain our

experimental results in starlings.

Keywords: bacteria, ectoparasites, faecal sacs, nestling growth, nest predation,

nest sanitation, Sturnus unicolor
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Introduction

Recent works have stressed the importance of considering the role of bacteria
and other microorganisms in evolutionary and ecological frameworks (Archie
and Theis 2011, Ezenwa et al. 2012, McFall-Ngai et al. 2013). For instance, it
was demonstrated that chemicals from bacterial metabolism play important
roles in animal communication (Leclaire et al. 2017), and that some parasites
cue on such volatiles to find and select hosts (Verhulst et al. 2011, Busula et
al. 2017). Bacteria may also have positive (Moller et al. 2012) or negative
(Polin et al. 2015) effects on the probability of being captured by predators, or
even deter parasitoids from using infected hosts (Costopoulos et al. 2014).
Pathogenicity is perhaps the best-known characteristic of bacteria, not only
because it directly or indirectly affects survival prospect of organisms, but also
because it would constrain the evolution of characteristics that enhance the
probability of bacterial infections, as it is probably the case of cognitive skills
(Soler et al. 2012b). In birds, pathogenic effects of bacteria have mainly been
explored in poultry and, more recently, also in wild birds (Benskin et al. 2009).
Negative effects in terms of survival or viability have been detected for
embryos (Soler et al. 2012a, Peralta-Sanchez et al. 2018), nestlings, and adult
wild birds (Benskin et al. 2009). All these negative effects strongly select for
defensive strategies and barriers against bacterial infections, such as particular
immune responses (Soler et al. 2011), antimicrobial secretions (Soler et al.
2008, Moller et al. 2009, Ruiz-Rodriguez et al. 2009, Soler et al. 2010, Soler
et al. 2012a, Martin-Vivaldi et al. 2014), the use of aromatic plants with
antimicrobial capabilities as nest materials (Gwinner and Berger 2005,
Mennerat et al. 2009a, Ruiz-Castellano et al. 2016), or nest sanitation

behaviours to prevent or limit bacterial growth (Ibafiez-Alamo et al. 2017).

Removal of nestling faeces is the most common form of nest sanitation

in birds (Guigueno and Sealy 2012). Nestlings of most avian species recover
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the excrements with small mucous sacs that facilitate removal from nests by
parents (Herrick 1900, Guigueno and Sealy 2012, Ibafiez-Alamo et al. 2017).
These two traits, nestling faeces removal and covering excrements with faecal
sacs, are quite spread in birds and correlate to each other along the avian
phylogeny (Ibafiez-Alamo et al. 2017), which suggest the existence of
important advantages associated to them. Since enteric bacteria include
potential pathogens for birds (Brittingham et al. 1988, Lombardo et al. 1996,
Westneat and Rambo 2000) that could easily infect growing nestlings,
removing nestling faeces from nests would reduce risk of infection and, thus,
development and probability of survival of nestlings (Ibafiez-Alamo et al.
2014a). Moreover, the presence of nestling faeces within or close to the nests
might for instance result in visual or chemical cues for predators (Petit et al.
1989, Lang et al. 2002) , and/or ectoparasites (Hart 1997, Quan et al. 2015,
Ibafiez-Alamo et al. 2016). Thus, removing droppings from nests should
reduce probability of parasitism and/or of predation of nestlings. Enteric
bacteria in nestling faeces include taxa that, as Clostridium and Enterococcus,
produce abundant malodourous volatiles (Lemfack et al. 2014) that predators
and parasites might follow to localize avian nests. Thus, it is likely that bacteria
mediated the expected negative effects of excrements in avian nests
(pathogenicity, parasitism and predation) and, consequently the evolution of
nest sanitation behaviour of adults, and of faecal sacs by nestlings, as
protection against them (Ibanez-Alamo et al. 2014a, 2017). The above scenario
therefore suggests that, although removal of nestling faeces by parents is a
costly activity (Weatherhead 1984), the associated reduction in probability of
predation, parasitism, and/or infection would result in hypotheticals net

benefits for parents.

We here tested the predicted negative effects of faecal sacs contents
on the nest bacterial environment and development and survival of nestlings.

Parents failing to remove nestling faecces from nests might occur in natural
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conditions, as a consequence of nestlings excreting in their absence, or because
weak faecal sacs. Thus, detecting such negative effects would confirm the
hypothesized advantages of removal of nestling faeces from avian nests by
parents. We did so through experimentally broken of faecal sacs contents in
nests of spotless starlings (Sturnus unicolor), a cavity nesting species that
readily use artificial nest-boxes. The general expectation is that the experiment
should negatively affect nestling growth and/or survival. These effects might
be determined either by predators or parasites more easily detecting
experimental nests, or by pathogenic bacteria inducing nestlings’ death or

suboptimal growth.

Our hypothesis proposes a central role for bacterial environment
determining the expected effects and, thus, we assumed that the experimentally
broken of nestlings’ faeces would enhance bacterial colonization and growth
in starling nests. Thus, we expect that nest-cups with experimentally broken
faecal sacs harboured bacteria at a higher density than control nests (Prediction
1). As this prediction was fulfilled, detected experimental effects could be
interpreted as the consequence of differences in bacterial environment.
Expected experimental effects include reduced nestling survival, either due to
pathogenic bacteria or to predators more easily detecting nests (Prediction 2).
We also expect higher ectoparasite loads in experimental nests due to an
increase of nest detectability (Prediction 3). Moreover, because growing in nest
environments with high bacterial density may have consequences for
nestlings’ growth, our experiment should affect phenotypes of fledglings.
Particularly, we expect that fledglings from experimental nests have lower
body mass and shorter tarsus length than those from control nests (Prediction
4). Finding support to any of the predicted negative experimental effects would
support our main hypothesis of beneficial effects of nestling-faecces removal

by parents.
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Materials and Methods

Study area and species

The study was carried out during the 2015-16 breeding seasons in the “Hoya
de Guadix”, southeast Spain, a high-altitude plateau 1000 m a.s.l. with a semi-
arid climate. Our study population are located at La Calahorra (37°15 N, 3°01°
W) and Huéneja (37°13° N, 2°56° W) railway stations, where there are 131
nest-boxes installed since 2005 (internal height*width*depth: 350*180*210
mm, bottom-to-hole height: 240 mm). These nest-boxes are attached to tree
trunks or walls at 3-4 m above ground and are mostly occupied by spotless

starlings.

The spotless starling (hereafter starling) is a medium-sized and hole-
nesting passerine (Cramp 1998). In our study area, the reproductive season
starts in early April and, depending on the study year, most individuals in the
population lay a second clutch during May. The most common clutch size is
4-5 eggs. The incubation phase usually begins with the penultimate egg, which
promotes that the last nestling hatches later than the others (Veiga and Polo
2016). Incubation is mostly carried out by females with sporadic help from
males and extend for around 14 days, while the nesting period lasts 21-22 days
(Cramp 1998). Both male and female parents contribute to feeding the
offspring and remove faecal sacs produced by nestlings after feeding (Cramp
1998). In addition, during the whole nesting process, adults renew feathers and
aromatic plants deposited in the nest, which have been shown to have

antimicrobial-beneficial functions (Ruiz-Castellano et al. 2016).

Reproductive success in the study area typically varies among years
and breeding attempt and, among other factors, it depends on probability of
predation. The most common predators of starling nests in our study area are
rats (Rattus rattus), ladder snakes (Rhinechis scalaris), little owls (Athene

noctua) and ocellated lizards (7Timon lepidus) (pers. obs.).
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Fieldwork and experimental protocol

At the end of March, we started to visit the nest-boxes every third day until
starling eggs were detected. Nest-boxes were again visited 12 days after the
4th egg was laid and, afterward, every single day until hatching. Visited nest-
boxes with hatchlings were sequentially assigned to control or experimental
treatments (both in first and second breeding attempts; implying that the same
nest-box might have been assigned to different experimental treatments in first
and second breeding attempts). The day after the first egg hatched, we sampled
nest-cups to assess bacterial density of nest lining material before the
experiment started, while keeping the nestlings in a cotton bag (the process
lasted around 1-2 minutes). Briefly, we gently rubbed nest-cup material with a
sterile swab (Sterile R, Nuova Aptaca S.R.L.) slightly wet with sterile sodium
phosphate buffer (0,2 M; pH = 7.2) during 10 seconds. Afterwards, we kept
the swab in an Eppendorf tube with 1.2 ml of phosphate buffer at 4-6 °C, in a
portable refrigerator until being processed in the lab within the next 24 hours.
Moreover, we stimulated nestling cloaca and collected faecal sacs in
experimental and control nests. Faecal sacs were mixed in a plastic container
and used in experimental nests. Briefly, before nestlings were returned to their
nests, with the help of a small teaspoon, we spread the mixture corresponding
to approximately three faecal sacs on the nest-cup lining materials of
experimental nests. We ensured that we never left large pieces that could be
easily removed by parents. Nest-cup material of control nests was also touched
in the same way with a clean teaspoon. We repeatedly performed this
experimental treatment on days 5, 8 and 11 of the nestling period. In 2015,
samples for estimating bacterial density of nest-cups in experimental and
control nests were collected on day 14 after hatching. However, we realized
that nestlings at this age were very active within nest-boxes, and parents feed
them mostly from the nest entrance without removing faecal sacs after feeding

(pers. obs.). Thus, control and experimental nests with 14 days old starlings
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are typically full of excrements and with similar bacterial loads of nest lining
material (see Results). Consequently, nest bacterial loads at this stage is too
high (Devaynes et al. 2018) and, thus, are not a good proxy of nest bacterial
environment experience by developing nestlings in experimental and control
nests. Looking for a better proxy of bacterial environment experienced by
nestlings during growing, in the 2016 breeding season, we also sampled nest
material on day 12, before parents stopped removing nestling faeces from nest-

boxes, in a reduced number of nests (2015: N = 128; 2016: N =21).

In addition, 8 days after hatching, all nestlings were ringed with
aluminium numbered rings. Finally, when nestlings were close to fledging (i.e.,
14 days after hatching), they were weighed with a hanging scale (Pesola 0-100
g, accuracy 1 g), and their tarsus and wing length measured with a digital
calliper (accuracy 0.01 mm) and a metallic ruler (accuracy 1 mm),
respectively. All nestlings were also checked for evidences of parasitism by
the diptera Carnus hemapterus, the main ectoparasite in our study area. Adults
of the genus Carnus are blood-sucking ectoparasites of nestling birds (Valera
et al. 2004, Brake 2011) and they are highly abundant in Sturnus colonies
(Lopez-Rull et al. 2007, Avilés et al. 2009). As a proxy of ectoparasitism loads,
we used a semi-quantitative scale depending on density of bites and blood
remains detected in wings and belly of each nestling in the nest. Briefly, 0
value was assigned when no bite was detected, 1 when only few (1-10) bites
were detected, 2 when more than 10 bites were detected, but skin surface
covered by bites or blood remains was less than 50 %. Nestlings with more
than 50 % of the skin covered by bites or blood remains of flies were assigned
the value 3. Since bites and blood remains of flies accumulate over several
days, these estimates provide a measure of intensity of parasitism for a wider

time window.
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For each nest visit and sampling, to prevent bacterial contamination
between nests, we wore new latex gloves washed with ethanol 70 % before

nestling manipulation.

Laboratory work

In the lab, tubes containing the bacterial samples were vigorously shaken in a
vortex (Boeco V1 Plus) to remove bacteria from swabs. Afterward, we spread
homogeneously 100 pl of serially diluted samples until 10™* in the general
media (see below) and 107 in the three used selective media (see below). Plates
were incubated at 37 °C during 72 hours, and afterward the number of colonies
on each plate was counted. Following the method of Peralta-Sanchez et al.
(2010), we used four different solid media (Scharlau Chemie S.A., Barcelona)
to grow bacterial samples. We used Tryptic Soy Agar (TSA), a broadly used
general medium to grow mesophilic bacteria, and three specific media: Kenner
Fecal Agar (KF) for growing bacteria belonging to the genus Enterococcus;
Vogel-Johnsson Agar (VJ) for bacteria of the genus Staphylococcus; and
Hecktoen Enteric Agar (HK) for Gram-negative bacteria of the family
Enterobacteriaceae. Bacterial load of starling nest-cups was expressed as the
number of colony forming units (CFU) per ml (N° colonies * 1() dilution factor)

100 ml spread).

Statistical Methods

After logarithmical transformation, nest bacterial loads, and intensity of
ectoparasitism (average of estimates of belly and wing) did approximately
follow a Gaussian distribution. Fledging success was transformed to rank
values by using the Statistica 7.1 software. For nests with identical fledging

success, we used the mean values of rank positions. The ranked values varied
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from 15.5 (= 0 % of fledging success) to 147 (= 100 % fledging success).
Variables of predation, nestlings’ body mass and tarsus length were not
transformed before the analyses. Residuals of all statistical models followed

Gaussian distributions.

The effects of experimental treatment on nest bacterial loads were
tested by mean of a Repeated-Measures ANOV As with sampling day (1 and
14in2015; 1, 12 and 14 in 2016; see above) as the within factor (i.e., dependent
variables) and experimental treatment as the categorical predictor (i.e.,
between effect). Fisher-LSD tests were used for post-hoc comparisons. The
effects of experimental treatment on fledging success (i.e., proportion of
hatchlings that reached the fledging stage) were explored in General Linear
Models (GLM) with experimental treatment, breeding attempt (first or second

clutch), study year and brood size (i.e. number of hatchlings) as fixed factors.

The experimental effects on intensity of ectoparasitism, tarsus length
and body mass of nestlings were explored in General Linear Mixed Models
(GLMM), with experimental treatment, breeding attempt and year as fixed
factors, and nest-box identity nested within the three-level interaction
treatment x breeding attempt x year as the random effects. Interactions between
fixed effects were tested in separate models that also included main effects.
Tarsus length (B £ SE= -0.14 +0.05, Fi376= 7.01, P = 0.008) and body mass
marginally (B + SE=-0.09 £ 0.05, Fi376= 3.15, P = 0.077), but not parasitism
intensity (B £+ SE=0.06 £ 0.05, F1 365=1.23, P =0.268) of starling nestlings did
depend on brood size. Thus, to control for this effect we used residuals of body
mass and tarsus length after controlling for brood size as dependent variables

in the GLMMs.

Identity of the study sub-area (La Calahorra or Huéneja) did not
explain significant proportion of variance of any of the considered dependent

variable (results not shown), and thus was not included in the models.
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Moreover, the experimental treatment received by nest-boxes during the first
breeding attempt did not influences values of considered dependent variables
(bacterial loads, parasitism loads, probability of predation or nestling growth)
measured during the second breeding attempt (Annex 1). Thus, previous

experimental treatment was no further considered in our analyses.

The experimental effects on fledging success were tested twice, first,
by considering all nests with information (i.e., including both the depredated
and not depredated nests), and second, by excluding nests that suffered
predation from the analyses. Detecting experimental effects in nests that did
not suffer predation will indicate that causes other than predation affected
survival of experimental nestlings. The experimental effect on the probability
of nest depredation was explored in a Generalized Linear Model (GLZ) with a
binomial distribution and logit link function. For these analyses, we considered
as predated nests those that suffered predation of the complete brood. Similar
to previous models, we included experimental treatment, breeding attempt
(first or second clutch), brood size (i.e. number of hatchlings) and year as fixed

factors.

All analyses were performed with Statistica 7.1 (Statsoft Inc. 1984-
2005).

Results

Before the experiment, nests assigned to experimental and control treatments
did not differ in bacterial density (see post-hoc in Table 1). Experimentally
broken nestlings’ faeces did affect the bacterial load of starling nests 12 days
after hatching (Table 1, Fig. 1). These effects disappeared two days later, i.e.,

in samples collected at the end of the nestling period (see post-hoc in Table 1).
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Table 1: Results from Repeated Measures ANOV As exploring the effects of experimentally broken nestling faecal sacs (treatments: Control
and Experimental (Exp.)) on density (log-transformed CFU / ml) of Mesophilic bacteria, Enterobacteriaceae, Staphylococcus and
Enterococcus at three different stages of the nestling period. Analyses were separately performed for samples collected in 2015 (N-control =
69, N-Experimental = 59) and in 2016 (N-control = 10, N-Experimental = 11). Post-hoc LSD tests comparing the effect of the experiment

within the same stage are also shown. P-values lower than 0.1 (a-values of one-tailed statistical tests) are in bold.

1 day after hatching 12 days after hatching 14 days after hatching
Media Control Exp. Post-Hoc  Control Exp. Post-Hoc Cl\(/)g;rzl 15121;11 Post-Hoc
Mean (SE) Mean (SE) P=  Mean (SE) Mean (SE) P= (SE) (SE) P=

Year 2015 Fi126 P
TSA 0.70(0.01) 0.71(0.01) 0.573 - - - 0.79 (0.01) 0.79(0.01) 0.904 0.09 0.765
HK 0.30(0.03) 0.28(0.04) 0.751 - - - 0.60 (0.02) 0.63(0.03) 0.413 0.12 0.726
VJ  0.13(0.03) 0.20(0.03) 0.102 - - - 0.37(0.03) 0.37(0.03) 0.952 1.55 0.215
KF 0.61(0.02) 0.65(0.02) 0.095 - - - 0.75(0.01) 0.73(0.01) 0.280 0.17 0.679

Year 2016 F1,19 P
TSA 0.66 (0.02) 0.66(0.02) 0.916 0.68(0.02) 0.75(0.02) 0.012 0.70 (0.02) 0.74 (0.02) 0.167 3.08 0.095
HK 0.17(0.06) 0.27 (0.06) 0.267 0.38 (0.06) 0.60 (0.06) 0.020 0.46 (0.07) 0.51(0.07) 0.621 3.87 0.064
V]  0.37(0.07) 0.37(0.06) 0.925 0.23(0.06) 0.48 (0.05) 0.005 0.44 (0.07) 0.48 (0.06) 0.686 4.45 0.048
KF 0.59(0.02) 0.56(0.02) 0.393 0.65(0.03) 0.71(0.03) 0.057 0.69 (0.02) 0.72(0.02) 0.324 0.85 0.368
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Fig. 1: Nest bacterial loads (log-transformed CFU / ml £+ 95 % of Confidence Interval)
of experimental (N = 11) and control (N = 10) nests sampled three times along the
nestling period in the year 2016.

The fledging success of nestlings in experimental nests was lower than
that of control nests (GLM: F; 15s5=3.93, P = 0.049, Fig. 2), after controlling
for the negative effects of breeding attempt (GLM: F; 55 = 7.91, P = 0.006, X
first clutch = SE = 102.98 + 7.22, X second cluch = SE = 81.01 £ 6.22 ) and brood size
(GLM: F1,155=6.94, P =0.009, B + SE=-0.20 + 0.08). Interestingly, this effect
disappeared when considering only the nests that were not depredated (GLM:
Fi,120 = 0.63, P = 0.428), which suggest that the detected effects in fledging
success were mainly due to predation mainly affecting experimental nests. In
accordance with this inference, we found that experimental nests experienced
higher probability of predation (22.47 %, N = 89) than control nests (11.49 %,
N=87;GLZ: y*1=5.02,P=0.025, Fig. 2). That was the case when controlling
for the significant effect of breeding attempt (GLZ: x*,=10.75, P = 0.001).
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Fledglings that developed in nests with experimentally broken faecal
sacs had shorter tarsus than those in control nests (GLMM: Fy 143= 5.01, P =
0.027, Fig. 3) after controlling for the effects of the study year (GLMM: F 33
=5.26, P =0.048). Control and experimental fledglings did not differ in body
mass (GLMM: Fii49 = 1.55, P = 0.214, Fig. 3)). Finally, intensity of
ectoparasitism resulted non-significantly higher in nests with experimentally
broken faecal sacs than in control nests (GLMM: F, 133=2.98, P = 0.087, Fig.
3), after controlling for the significant effects of breeding attempt (GLMM:
Fi134=8.11, P = 0.005).
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Fig. 2: Differences in (A) fledgling success (Fi,155= 3.93, P = 0.049) and (B) nest
predation rates (x°1 = 5.02, P = 0.025) of starling nests with (Experimental, N = 89)
and without (Control, N = 87) experimentally broken faecal sacs. Represented values
are means + CI 95 %
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Fig. 3: Differences in (A) tarsus length (Fi.143=5.01, P =0.027), (B) body mass (F1 142
= 1.55, P = 0.214) and (C) parasitism intensity (i.e., Carnus bites, Fi 133=2.98, P =
0.087) of spotless starling fledglings that developed in nests with (Experimental, N =
173) or without (Control, N = 198) experimentally broken faecal sacs in their nests.
Represented values are least square means + CI 95 %.

Discussion

By adding experimentally broken faecal sacs of spotless starling nestlings, we
successfully modified the bacterial environment of nest-cups in terms of
increasing bacterial loads. Those effects were detected before parents stopped
removing faecal sacs from nests (only analysed in one of the study years), but

not two days later when parental duties related to nest sanitation were greatly
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reduced. Several strains of the considered bacterial groups (mesophilic
bacteria, Enterobacteriaceae, Staphylococcus and Enterococcus) are
potentially pathogenic for adult birds, nestlings or embryos (Devriese et al.
1991, Bruce and Drysdale 1994, Benskin et al. 2009), or produce volatiles
(Lemfack et al. 2014) that predators and ectoparasites might use to detect
starling nests. Thus, we predicted negative experimental effects on fitness
related variables. As expected, the addition of experimentally broken of faecal
sacs in nests of spotless starlings increased probability of nest predation,
negatively affected nestling growth in terms or tarsus length, and tended to
increase intensity of parasitism experienced by nestlings developing in
experimental nests. Below we discuss the possibility that changes in the

bacterial community of experimental nests mediated these effects.

Our results imply that predators and, at a lower degree, ectoparasites,
detected experimental nests more easily. Predators, as well as ectoparasites,
follow visual, auditory, or chemical cues to detect avian nests (Tomas and
Soler 2016), and our experiment should have influenced one or more of these
cues. Petit et al. (1989) deposited experimental faeces that predators could
visualize near focal artificial nests and attracted predators. Rubio et al. (2018)
performed a similar experiment in inactive nests of a grown nester, but in this
case, the presence of faecal sacs did not attract predators. Moreover, Ibafiez-
Alamo et al. (2014b) hided experimental faecal sacs to terrestrial predators in
common blackbird (7Turdus merula) active nests, which did not increase the
probability of nest predation, suggesting that Petit et al. (1989)’s results were
due to visual cues of faecal sacs. Our experiments were performed within nest-
boxes and, thus, no visual cues that attract the attention of predators towards
experimental nests existed. Thus, most of the detected effects in predation and

parasitism should be mediated by olfactory cues related to the experiment.

Changes in olfactory cues due to higher density of volatiles produced

by bacteria in experimental nests are a likely explanation of our results. The
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role of volatiles-producing bacteria in different ecological scenarios is well
known. Recently, the importance of volatiles produced by symbiotic bacteria
have been stressed in scenarios of social communication (e.g., Theis et al.
2013, Ezenwa and Williams 2014, Leclaire et al. 2017), predator-prey, or
parasite-host interactions (Bucher 1988, Gow et al. 2015, Schulte et al. 2016).
Prey might for instance use predator odours in antipredator behaviour (Heise-
Pavlov 2016), or predators might use volatiles from symbiotic bacteria of prey
as clues to detect their victims (Fogarty et al. 2017, Mihailova et al. 2018).
Previous studies have explored the possibility that faecal sacs attract potential
predators and/or parasites, but did not find support for the hypothesis. The
presence of faeces of common blackbirds nestlings in experimental nests
attracted flies but not ectoparasites or predators (Ibafiez-Alamo et al. 2014b,
2016), which a priori suggest a minor role of olfactory cues for predators or
ectoparasites detecting active nests of blackbirds. In these experiments,
however, faecal sacs were not broken, which might prevent the escape of
volatiles and, thus, explain the absence of experimental effects. The mucous
covering excrements may prevent dispersion of volatiles produced by enteric
bacteria that predator and ectoparasites might use to detect prey and hosts.
Moreover, the mucus of faecal sacs has antimicrobial activity (Ibafiez-Alamo
et al. 2014a) that would prevent proliferation of enteric bacteria producing
volatiles. Thus, it is possible that the experimental addition of broken faecal
sacs was necessary for further testing the hypothetical effect of associated
volatiles attracting predators and ectoparasites to avian nests. We did so and,
in the absence of visual cues, detected the expected increase in predation rates
and, at a non-significant level, in ectoparasitism of experimental nests, which
is the first experimental demonstration of non-visual cues associated with

nestling faeces influencing nest detectability by predators or parasites.

In addition to chemical cues, our experiment could also have indirectly

influenced the strength of auditory cues that predators and ectoparasites may

90



Capitulo 2

use to detect experimental nests more often than control nests. It is possible for
instance that the elevated bacterial loads of experimental nests provoke
bacterial infection of nestlings, which would increase their physiological needs
and, thus, their begging effort (Martin-Galvez et al. 2011, Martin-Galvez and
Soler 2016). Detectability by predators and parasites is one of the main costs
of begging auditory traits (see Tomds and Soler (2016)) and, therefore, the
detected effects on predation rates and ectoparasitism of experimentally broken
faecal sacs in starling nests might be partially mediated by the effect on
bacterial environment determining health status and/or physiological needs of
nestlings. Unfortunately, we did not quantify begging behaviour of nestlings
and, thus, we are unable to test the influence of the experimental manipulation
on nestlings needs. However, since we found detrimental effects of the
experiment in nestlings’ growth (see above), we speculate with the possibility
that needs, and thus begging effort, was higher for nestlings growing in nests
with experimentally broken excrements. Further research is in any case
necessary for testing the associations between nest bacterial environment,
begging effort, and risk of parasitism and predation. Whatever the mechanism
(i.e., chemical or acoustic cues) explaining the detected effects of faecal sacs
experimentally broken, our results are likely mediated by the detected

differences in bacterial environments of experimental and control nests.

We also found evidence of detrimental effects of the experimentally
broken faecal sacs on nestling growth, which are likely explained by the
elevated bacterial loads of experimental nests (see Jacob et al. (2015)), but also
because the negative effect of ectoparasites that tended to be more abundant in
experimental nests. Nestlings that grew in experimental nests developed
shorter tarsus, although no effect was detected in nestlings’ survival or body
mass. Supporting the hypothesis that this effect was mediated by bacterial
environments of experimental and control nests, previous studies have shown

that antimicrobial materials (Mennerat et al. 2009b, Soler et al. 2017) and
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density of bacteria ((Jacob et al. 2015), but see (Mills et al. 1999, Berger et al.
2003)) in avian nests affect nestlings growth. In addition, we also know that
increasing nestlings’ exposure to microorganisms might affect their immune
system development (Hooper et al. 2012), which trade-off with nestlings
growth (Szép and Moller 1999, Soler et al. 2003, Brommer 2004). Parents
reducing nest attendance when risk of bacterial contamination is high might
also mediate the associations between nest bacteria environment and nestling
growth. We know that adult starlings reduce feeding effort in nests with high
risk of ectoparasitism (Avilés et al. 2009) and that they have an extraordinary
olfactory sense (Amo et al. 2012). Therefore, it is possible that parents discern
probability of bacterial infection in experimental and control nests and adjust
parental effort to detected volatiles from bacterial metabolism. Whatever the
mechanism, and in accordance with previous papers, our results suggest that
nest bacterial environment determines nestling growth. Thus, since
immunocompetence and growth are good predictors of probability of nestling
recruitment to reproductive populations (Cichon and Dubiec 2005, Moreno et
al. 2005), our experimental results might suggest a reduced probability of

recruitment of nestlings that grew in experimental nests.

Taken together, our experimental results suggest fitness effects of
experimentally broken faecal sacs in terms of probability of predation, and
phenotypic conditions of nestlings, which confirm the adaptive function of
faecal sacs facilitating removal by parents of nestlings’ faeces. These effects
are likely mediated by the elevated bacterial density of experimental nests,
which highlights the role that bacteria play as a significant selective pressure
in birds’ life history characteristics, stimulating the development of nest
sanitation behaviours. Future research should focus on directly determining the
effects of nest bacterial environment on volatiles and begging behaviour of
nestlings explaining the detected effects of predation and the expected effects

on ectoparasitism.
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Annex: Influence of the experimental treatment that nest-boxes received
during the first breeding attempt on reproductive outcomes of the second

breeding attempt.

We found that none of the considered measures of second breeding
attempt was affected by the treatment that the next-box received during the
first breeding attempt (Table A1A, Table A1B). Neither, the experimental
treatment during the first breeding attempt influenced probability of predation

(GLZ, > =0.91, P = 0.341).

Table AIA. Means and standard deviation of the log-transformed bacterial loads
(mesophilic bacteria (TSA), enterobacteria (HK), staphylococci (VJ) and enterococci
(KF)) in Control (C) and Experimental (E) nest-boxes the day after hatching in first
(Ci and Ey) and second (C; and E,) breeding attempts.

Treatmentgrooda | N | Mean(SD)rsa | Mean(SD)ux | Mean(SD)y; | Mean(SD)kr
Ci 24 | 0.66(0.10) 0.26(0.24) 0.07(0.15) 0.61(0.10)
E 31 0.67(0.11) 0.23(0.28) 0.12(0.17) 0.63(0.006)
C 24 | 0.73(0.10) 0.35(0.29) 0.31(0.24) 0.63(0.15)
E> 30 | 0.77(0.11) 0.38(0.28) 0.28(0.22) 0.64(0.11)
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Table A1B. Results from GLM models testing whether the experimental treatment of
nests during the first breeding attempt influenced detected effects during the second
attempt. Models include experimental treatment of the first breeding attempt as the
independent fixed factor, and tarsus length, body mass and Carnus bites of nestlings
as dependent variables. Average nest values were used in the analyses. In the case of
the bacterial load, we analysed estimations for day 1 of the nestling periods, before the
start of the experiment.

Variable Beta(SE) DF F P
TSA Media -0.22(0.13) 1,52 2.77 0.102
HK Media -0.06(0.14) 1,52 0.22 0.644

VJ Media 0.08(0.14) 1,52 0.33 0.570
KF Media -0.04(0.14) 1,52 0.10 0.760

Fledging success 0.16(0.14) 1,53 1.40 0.241
Tarsus 0.01(0.17) 1,35 0.00 0.957
Body mass 0.13(0.17) 1,35 0.61 0.439
Carnus Bites 0.03(0.17) 1,35 0.04 0.838
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The antimicrobial capacity of spotless starling (Sturnus unicolor)
females is related to their reproductive success and tegument

colouration.

Abstract

Pathogenic microorganisms select for a plethora of defensive mechanisms on
their hosts. Antimicrobial capacity of individuals typically predicts
reproductive success, and dynamically adapts to changing environments.
Moreover, flashy traits might signal antimicrobial capacity and, thus, be
favoured in scenarios of sexual selection. These associations are well known
for males, but evidences are scarce for females. We here explore those

predictions on spotless starling (Sturnus unicolor) females.

We studied the antimicrobial properties of blood plasma through direct
tests of inhibition of 12 bacterial strains, and quantified the non-specific first
barrier of protection of hosts against microbial parasites, the constitutive innate
immunity. In addition, we measured the uropygial gland and quantified the
volume of secretion as a proxy to defence against feather degrading bacteria.
On the other hand, we measured colourations of throat and back feathers, legs,
and beak. All these information were collected, first, during the mating period,

and later during the nestling stage.

We found an increase in the potential of bacterial inhibition of the
plasma from the mating to the nestling period, and a decrease on the plasma
capacity of antigens agglutination. During the mating period, the plasma
antimicrobial potential, as well as the immune response, are positively related
to the reproductive success of females. In addition, the level of antimicrobial
defences were related to coloration of different teguments (legs, beak and back

feathers). Therefore, similar to males, females may show their capacity of

103



Capitulo 3

fighting against microbial infections through their physical appearance,

information that could be evaluated by their potential partners.

Keywords: Animal communication, Antimicrobial defences, Sexual selection,

Spotless starlings
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Introduction

The exponential increase of studies on animal-microorganisms interactions
during the last years, has become us aware of the importance of bacteria in
shaping hosts’ life histories (e.g. McFall-Ngai et al. 2013, Rosenberg and
Zilber-Rosenberg 2016, Douglas 2018). Among microorganisms, there are
plenty of pathogenic strains that may cause serious problems and even death
(Gyles et al. 2010). Therefore, animals has developed a wide array of defensive
mechanisms to prevent bacterial infections, or reduce their negative effects.
The complex immune system is the main antimicrobial barrier (Schmid-
Hempel 2003). Specifically, the constitutive innate immunity provides the
first-line of protection against invading microbes, through different
mechanisms such as natural antibodies and complements (Thornton et al. 1994,
Carroll and Prodeus 1998, Ochsenbein and Zinkernagel 2000, Matson et al.
2005).

Another defensive line that contribute to prevent bacterial infections
in animals are exocrine glands, as it is the case of the uropygial gland of birds
(Jacob and Ziswiler 1982, Shawkey et al. 2003). The uropygium is a holocrine
complex situated at the base of the tail. Its relative size greatly varies among
species and is associated with their life history characteristics, probability of
infection, and production of natural antibodies (Haribal et al. 2005, Vincze et
al. 2013). This gland produces a sebaceous and hydrophobic secretion with
antibiotic activity mainly composed of aliphatic alcohols, fatty acids and
glycerides (Jacob and Ziswiler 1982, Martin-Vivaldi et al. 2010, Moreno-
Rueda 2017). Because of the presence of antibiotic compounds in the secretion
(Martin-Platero et al. 2006; Martin-Vivaldi et al. 2010; M. Ruiz-Rodriguez et
al. 2009; Ruiz-Rodriguez et al. 2013), the gland is directly implicated in
bacterial load regulation of the eggshell (Soler et al. 2012) and feathers
(Shawkey et al. 2003, Moller et al. 2009). Actually, the amount of secretion

produced is negatively related to the plumage bacterial load in spotless
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starlings (Sturnus unicolor) (Ruiz-Rodriguez et al. 2015). Therefore, by
considering together estimates on immune response and uropygial gland
measurements, we may properly characterize the antimicrobial capacity of

individual birds.

These antimicrobial defences are costly to produce (Habig and Archie
2015) and, thus, its expression is mostly parasite context dependent. Indeed,
animals modulate their investment on antiparasitic defences according to
environmental factors that might reflect probability of infections (Capilla-
Lasheras et al. 2017, Ruiz-Rodriguez et al. 2017). Abiotic conditions, such as
temperature and humidity, typically influence microbial communities of their
avian hosts (Cook et al. 2005a, Peralta-Sanchez et al. 2012) and, thus, are
partially responsible of the phenological variation of microbial communities
even within the same locality (Bisson et al. 2007). Therefore, individuals
should adjust their potential defensive capacities to abiotic and biotic changes
during the reproductive period that influence probability of bacterial infection.
However, immunological responses and reproduction are costly activities and
might be involved in a trade-off (Harshman and Zera 2007). In accordance
with a seasonal variation in immunocompetence, we for instance know that
magpie (Pica pica) nestlings of delayed clutch showed lower immune response
(Sorci et al. 1997), while those of barn swallows showed the opposite pattern,
likely as a result of adjusting immune response to probability of pathogenic
infections (Merino et al. 2000). Moreover, because only animal in prime
condition would be able of mounting strong immune responses, those with
higher antimicrobial capacities should be those of higher phenotypic quality
and stronger condition (Schmid-Hempel 2003). In the nests, high microbial
loads may negatively influence eggs (Cook et al. 2005b) and nestlings
(Azcarate-Garcia et al. 2019) development. Adults might transmit pathogenic
microorganisms to their offspring while incubating, brooding or feeding their

offspring in the nests. Therefore, those with higher level of antimicrobial
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defences will experience lower probability of pathogens’ transmission to their

offspring thereby increasing the reproductive success.

Communicating abilities and phenotypic conditions to conspecifics is
important in different social contexts. It for instance reduces the strength of
agonistic interactions among conspecifics, influences mate choice, or selects
for differential investment in reproduction of partners in scenarios of intra- and
inter-sexual selection (Andersson 1994, Westneat 2012). The study of
evolution of traits indicating individuals’ quality (including antiparasitic
defences) through sexual selection has been mostly focussed on males
(Andersson and Simmons 2006). That was also the case in birds, where males
typically are the extravagant and singing sex (Dale et al. 2015, Romano et al.
2017). Although conspicuous female ornamentation was first explained as a
consequence of genetic correlation with males (Bonduriansky and Chenoweth
2009, Dale et al. 2015), nowadays, it is accepted that elaborate female traits
might evolve independently of those of males (de Neve et al. 2007; Soler and
Moreno 2012; Price 2015; Webb et al. 2016). Selection pressures acting on
females may differ from those acting on males, mainly during mating and
reproduction, because of sexual differences in hormones’ profiles and
reproductive duties. Consequently, information provided by equivalent sexual
characters in males and females might also differ sexually (Tobias et al. 2012).
Therefore, studies on female signalization are needed to complete the whole
view of social and sexual selection, conventionally focused only in male

ornamentation.

Female plumage coloration have been shown to indicate their status in
social interactions (Murphy et al. 2009a, b, Tobias et al. 2012), and to play a
role in sexual selection (Amundsen et al. 1997, Soler et al. 2019). Females’
ornaments may for instance reflect fecundity, and males prefer ornamented
partners for reproduction (Clutton-Brock 2007). In accordance, the carotenoid-

based coloration of blue tit (Cyanistes caeruleus) females is positively
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associated to reproductive success (clutch size, fledgling success and
recruitment), while their UV-blue coloration is positively correlated to survival
and laying date (Doutrelant et al. 2008). Moreover, ornamental plumage of
females is also related to immunocompetence and capacity of defending
themselves from parasites (Amundsen 2000, Roulin et al. 2001, Morales et al.
2007). Similarly, some other ornamental structures, as flamboyantly coloured
naked parts of the body (i.e., without feathers), also transmit information about
females quality. It occurs for instance with the foot blue colouration of the
blue-footed boobies (Sula nebouxii) (Torres and Velando 2005), or with the
carotenoids-based colouration of the beaks of mallard ducks (Anas
platyrhynchos) (Butler and McGraw 2011) and zebra finches (Taeniopygia
guttata) (Alonso-Alvarez et al. 2004).

In the present work, we aimed to study different characteristics related
to antimicrobial defences in spotless starling females in relation to traits that
might function as signals of these capacities. We paid special attention to
possible seasonal changes in the strength of the expected associations.
Particularly, we compared (i) antimicrobial defences of females during mating
and reproduction, and (ii) explored the relationships between antimicrobial
defences before and during reproduction and reproductive success. We also
explored the association (iii) between level of antimicrobial defences before
and during reproduction, and females’ characteristics (different body

colourations) possibly reflecting their immune capacities.

Spotless starling females wear a dark, almost black, plumage. During
the non-reproductive period, the beak and legs of starlings are black but, some
weeks before reproduction, it turns to flamboyant colourations. The legs turn
to conspicuous red colouration in both sexes, the beak base became blue in
males and pink in females, and the beak tip turns from black to yellow in both
sexes (Cramp 1998). Interestingly, during the mating period, the beak tip

colour intensity reflects the plasma concentration of carotenoids and vitamin
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A in both sexes (Navarro et al. 2010) and, thus, it could also reflect immune
capacity. As a proxy of antimicrobial defences, we measured the direct
capacity of blood plasma to inhibit bacterial growth by confronting the plasma
with different standard bacterial strains in antagonistic plates. In addition, we
measured two humoral components of the constitutive innate immunity:
natural antibodies and complements. Furthermore, we measured the uropygial
gland volume and quantified the amount of preen secretion produced. As traits
that could reflect the quality of females, we measured the colours of different

body parts: throat and back feathers, legs, and beak (tip and base).

Material and Methods

Study area and species

The field work was carried out during the years 2015 and 2016, in the Hoya de
Guadix (Granada, South-eastern Spain, 37°15’N, 3°01’W), where there are
placed more than 100 nest-boxes (internal height * width * depth: 350 * 180 *
210 mm; hole height: 240 mm.) attached to tree trunks or walls at 3-4 m above-
ground, which are frequently used by spotted starlings to breed in (see Soler et
al. (2017) for further information). There, starlings start the reproduction in
early April, and most individuals lay a second clutch during May-June. The
incubation is mainly performed by females with sporadic help from males, and
extends for around 14 days. Nestlings stay in the nests around 21-22 days
(Cramp 1998).

Starlings’ captures and sampling

During March, and with time gap of two weeks, we carried out two
journeys of capture in the study area. Briefly, one hour before dawn, we closed
the entrance of all nest boxes in the study area, and immediately after dawn,

we captured all individuals roosting inside. Captured birds were kept in clean
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cotton bags separately, hanging from a stick to keep birds quiet, and after
sampling, they were immediately released (Ruiz-Rodriguez et al. 2015).
During the nesting period, 4-5 days after hatching, we did another capture
attempt by using nest-box traps for a maximum time of one hour, both in the
first (at the end of April) and the second (around mid-June) clutches.
Apparently, those procedures does not result in negative effects on breeding

performance of captured birds (Soler et al. 2008).

Captured individuals were ringed and their uropygial gland measured
(height, width, and length) to estimate its volume by following Martin-Vivaldi
et al. (2009). The uropygial gland secretion was extracted by putting a sterile
micro-capillary (32mm/20ul) at the gland opening and slightly pressing the
gland to completely remove its secretion. The length of the capillary with
secretion was used as proxy of secretion volume. The uropygial gland
measures were taken only in individual captured during the mating period, i.e.,
before breeding. Afterwards, we collected blood samples from the brachial
vein by filling two-three heparinized capillary (75mm/75ul) that were emptied
into microfuge tubes and kept in portable fridges at 4 °C. Later, within 6 hours,
tubes were centrifuged to separate the plasma from cellular blood fraction,

which was kept at -80 °C until analyses.

Finally, we measured colouration of the beak tip and base, legs and
body feathers (back and breast) of females by means of an Ocean Optics S2000
spectrometer connected to a deuterium-halogen light (D2-W, Mini). To
standardize ambient light conditions, we used a black bag that wrapped the tip
of the probe containing optical fibres and the female body part measured.
Before the measurement of each individual, we calibrated the spectrometer
using a standard white and black reference. We obtained reflectance spectra at
I nm intervals from 300-700 nm for all measurements. The colour was
measured three times on each part, and then the average calculated. We

estimated chromatic colouration as the proportion of total reflectance within
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the ultraviolet (UV) (A = 300-400 nm), UV-blue (A = 300-450), blue (A = 400-
475 nm), blue-green (A =450-570 nm) and yellow-red (A =570-700nm), ranges
of the tetrachromatic avian visual spectra. Achromatic colouration (i.e.,
brightness) was estimated as average reflectance value across the entire
spectrum (A = 300-700 nm). Prior to analysis, negative values were setting to
zero and reflectance curves were corrected for noise by using triangular
smoothing (Gémez 2006). Since the six colour variables might be related to
each other within each measured body part (i.e., back, leg, breast, beak base
and beak tip), we ran a Principal Component Analysis (PCA) to reduce the
number of dependent variables and assure statistical independence among
them. PCA factors were rotated (varimax normalized), and their significance
established by cross-validation (McGarigal et al. 2000). Only those PCA
factors with Eigenvalues higher than 1 were considered as summarising colour

variance of each measured body parts (Table 1).

Finally, to estimate variables related to reproductive success, all the
nests were visited every third day from the end of March to detect the
beginning of the egg-laying, and then they were periodically visited to estimate
the total number of eggs until the end of laying. Nest-boxes were again visited
12 days after the 4™ egg was laid and, afterward, every single day until
hatching, to estimate the number of hatched nestlings and, thus, hatching
success, calculated as the number of hatched eggs divided by the clutch size.
Then, nests were again visited the day 14 after hatching, to assess the number
of nestlings, and thus, the fledging success, calculated as number of nestlings

that fledge divided by the number of hatched eggs.

The identification of females during breeding was performed by
capturing them at the nest boxes during the nesting phase (see above), or by
visualizing the unique combinations of colour rings in 1h video recordings of

nest-box entrances during the second-third day after hatching.
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Table 1. Results of Principal Component Analysis (PCA) summarizing all the colour
measurements. For each PCA factor, the loading coefficients, the power and relative
importance of each colour, are represented. Also, the explained variance and
Eigenvalues.

Loadings
Power Importance PCA1 PCA2

Brightness 0.30 6 0.55 0.09

Yellow-Red 0.96 3 -0.98  -0.08

UV Chroma 0.98 2 0.68 -0.72
Back

UV Blue 0.99 1 0.86 -0.50

Blue-Green 0.93 4 0.63 0.73

Blue 0.93 5 0.89 0.37

Y% 0.61 0.24
Variance explained

Total 0.85
Eigenvalues 3.65 1.46

Brightness 0.88 6 0.67

Yellow-Red 0.99 | -0.99

UV Chroma 0.83 4 0.91
Legs

UV Blue 0.92 3 0.96

Blue-Green 0.84 5 0.83

Blue 0.97 2 0.98

% 0.80
Variance explained

Total 0.80
Eigenvalues 4.80

Brightness 0.43 6 0.66 -0.03

Yellow-Red 0.94 3 -096 0.12

UV Chroma 0.97 2 0.55 0.82
Throat

UV Blue 0.98 1 0.81 0.58

Blue-Green 0.92 4 0.58 -0.76

Blue 0.90 5 0.87 -0.39

% 0.57 0.29
Variance explained

Total 0.86
Eigenvalues 3.41 1.76
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Loadings
Power Importance PCAl1 PCA2
Brightness 0.36 6 0.50 -0.34
Yellow-Red 0.99 1 -0.97  -0.22
UV Chroma 0.91 5 0.93 -0.24
Beak base
UV Blue 0.97 2 0.98 -0.11
Blue-Green 0.95 3 0.07 0.97
Blue 0.92 4 0.93 0.23
. % 0.65 0.20
Variance explained
Total 0.85
Eigenvalues 3.89 1.23
Brightness 0.76 6 0.13 0.86
Yellow-Red 0.98 1 -0.97 0.19
UV Chroma 0.78 5 0.84 0.28
Beak tip
UV Blue 0.94 2 0.95 0.21
Blue-Green 0.79 4 0.69 -0.56
Blue 0.82 3 0.90 0.02
. . % 0.64 0.20
Variance explained
Total 0.85
Eigenvalues 3.86 1.22

Laboratory procedures

To estimate the antimicrobial defences in the blood plasma, we performed
antagonistic and immunological tests. Antagonistic tests were performed
against twelve indicator bacteria belonging to different taxonomic groups:
Bacillus  licheniformis, Bacillus megatherium, Bacillus thuringensis,
Enterococcus faecalis, Enterococcus faecium, Lactobacilus paracasei,
Latobacillus plantarum, Lactococcus lactis, Listeria inocua, Listeria
monocytogenes, Proteus sp. and Staphylococcus aureus. Antagonistic plates
were prepared as follows: 15 mL of a culture medium previously prepared and
sterilized (1.8 % of brain—heart infusion (BHI) and 0.8 % agar in 0.1 M pH 7
phosphate buffer) was melted and then maintained at 50 °C for 10 min. Then,

100 uL of a 12-h culture of each indicator bacteria was added to the medium,
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vigorously vortexed and spread onto a Petri dish. After solidifying about 30
min later, 2 mL of each plasma sample was placed on the plates and later
incubated for 12 h at 28 °C. After incubation, plates were checked for
inhibition halos, that is, transparent zones around the plasma in which the
growth of the indicator bacterium was inhibited (Fig. 1). Halos were measured
(in mm) from the limit of the plasma drop to the end of the halo (i.e., where
the indicator bacteria growth begins). Antagonistic tests against each
bacterium species were made to all the samples in the same randomly selected
order. Then, an index of antagonistic activity was calculated as the average
activity intensity (i.e., halo diameter) against the twelve indicator bacteria
tested. For some of the samples, there was insufficient plasma for testing all
indicator bacteria, and in those cases, the index was calculated with the number
of tested bacteria. We performed antagonistic tests to 124 plasma samples from

77 females from both study years.

Plasma drop

Inhibition halo

Fig. 1. Antagonistic plate in which an indicator bacteria strain was inoculated, and
then a drop (2 pul) of plasma was deposited. After incubation, the clear halo around

the plasma indicate its inhibition capacity.
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The immune responses mediated by natural antibodies (NAb) and
complement were estimated by following the procedure described in Matson,
Ricklefs and Klasing (2005). The NAbs serve as a recognition molecules
capable of opsonizing invading microorganisms and initiating the complement
enzyme cascade, which ends in cell lysis. On the other hand, levels of

complement are positively correlated with NAb diversity (Matson et al. 2005).

Briefly, 50 uL of plasma were serially diluted in sodium phosphate
buffer (PBS) in two consecutive polystyrene 96-well assay plates where 25 puL
of 1% rabbit blood cell suspension (Hemostat laboratories, Dixon, CA 95620,
USA) in PBS was added. Quantification of lysis and agglutination titers was
assessed as the number of titers with the last plasma dilution at which the lysis
or agglutination reaction of rabbit blood was observed (Matson et al. 2005). In
the case of samples that did not reach 50 pL, we used 25 or 12.5 pL in the
second or third titer depending on availability. Since the lysis reaction occurred
in the first titers and we did not have plasma in some of them, we counted until
the last titer in which the plasma had any activity (i.e., at the end of the
agglutination) to avoid bias due to the absence of plasma in the first titers.
These values were used as indicators of immunocompetence (Fig. 2). The
agglutination and lysis variables were not correlated in our samples (Fi.76 =
0.06, R? = 0.0009, P = 0.79, estimate (SE) = 1.61 (0.18)). We analysed 78

plasma samples belonging to 54 females in 2015.

Statistical analyses

To explore variation in the plasma antimicrobial defences along the breeding
season, we used only the information of females that were captured twice
during the same breeding season (Table 2). All considered females were first
captured before reproduction, during the mating period, while the second
capture of the same females occurred, either during reproduction (few days

after hatching the eggs of first or second breeding events) or before
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reproduction (two or three weeks after the first capture). Thus, to explore
between captures differences in immune response, we used Repeated Measures
ANOVAs (RMA) with the two subsequent measures of antimicrobial capacity
and immune response (agglutination and lysis) as the within factor, and
breeding status of females when the second captures (i.e., before breeding (N

=4), first (N = 7) or second (N = 9) clutch) as the between factor.

Lysis Agglutination

0 N O O A WO DN =

Fig. 2. Result of a plate with an immune essay. For example in line 1, the lysis value
would be 4, and the agglutination 11.

Table 2. Number of females captured every year, before breeding started (BB), and
during the first (C1) or second (C2) clutch. Also, the number of females captured
before reproduction and first / second clutch.

2015 2016 Both years Total
Before Reproduction 44 31 14 61
First clutch 15 14 1 28
Second clutch 20 6 2 24
Total females 55 47 22 80
C1 5 1 6
BB and C2 10 3 13
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To explore the association between antimicrobial defences and
reproductive success, we performed General Linear Mixed Models (GLM) in
which the dependent variable was each proxy of reproductive success: clutch
size, brood size, hatching, and fledging success. Values of antimicrobial
defences were introduced as continuous predictors (plasma antimicrobial
activity, agglutination and lysis capacity, uropygial gland volume and preen
secretion quantity), and the study year as the fixed factor (except for the
analyses of the immune response which was sampled for a single study year).
The individual identity was introduced as the random factor. All analyses were
separately performed for first and second clutches (except in the uropygial

gland measures, that were taken just before breeding).

Finally, to know if the antimicrobial capacity of females is reflected
by their colouration, we performed GLMs in which the dependent variables
were the PCA factors of colour measurements. As explanatory variables we
used (1) the antagonistic index, (ii) the plasma immune variables (lysis and
agglutination), and (iii) uropygial size and secretion as the continuous
predictors. The effects of each of these continuous predictors on different
colour variables were tested in separate models that also included study year
and breeding status (i.e. before breeding, first or second clutch) as fixed

categorical factors, and individual identity as the random factor.

Since different GLMs were implemented for each dependent variable,
the false-discovery-rate (FDR) correction were applied to establish the
appropriate Q values (Pike 2011). All the analyses were performed with
Statistica 12 software (Dell-Inc. 2015).
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Results

Fluctuation of immune capacities along the breeding season

The antimicrobial capacity of the females’ blood plasma increases from first
to second captures of the same individual during the breeding season (RMA,
Fii7 = 11.75, p = 0.003, Fig. 3A). Interestingly these between-captures
differences did not depend of the breeding status of the second capture (i.e.,
the interaction between repeat measures and the breeding status of second time
captured females; RMA, F»,17=1.80, p=0.19). Post-hoc analyses revealed that
the detected increase in antimicrobial capacity from first to second clutch came
from comparison of females that were first captured before breeding and again
during first (Post-hocs, LSD Tests, p = 0.04) or second (Post-hocs, LSD Tests,
p = 0.001) clutches. However, no differences were detected in those females
captured twice before reprodcution (Post-hocs, LSD Tests, p = 0.65) (Fig. 3A).
Therefore, the antimicrobial capacity of females’ plasma is significantly higher
during the nestling period than before breeding, independently of being the

first or second clutch.

In the case of the natural antibodies, the lysis capacity of females’
plasma from first and second captures did not differ (RMA, Fi 16 = 0.005, p =
0.94, Fig. 3B), independently of whether second time captured females were
reproducing or mating (RMA, F» 16 =3.20, p = 0.06). Finally, the agglutination
capacity of plasma of females decreased from first to second captures (RMA,
Fi16 = 547, p = 0.03, Fig. 3C), independently of the reproductive event at
second captures (RMA, F»,16=0.66, p=0.52).

Relationship among immune capacities and reproductive success

The antimicrobial capacity of the females’ blood plasma during the mating
period resulted positively related to breeding and fledging success of second

clutches even after statistically correcting for the significant effect of the study
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year (Table 3). Clutch size of second broods marginally associated with the
plasma lysis capacity of females during the mating period, while the plasma
agglutination significantly explained the hatching success of the first clutch
(Table 3). All the significant relationships were positive, suggesting that
females with higher capacity of antimicrobial defence at the time of mating
also experienced higher breeding success. However, antimicrobial capacity of
females captured during the nestling period of first or second broods did not
predict any of the variables related to breeding success (all Q > 0.28). Finally,
after applying the FDR correction, none of used variables of reproductive
success did associate with the uropygial gland size or the amount of preen

secretion (all Q > 0.16).

Relationship among antimicrobial defences and colouration

We found that some of the variables describing level of antimicrobial defences
of starling females were related to colorations of different body parts (see
Table 4). Preen oil volume was positively associated to the back colouration
PCA1, and the uropygial gland size negatively to the PCA1 of the base of the
beak colouration. In this case, there was also a significant negative effect of
the study year (Table 4 and A1), which means that in the second year (2016)
the yellow-red intensity of the beak base in the population was higher than in

2015.

Moreover, the plasma agglutination capacity was positively associated
with the legs colouration, i.e., negatively related to the yellow-red colouration
but positively to the rest of the colours, including brightness (Table 1, 4 and
A2). In addition, legs colouration was also negatively explained by the
breeding status of the captured females (Table 4 and A2), which means that
when the season progress, the legs yellow-red colouration increase, although

the opposite occurs with the rest of the chroma.
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Finally, we failed in detecting a relationship between the plasma antagonistic

index and measured colour variables (Table A3).

—4- BB

Lysis

First capture

Agglutination

Second capture

First capture

Second capture

First capture Second capture

Fig. 3. Differences in the plasma capacity of (A) inhibition of bacterial pathogens, (B)

lysis and (C) agglutination, in females captured twice, when the second capture was

performed before breeding (BB), or with nestlings from the first (C1) or second clutch

(C2). Vertical bars denote 0.95 confidence intervals.
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Table 3. Results of GLM analysis on the association between the antimicrobial defences variables and the indicators of reproductive success.
Q corresponds to p-values after the FDR correction. Values in bold are statistically significant, and in italics marginally significant.

Dependent First Clutch Second Clutch
] Explaning factor
variable F df p B SE(B) | Q F df p B SE(B) | Q
Clutch si Antagonistic index | 0.11 1,18 | 0.74 -0.16 | 0.5 0.74 | 0.33 1,10 | 0.57 | 0.55 0.96 | 0.66
e s Year 0.16 | 1,18 069 |-02 |05 [075 |033 | 110|057 |056 |096 |0.57
] Antagonistic index | 0.33 1,17 | 0.57 -0.29 | 0.5 0.74 | 0.21 1,9 | 0.66 | 0.46 1.02 | 0.66
Hatching success
Year 0.09 | 1,17 | 0.75 -0.16 | 0.5 0.75 |0.34 1,9 |0.57 |0.6 1.02 | 0.57
. Antagonistic index | 4.06 | 1,18 | 0.05 -0.89 | 044 | 0.2 6.15 1,10 [ 0.03 | 1.63 0.65 | 0.06
Fledgings number
Year 554 | 1.18 | 0.03 -1.04 | 044 | 0.12 | 9.85 1,10 | 0.01 | 2.06 0.65 | 0.02
. Antagonistic index | 1.09 | 1,15 | 0.31 -0.56 | 0.53 | 0.62 14.5 1,9 | 0.004 | 2.11 0.55 | 0.016
Fledging success
Year 2.15 1,15 | 0.16 -0.73 1 0.53 032 |2059 |19 |0.001 |2.52 0.55 | 0.004
Clutch size 0.89 | 1,11 | 0.36 0.28 | 0.29 | 0.48 1033 (1,5 | 0.02 |0.82 0.25 | 0.08
Hatching success | Lysis 1.22 | 1,10 | 0.29 -0.33 1 0.29 | 048 1.02 1.5 035 |-041 0.4 0.46
Fledgings number 239 | 1,11 | 0.15 -0.42 | 027 |048 | 3.8 1.5 | 0.11 | 0.65 0.33 | 0.22
Fledging success 004 | 1,8 |0.84 -0.07 1 0.35 | 0.84 | 0.33 1,5 [ 058 |-0.25 0.43 | 0.58
Clutch size 1.57 | 1,11 | 0.23 -0.35 1028 | 0.36 | 0.1 L5 [ 076 |-0.14 044 |1
Hatching success o 2497 | 1,10 | 0.0005 | 0.84 | 0.17 | 0.002 | 1.46 1,5 | 028 |047 039 |1
- Agglutination
Fledgings number 0.77 | 1,11 | 0.39 025 029 |0.39 |<0.001]|1,5 |1 <0.001 | 044 |1
Fledging success 1.41 1,8 |0.27 -0.38 1 0.32 | 0.36 | 0.31 1,5 | 0.6 -0.24 0.43 1




Table 4. Significant results of GLMs on the associations between the antimicrobial defences and the body coloration of starling females.
Values in bold are statistically significant. The rest of the results are in Table S1, S2 and S3.

Explaining variable Dependent variable F df p p SE@B) Q
Secretion volume 11.23 1,20 0.00 1.19 0.36 0.04
Uropygial gland size Back colouration 5.87 1,20 0.03 0.37 0.15 0.13
Year (PCAI) 782 1,20 0.01 056  0.20 0.09
Individual 1.59 74,20  0.12 -0.08 0.14 0.31
Secretion volume 0.93 1,20 0.35 -0.25 0.26 0.62
Uropygial gland size Beak base colouration 30.83 1,20 <0.001 -0.63 0.11 <0.001
Year (PCAI) 18.13 1,20  <0.001 -0.63 0.15 <0.001
Individual 2.48 74,20 0.01 0.09 0.10 0.07
Lysis 3.25 1,15 0.09 0.22 0.12 0.30
Agglutination Leg colouration 11.45 1,15 <0.001 0.52 0.15 0.04
Breeding status (PCAL) 19.40 2,15  <0.001 -0.78 0.13 <0.001

Individual 3.08 50,15 0.01 -0.29  0.11 0.09
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Discussion

Our main results indicate that antimicrobial defence of spotless starling
females (i) vary depending on reproductive stages (i.e., mating vs breeding),
and that (i1) level of antimicrobial defences during mating, but not that during
reproduction, is related to reproductive success and (ii1) to colouration of body
feathers, beak base or legs. These results therefore confirm that antimicrobial
capacities of females predict reproductive success, and that males would be
able to infer such capacities from females’ colourations. Below we discuss
possible explanations of such results, as well as the possible role of females’
colouration signalling their antimicrobial capacity in scenarios of sexual

selection.

Females were captured first before breeding, and most of the
recaptures took place during reproduction, when nestlings were 4-5 days old,
either in the first or second broods. We detected significant differences in
immune capacity of plasma from first and second time captured females. It is
likely that abiotic (e.g. temperature, humidity) and biotic (e.g. females
condition, microbial environment) factors that determine bacterial
environment for females varied between captures. As the season progresses in
our study population, temperature typically increases while relative humidity
decrease, which should affect bacterial environment in general and that of
avian nests in particular (Cook et al. 2005b, Peralta-Sanchez et al. 2012, Soler
et al. 2015). Moreover, breeding activity such as incubation or brooding (Cook
et al. 2005b, Peralta-Sanchez et al. 2012, Soler et al. 2015), ectoparasites
(Tomas et al. 2018), egg breakage (Soler et al. 2015), or nestlings faeces that
parent failed to remove (Ibafiez-Alamo et al. 2014), will also affect bacterial
environment of nests. All those evidences together suggest that females
experience higher probability of microbial infection during the nestling period
than during the pre-breeding (i.e., mating) period. Thus, because immune

responses are typically positively associated to the risk of infection (e.g. Moller
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and Erritzoe 1996), immune response of starling females should also be higher
during reproduction, when the risk of infection is the highest; prediction that
our results on antimicrobial potential of plasma fulfilled. Contrary to
predictions claiming that immune response should increase as the season
progress, when considering costs of reproduction, the sign of the association
might change because immunity is also costly (Sorci et al. 1997). In agreement
with this prediction, immunocompetence of females tree swallows
(Tachycineta bicolor) tended to decrease along the breeding season (Ardia et
al. 2003), as well as occurred with the antigens agglutination capacity of our
starling females, which were lower when reproducing than when mating. Thus,
depending on the study species and the kind of immune response considered,
the expected association between immunity and phenology me be positive,
negative, or masked by costs associated to reproduction, or to different lines of
immunity (Schmid-Hempel 2003, Soler et al. 2003, Martin et al. 2008).
Whatever the reasons explaining the sign of the detected association between
immunity and phenology, factors associated to reproduction, rather than those
associated with climatic conditions, are likely the cause of the detected
patterns. In agreement with this possibility, between-captures differences in
plasma antimicrobial capacity of females that were recaptured during their first
or second reproduction were similar. Likewise, antimicrobial capacity of
plasma of females that were captured twice during the mating period (i.e., with

two weeks of delay) did not change.

An alternative explanation that do not imply and adjustment of
immunity to environmental conditions is that the immune capacity is the result
of historical contacts with antigenic microorganisms. The plasma antibacterial
activity integrates cytological (Keusch et al. 1975) and serological (Merchant
et al. 2003) immune components. The previous exposure to microorganisms
closely related to the indicator strains assayed may affect results on bacterial

inhibition capacity (Matson et al. 2006), directly, by the production of specific
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antibodies of IgY (Roitt 1997), or indirectly by increasing nonspecific
antibodies (IgM, Reid et al. 1997). Infection status of bleeding birds might also
determine antimicrobial capacity of animals (Millet et al. 2007). To overcome
this potential problem, it is advisable to perform the assays with a range of
different microorganisms to have a more complete picture of the whole
response (Matson et al. 2006), as we did in our experiments. Our inference
comes from interpreting results that integrates multiple components of innate
immunity and assume that higher diversity of in vitro bacteria-killing capacity
of indicator strains reflects a higher immune capacity of individuals (Matson
et al. 2006). Thus, even though some of the detected bacterial inhibition might

be due to historical contexts, it will hardly explain the detected patterns.

We have also found that the studied immunological variables of
females at the time of mating predicted reproductive success. Thus, if females
were able to show their immune capacity to conspecifics throughout some
other characters, males that choose females with high immunocompetent
values will enjoy direct and indirect fitness benefits (Horvathova et al. 2011,
Tobias et al. 2012). Meanwhile, females with exaggerated traits would enjoy
direct benefits from the expected differential investment in reproduction of
their mates (Burley 1986, Sheldon 2000). Here we explored and found support
to the possibility that coloured traits of females associated with immune
responses. Our correlative results, however, do not allow us to reach to further
conclusions on signalization of those characteristics, but urge for further

studies that test the signalling roles of these traits.

Starling males show their capacity of fighting against bacterial
infections through their ornamental throat feathers, which is not present in
females (Ruiz-Rodriguez et al. 2015). Therefore, different selective pressures
on both sexes may lead to a diversification on their way to reflect the same
characteristics (Tobias et al. 2012). Previous works also showed that during

the mating period, starlings (both females and males) reflect their plasma
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concentration of carotenoids and vitamin A in the colouration intensity of the
beak tip (Navarro et al. 2010). The uropygial gland size resulted related to the
colouration of the beak base, which is a sexual dimorphic character in this
species, and the agglutination capacity was related to legs colouration. Hence,
starling females may be reflecting different capabilities through the colouration
of different parts of the body. Thus, similarly to females, it is possible that
males use multiple signalling characters in mate choice (Moller and
Pomiankowski 1993, e.g. Candolin 2003, Loyau et al. 2005, Robson et al.
2005); a possibility that deserve further investigation.

To summarize, we found that starling females’ antimicrobial related
traits may change along the breeding season, and those females that are able to
defend themselves from bacterial infections at a higher extent during the
mating period, are those with higher reproductive success. In addition, their
antimicrobial capacity is related to different body colours, which may open the
possibility that sexual selection processes in females explain those
colourations. In general, all those results support the crucial role of

microorganisms in shaping hosts life-histories.
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Annex

Back

Leg

Throat

Beak
base

Beak
tip

Table Al. GLM results of the association between the uropygial gland (amount of
secretion and gland size) and the different PCAs representing the measured colour

variables. Significant Q-values are in bold.

PCAl

PCA2

PCAl

PCA1

PCA2

PCAl

PCA2

PCA1

PCA2
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Secretion volume
Uropygial gland size
Year

Individual

Secretion volume
Uropygial gland size
Year

Individual

Secretion volume
Uropygial gland size
Year

Individual

Secretion volume
Uropygial gland size
Year

Individual

Secretion volume
Uropygial gland size
Year

Individual

Secretion volume
Uropygial gland size
Year

Individual

Secretion volume
Uropygial gland size
Year

Individual

Secretion volume
Uropygial gland size
Year

Individual

Secretion volume
Uropygial gland size
Year

Individual

F
11.23
5.87
7.82
1.59
0.02
0.48
0.0002
1.4
0.12
1.68
4.94
1.01
2.77
0.01
5.35
1.21
0.29
0.63
0.04
1.53
0.93
30.83
18.13
2.48
1.11
0.31
0.42
2.18
0.02
0.45
0.48
0.85
3.29
0.12
4.74
1.85

df
1,20
1,20
1,20
74,20
1,20
1,20
1,20
74,20
1,20
1,20
1,20
74,20
1,20
1,20
1,20
74,20
1,20
1,20
1,20
74,20
1,20
1,20
1,20
74,20
1,20
1,20
1,20
74,20
1,20
1,20
1,20
74,20
1,20
1,20
1,20
74,20

<0.001
0.03
0.01
0.12
0.89
0.49
0.99
0.20
0.74
0.21
0.04
0.52
0.11
0.90
0.03
0.32
0.59
0.44
0.84
0.14
0.35
<0.001
<0.001
0.01
0.30
0.59
0.53
0.03
0.89
0.51
0.49
0.71
0.08
0.74
0.04
0.06

beta
1.19
0.37
0.56
-0.08
0.06
0.13
0.00
-0.03
-0.16
0.26
-0.58
0.12
-0.74
0.02
-0.58
-0.29
0.42
0.18
0.24
0.16
-0.25
-0.63
-0.63
0.09
-0.37
-0.09
-0.13
-0.08
-0.07
0.15
-0.20
0.08
-0.55
-0.04
0.37
-0.18

SE (beta) Q
0.36 0.04
0.15 0.13
0.20 0.09
0.14 0.31
0.42 0.93
0.18 0.73
0.24 0.99
0.17 0.44
0.46 0.86
0.20 0.44
0.26 0.14
0.18 0.73
0.45 0.30
0.19 0.93
0.25 0.14
0.18 0.61
-0.64 0.76
-0.52 0.73
-0.44 0.93
-0.36 0.34
0.26 0.62
0.11 <0.001
0.15 <0.001
0.10 0.07
0.35 0.60
0.15 0.76
0.20 0.73
0.14 0.14
0.50 0.93
0.22 0.73
0.28 0.73
0.20 0.86
0.30 0.24
0.13 0.86
0.17 0.14
0.12 0.20
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Table A2. GLM results of the association between the plasma immune response (lysis
and agglutination) and the different PCAs representing the measured colour variables.
Significant Q-values are in bold.

PCALl
Back

PCA2
Leg PCAl

PCALl
Throat

PCA2

PCALl
Beak
base

PCA2

PCALl
Beak
tip

PCA2

Lysis
Agglutination
Breeding status
Individual
Lysis
Agglutination
Breeding status
Individual
Lysis
Agglutination
Breeding status
Individual
Lysis
Agglutination
Breeding status
Individual
Lysis
Agglutination
Breeding status
Individual
Lysis
Agglutination
Breeding status
Individual
Lysis
Agglutination
Breeding status
Individual
Lysis
Agglutination
Breeding status
Individual
Lysis
Agglutination
Breeding status
Individual

F

1.06
1.69
2.29
0.92
0.22
0.00
0.53
1.64
3.25
11.45
19.40
3.08
0.61
1.77
1.10
0.94
0.09
1.35
3.85
2.74
0.35
0.70
5.85
0.66
1.54
2.05
0.94
2.59
0.37
0.02
15.33
2.38
242
1.58
2.99
1.51

df

1,15
1,15
2,15
50,15
1,15
1,15
2,15
50,15
1,15
1,15
2,15
50,15
1,15
1,15
2,15
50,15
1,15
1,15
2,15
50,15
1,15
1,15
2,15
50,15
1,15
1,15
2,15
50,15
1,15
1,15
2,15
50,15
1,15
1,15
2,15
50,15

0.32
0.21
0.14
0.61
0.65
0.98
0.60
0.15
0.09
<0.001
<0.001
0.01
0.45
0.20
0.36
0.59
0.77
0.26
0.04
0.02
0.56
0.41
0.01
0.86
0.23
0.17
0.41
0.02
0.55
0.88
0.00
0.03
0.14
0.23
0.08
0.19

beta

0.23
0.37
-0.48
-0.38
-0.08
0.01
0.13
0.02
0.22
0.52
-0.78
-0.29
0.17
-0.38
0.20
-0.13
0.04
0.20
-0.39
0.06
-0.13
0.23
0.70
-0.14
0.18
-0.26
-0.16
0.11
0.07
0.02
-0.62
-0.05
0.26
-0.27
0.33
-0.14

SE
(beta)
0.22

0.28
0.24
0.20
0.17
0.22
0.18
0.16
0.12
0.15
0.13
0.11
0.22
0.28
0.24
0.20
0.13
0.17
0.14
0.12
0.22
0.28
0.24
0.20
0.14
0.18
0.15
0.13
0.12
0.16
0.13
0.11
0.17
0.21
0.18
0.15

Q

0.52
0.41
0.39
0.71
0.73
0.98
0.71
0.39
0.29
<0.001
<0.001
0.07
0.62
0.41
0.56
0.71
0.84
0.45
0.16
0.10
0.71
0.59
0.07
0.91
0.41
041
0.59
0.10
0.71
0.91
<0.001
0.14
0.39
0.41
0.29
0.41
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Table A3. GLM results of the association between the plasma antagonistic index and
the different PCAs representing the measured colour variables. Significant Q-values

are in bold.
PCALl
Back
PCA2
Legs PCAl
PCALl
Throat
PCA2
PCALl
Beak
base
PCA2
PCALl
Beak
tip
PCA2

136

Antagonistic index
Year

Clutch order
Individual
Antagonistic index
Year

Clutch order
Individual
Antagonistic index
Year

Clutch order
Individual
Antagonistic index
Year

Clutch order
Individual
Antagonistic index
Year

Clutch order
Individual
Antagonistic index
Year

Clutch order
Individual
Antagonistic index
Year

Clutch order
Individual
Antagonistic index
Year

Clutch order
Individual
Antagonistic index
Year

Clutch order
Individual

0.15
0.36
2.37
0.97
0.43
0.76
0.07
1.59
0.34
8.84
5.27
1.24
0.15
0.97
0.20
1.03
0.92
0.48
0.01
1.83
0.75
1.66
15.76
1.06
0.79
3.05
2.17
1.83
0.71
0.18
2.07
1.02
1.94
4.59
1.04
1.29

df
1,35
1,35
2,35
73,35
1,35
1,35
2,35
73,35
1,35
1,35
2,35
73,35
1,35
1,35
2,35
73,35
1,35
1,35
2,35
73,35
1,35
1,35
2,35
73,35
1,35
1,35
2,35
73,35
1,35
1,35
2,35
73,35
1,35
1,35
2,35
73,35

0.71
0.55
0.11
0.56
0.52
0.39
0.93
0.06
0.56
0.01
0.01
0.24
0.70
0.33
0.82
0.48
0.34
0.49
0.99
0.03
0.39
0.21
0.00
0.44
0.38
0.09
0.13
0.03
0.40
0.68
0.14
0.48
0.17
0.04
0.36
0.21

beta
-0.09
-0.14
-0.32
-0.20
-0.15
-0.19
-0.05
-0.07
-0.13
-0.65
-0.43
0.20
-0.10
-0.25
0.12
-0.23
0.21
0.14
-0.02
0.03
0.17
-0.25
0.70
0.05
0.19
0.35
-0.12
-0.10
0.20
-0.10
-0.21
0.20
-0.27
0.41
0.14
-0.21

SE (beta) Q
0.25 0.77
0.24 0.68
0.20 0.43
0.16 0.68
0.22 0.68
0.22 0.66
0.18 0.96
0.15 0.33
0.23 0.68
0.22 0.10
0.19 0.12
0.15 0.58
0.27 0.77
0.25 0.66
0.21 0.87
0.17 0.68
0.22 0.66
0.21 0.68
0.18 0.99
0.14 0.18
0.20 0.66
0.19 0.53
0.16 <0.001
0.13 0.68
0.21 0.66
0.20 0.40
0.17 0.46
0.14 0.18
0.24 0.66
0.23 0.77
0.19 0.46
0.16 0.68
0.20 0.52
0.19 0.24
0.16 0.66
0.13 0.53
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Interspecific variation in deterioration and degradability of avian

feathers: The evolutionary role of microorganisms

Abstract

Feathers are essential for avian life, and factors affecting their integrity are
important to understand their evolution. These factors should depend on,
among other traits, species-specific bacterial environments and life-history
characteristics. However, interspecific variation in feather deterioration,
feather susceptibility to degradation by keratinolytic bacteria (degradability),
and bacterial environment, have rarely been quantified. Here, we did so by
measuring deterioration and degradability of wing feathers of fledglings in 16
bird species, and characterizing the bacterial environment where they
developed. We found statistically significant interspecific variation for all
considered variables. On average, non-melanised were more deteriorated than
melanised feathers, but differences depended on the species. Moreover, nest
bacterial loads were related to feathers wear, but the sign of the association
depended on the bacterial group considered and on feather pigmentation. We
also found a positive association of feather degradability with wear of non-
melanised feathers, and with bacterial loads. These results suggest that
bacterial environments determine the integrity of fledgling feathers as well as
their resistance to bacterial degradation, which implies a preponderant role of

bacteria in driving the evolution of avian feathers.

Keywords: Feather degrading bacteria, Feather wear, Interspecific

comparisons, Keratinolytic bacteria, Nest bacterial environment.
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Introduction

The presence of feathers is one of the defining characteristics of the Class Aves
and has historically attracted the attention of evolutionary biologists trying to
understand the extremely high variation in avian morphology, structure and
coloration (Hanson 2011). Classic adaptive explanations for the existence of
feathers include insulation (i.e., thermoregulation or waterproofing) and flight
(Rayner 1988, Stettenheim 2000), but they also function in different scenarios
of social communication and sexual selection (Andersson 1994, Moller et al.
1998, Senar 2006, Hanson 2011, Roulin 2016). Thus, feather characteristics
providing the holder with advantages in the above mentioned scenarios have
been studied as possible key adaptations driving the evolution of birds (Rayner

1988, Stettenheim 2000).

Factors affecting the integrity of feathers are therefore important to
understand their evolution. Feather integrity might for instance depend on
physiological conditions of individuals during feather growth, which could
result in feather malformations (e.g. fault bars) that enhance feather
deterioration and breakage (Jovani and Rohwer 2017). Among factors directly
promoting feather damage, the physical abrasive wear due to friction with
fluids while flying or diving, or deterioration due to contacts with distinct
materials while walking or perching, are well known since many years (Francis
and Wood 1989, Swaddle et al. 1996). Chemical abrasion of feathers has also
received attention, especially during the last decade, focussing on that induced
by keratinase-producing bacteria (Gunderson 2008). All these factors
negatively affect feather integrity and, thus, their functioning in
thermoregulation, communication and flight, resulting in severe fitness
consequences. Risk of feather deterioration would in any case depend on life
style or life history characteristics such as migratory or foraging behaviours

(Mgller et al. 2012). This scenario therefore raises the expectation that the
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degree of feather deterioration should be a species-specific character, a

prediction that to the best of our knowledge has never been explored.

Feather degradation by keratinolitic bacteria occurs in wild birds
(Leclaire et al. 2014, Kent and Burtt 2016, but see Cristol et al. 2005), which
for instance, might have consequences in scenarios of sexual selection
(Shawkey et al. 2007, 2009, Ruiz-Rodriguez et al. 2015) and survival (Meller
et al. 2012). Moreover, bacterial community of avian feathers vary
interspecifically (Javirkova et al. 2019). Detecting evidence of interspecific
variation in feather wear in standard conditions could suggest the existence of
interspecific variation in environmental factors associated with the risk of
feather deterioration, including bacterial environment (Kent and Burtt 2016).
Moreover, since these environmental factors likely vary among species (see
above), natural selection could have favoured the evolution of characteristics
that counteract or reduce feather degradation by keratinolitic bacteria in
environments that are distinctive of each species (Burtt Jr 2009, Burtt et al.
2011, Javirkova et al. 2019). If this was the case, we should find interspecific
variation in traits functioning in preventing feathers’ wear (Burtt Jr 2009) such
as feather susceptibility to degradation by keratinolitic bacteria (hereafter,
feather degradability) (Ruiz-de-Castaneda et al. 2015, Ruiz-de-Castafieda et al.
2012, Ruiz-Rodriguez et al. 2016).

The structure and chemical composition of feathers are known to affect
feather wear of wild birds (Ruiz-de-Castafieda et al. 2012). Although the main
chemical component of feathers is B-keratine, a slight variation in pigment
composition may influence feather degradability. We know for instance that
indentation hardness of melanic keratin is greater than that of non-melanic
keratin (Bonser 1995), and that rates of wear (Burtt 1979) and of breakage
(Kose and Mgller 1999) are lower in melanic than in non-melanic feathers.
Furthermore, melanised feathers resist bacterial degradation better than pale,

unmelanised feathers (Goldstein et al. 2004, Gunderson et al. 2008, Ruiz-de-
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Castaneda et al. 2012). Moreover, in comparisons with pale birds, dark birds
often live in humid habitats (Delhey 2017), where more active feather
degrading bacilli are abundant (Burtt and Ichida 2004), which suggests a link
between habitat-related risk of feather degradation and feather characteristics
that reduce such a risk. This scenario therefore suggests that feather
degradability should vary between melanised and unmelanised feathers within
the same species, and that a considerable interspecific variation should exist in
such feather characteristics. Although variation in degradability has been
studied intraspecifically in relation to feather pigmentation (Burtt et al. 2011,
Ruiz-de-Castafieda et al. 2012) and habitat characteristics (Ruiz-Rodriguez et
al. 2016), interspecific variation in feather degradability has only been

explored for 13 parrot species (Burtt et al. 2011).

Here, we have quantified intra and interspecific variation in feather
wear of nestlings’ birds close to abandoning the nest (hereafter fledglings). We
did so by microscopically quantifying deterioration of wing feathers, mostly
secondary-covert-wing feathers, in 16 species of birds. We also estimated
feather degradability by quantifying keratin degradation by the well-known
feather degrading bacteria Bacillus licheniformis (Kent and Burtt 2016). We
expected to find significant interspecific variation in feather wear and in
feather degradability, and that these two traits would positively covary
interspecifically. By using feathers of nestlings we restricted (i.e.,
standardized) factors that could have affected feather deterioration state to
those occurring within the nest environment. Moreover, independently of the
altricial bird species, feathers of nestlings close to abandon the nests are at a
similar state of development and, thus, are interspecifically comparable.
Nestling feathers are often of lower quality than adult feathers (Callan et al.
2019). Nestling feathers might play pivotal roles in social communication
during nestlings (Morales et al. 2019) and post-fledging period (Moreno and
Soler 2011), and even explain probability of predation (Callan et al. 2019) and
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body condition (Minias et al. 2015) during the post-fledging and first winter
periods. Thus, although post-juvenile moult is likely related to quality of
fledgling feathers (Minias et al. 2015), exploring factors affecting integrity of

nestling feathers is important to understand factors affecting their survival.

Within nests, the bacterial environment would largely determine
feather bacterial loads (Jacob et al. 2018) and, thus, risk of bacterial
degradation of feathers. Previous studies have detected interspecific variation
in nest bacterial environments by sampling the microbiome of the eggshells of
different species (Peralta-Sanchez et al. 2018). Moreover, interspecific
variation in eggshell bacterial load is associated with life history characteristics
(Peralta-Sanchez et al. 2012) and, thus, it is possible that nest bacterial
environments determine wear and degradability of nestling feathers. Here, we
characterised bacterial loads of the same nests where we collected nestling
feathers to evaluate their deterioration state. However, the effects of nest
bacterial environments on feather wear is not straightforward. It for instance
depends on the presence of bacteria with keratinolytic activity (i.e. able to
degrade feather tissue) that will positively affect feather deterioration.
Antimicrobial activity (against feather-degrading bacteria) of bacteria within
the nest community would also determine feather degradation; the higher the
density of these bacteria the lower the effect on feather deterioration. Finally,
it is also possible that the physical structure of feathers was adapted to species-
specific nest bacterial communities, which might result in these two variables
being not related to each other at the interspecific level. Thus, we explored the
association of nest bacterial density with feather deterioration and

degradability by distinguishing different groups of bacteria.
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Material and Methods
Study areas and fieldwork

Fieldwork were carried out in the Hoya de Guadix (37° 18 N; 3°11° W),
southern Spain, and in the forest of Valsain (40°54’N, 04° 01’W), central
Spain, during the 2015 and 2016 breeding seasons. For a detailed description
of the southern and central Spain study areas see Martin-Vivaldi et al. (2006),
Soler and Avilés (2010), and Gonzalez-Braojos et al. (2017). We collected
information for 16 species that included hole and non-hole nesting species
(Table 1). The nests of hole-nesting species were mostly located within nest
boxes installed in the study areas, while nests of the other species were found
by systematic search of appropriate habitats within the study areas. Samples
(wing feathers and nest bacterial samples) were collected at a standard relative
age during their ontogeny when less than 10% of the primary feathers were
covered by the cylindrical sheaths (i.e., when they were in the last fifth of its
normal nestling development, close to abandoning the nest). Moreover, for a
subsample of species, we captured adults during the breeding season and
collect the same kind of feathers than in nestlings. We used these samples to
validate the use of nestling feathers to explore interspecific differences in

feather characteristics.

We collected a minimum of two wing feathers of at least two randomly
selected nestlings in each sampled nest. For most sampled species, we
collected the third secondary covert feathers. Whenever possible, we collected
wing feathers that had both dark (i.e with relatively high concentration of eu-
and/or pheo-melanin) and pale (i.e with relatively low if any concentration of
eu- and/or pheo-melanin) areas, or different feathers that were either dark or
pale. Feather darkness is usually related to presence of melanin (Goldstein et
al. 2004, Gunderson et al. 2008, Ruiz-de-Castafieda et al. 2012) and, thus, we

call them as melanised and non-melanised feathers, respectively. To cut the
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feathers at the upper part of the quill (to avoid bled) we used scissors previously
washed with 95% ethanol and disinfected with a Bunsen burner. Feathers of
each nestling were kept in new zipper plastic bags and stored in the lab at dark
and 4 °C until the analyses within the following ten months. The same day of
feather collection, during the last days of the nesting period, we sampled nest
bacterial loads by gently rubbing the nest-cup material, or nest surface where
nestlings were located, with a sterile swab (Sterile R, Nuova Aptaca S.R.L.)
slightly wetted with sterile sodium phosphate buffer (0,2 M; pH = 7,2) during
10 seconds. Meanwhile, nestlings were kept in a cotton bag. Afterwards, we
kept the swab in a microcentrifuge tube with 1.2 ml of phosphate buffer at 4-6
°C, in a portable refrigerator until being processed in the lab within the next 4
days.

Table 1: Sample sizes to estimate degradation of pigmented and unpigmented feathers,
feathers degradability and nest bacterial loads of different species.

N = Nests (feathers) N = Nests N = Nests
Feather wear Feather Bacterial
Melanised NOI?- Degradability loads
melanised

Athene noctua 13 13 9 13
Clamator glandarius 9 9 15 9
Coracias garrulus 6 6 6
Corvus monedula 6 6 6
Cyanistes caeruleus 5 5 10 5
Ficedula hypoleuca 23 25 10 24
Hirundo rustica 3 0 3
Oenanthe leucura 3 0 3
Otus scops 12 12 5 11
Parus major 19 18 18 17
Passer domesticus 8 8 8
Petronia petronia 3 4 3
Pica pica 17 17 15 17
Pyrrhocorax 5 11 5
pyrrhocorax

Sturnus unicolor 5 9 5
Upupa epops 26 26 8 26
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Feather wear

The level of feather wear was estimated following the protocol described in
Ruiz-Rodriguez et al. (2015). Briefly, feathers were examined and
photographed (2x) under a binocular lens (Nikon SMZ1500, Melville, NY,
USA) connected to a camera (Nikon Digital Sight DS Fil). Measurements
from pictures were taken using the software NIS Elements F 3.1. Following
Ruiz-Rodriguez et al. (2015), we considered: (i) whether or not the tip of the
feather was incomplete; (ii) the length (mm) of the feather tip that showed clear
signs of wear (apical part); and (iii) the number of barbules that were degraded
in 20 randomly chosen barbs of the basal part (see Figure 3 in Ruiz-Rodriguez
et al. (2015)). Wear levels were ranked from 0 (no degradation) to 3 (more than
2/3 of the feather damaged). Two lab technicians, who were unaware of the
feather origin (i.e., species, body part, etc.) or hypotheses tested, evaluated all
photographs. Whenever possible, we distinguished wear of melanised and of
unmelanised feathers (or parts of the same feather). Repeatability of visual
estimations was calculated by comparing both assessments in a one-way
ANOVA. Repeatability was relatively high (F = 7.32, df = 2599, 2600, P <
0.0001, repeatability index = 0.76). Feather wear varied significantly among
nests of the same species (GLM, effect of nest identity nested within species
identity, F = 1.88, df = 151,177.8, P < 0.001), but not among nestlings within
the same nest (GLM, effect of nestling identity nested within nest and species
identities, F =0.99, df =227,1648, P = 0.53). Thus, we used average values of

evaluated feathers from the same nest in subsequent analyses.

Feather degradability

Feather degradability was explored by using complete feathers and following
the protocol described elsewhere (Ruiz-Rodriguez et al. 2015, Ruiz-Rodriguez
et al. 2009, Gunderson et al. 2008, Ruiz-de-Castafieda et al. 2012). It is worth
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mentioning here that because degradability was estimated for complete
feathers, we were not able to distinguish between degradability of the
pigmented and non-pigmented parts of feathers. Moreover, because
pigmentation (melanised vs non-melanised) of the collected wing feathers does
not vary within species, we did not contemplate pigmentation as a factor when
analysing possible interspecific differences in feather degradation. Finally, a

single feather per sampled nests were analysed.

A brief description of the protocol is as follows: Previously separated
and weighed feathers were sterilized in the autoclave before the experiment.
Afterward, each feather was included in a previously sterilized experimental
glass tube containing 4 mL of a PBS buffer (9.34 mM NH4CI, 8.55 mM NacCl,
1.72 mM K2HPO4, 2.92 mM KH2PO4, 0.49 mM MgCI2-6H20 and 0.01%
yeast extract in 100 mL of distilled water). Moreover, a colony of Bacillus
licheniformis D13 previously isolated from TSA plates was introduced in each
of the experimental glasses with a sterile loop. After vortexing, we collected 1
mL from each tube as a basal measurement, and kept it at 4 °C until
measurement in the spectrophotometer. Experimental tubes were incubated at
37 °C in constant agitation at 120 rpm in an orbital agitator (VWR, Spain). 1
mL was collected from each experimental tube after 21 days of incubation.
Collected samples were centrifuged to remove bacterial cells, and absorbance
of the supernatant was then estimated using a spectrophotometer (Helios Zeta
UV-Vis, Thermo Scientific, United Kingdom) at 230 nm (Goldstein et al.
2004). The oligopeptide concentration in the supernatant mainly originates
from keratin degradation and thus it is directly related to the amount of feather
degraded. Calibration curves of absorbance and oligopeptide concentration
(from 0 to 300 pg x mL 1) were obtained by using bovine serum albumin (BSA)
(R2 =0.98 in both curves), which allowed us to extrapolate the absorbance to

values of oligopeptide concentration.
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To assure that oligopeptide measurements were due to the degradation
of feathers by Bacillus licheniformis exclusively, we also prepared the
following control samples: (i) tubes containing the buffer, (i1) tubes containing
the buffer and the bacteria, but without the feathers, and (iii) tubes containing
the feathers but without the bacteria. After 21 days of incubation, oligopeptide
concentrations increased significantly (Repeated Measures ANOVA, effect of
incubation, F = 803.2, df = 1,360, P < 0.0001), mainly in experimental tubes
(Repeated Measures ANOVA, interaction between incubation and treatment
effect, F = 140.3, df = 1,1080, P < 0.0001). Although intermediate level of
oligopeptide concentrations were detected in tubes containing feathers without
bacteria that were incubated during 21 days, control tubes had significantly
less oligopeptide concentration than experimental tubes (Repeated Measures
ANOVA, effect of experimental treatments, F = 206.2, df = 1,1080, P <
0.0001, ESM Fig 1). Thus, for subsequent analyses, as a measure of feather
degradability, we conservatively used differences in oligopeptide
concentration between experimental tubes containing feather and bacteria and
control tubes containing feathers but not bacteria. These measures were
standardized by feather weight (precision scale Mettler AB135-5/FACT,
accuracy 000001g).

Nest bacterial loads

In the lab, tubes containing the bacterial samples were vigorously shaken in a
vortex (Boeco V1 Plus) to remove bacteria from swabs. Afterward, we spread
homogeneously 100 pl of serially diluted samples until 10—4 in Tryptic Soy
Agar (TSA) and 10-2 in the others media (see below). Plates were incubated
at 37 °C during 72 hours, and then the number of colonies on each plate was
counted. Following the method of Peralta-Sanchez et al. (2010), we used four

different solid media (Scharlau Chemie S.A., Barcelona) to grow bacterial
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samples. We used TSA, a broadly used general medium to grow mesophilic
bacteria, and three specific media: Kenner Fecal Agar (KF) for growing
bacteria belonging to the genus Enterococcus; Vogel-Johnsson Agar (VJ) for
bacteria of the genus Staphylococcus; and Hecktoen Enteric Agar (HK) for
Gram-negative bacteria of the family Enterobacteriaceae. Bacterial load of
nests for each bacterial group was then expressed as the number of colony

forming units (CFU) per ml (N° colonies * 10dilution factor) / 100 pl spread).

Sample sizes and statistical analyses

We considered 16 species for which we collected information of feather wear
for more than two nests (Table 1). For 11 of these species we successfully
collected information of wear of pigmented (melanised) and unpigmented
(parts of) feathers. However, because of malfunctioning of the
spectrophotometer determining keratin degradation, we lost all feathers
collected for this purpose during 2015. Thus, during 2016, we again collected
feathers of most (11) species with information of feather wear. Nest bacterial
loads were estimated for the 16 species with information of feather wear; most
of the samples were in fact from the same nests where we collected the feathers

to analyse their deterioration state.

Interspecific variation in feather wear of melanised and non-melanised
feathers was explored in separate univariate ANOV As with average values per
nest as dependent variable and species identity as the unique independent
factors. Possible differential wear between melanised and non-melanised
feathers was explored with a subset of species with information for both kinds
of feathers in a Repeated Measures ANOVA. Average values of feather wear
per nest of melanised and non-melanised were used as repeat measures. Thus,
feather pigmentation was the within independent factor and species identity as

the between independent factor.
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Interspecific variation in feather degradability was explored by using
average nest values as the dependent variable and species identity as the only
independent factor. Interspecific variation in nest bacterial loads (log(log(X))
transformed data) were explored in a MANOVA, with bacterial loads of
mesophilic bacteria, enterobacteria, staphylococci and enterococci as multiple

dependent variables and species identity as the independent factor.

The association between feather wear and nest bacterial loads was
explored in General Linear Models (GLM) that did include species identity as
additional independent factor to those reflecting nest bacterial load (i.e., the
four bacterial groups). The expected associations were explored separately for
melanised and non-melanised feathers, but also for the subset of species with
information on degradation of melanised and non-melanised feathers in a
repeated measures design. In this case, values for pigmented and unpigmented
feathers were included as dependent variables in a Repeated Measures
ANOVA (i.e. pigmentation as repeated measure), and bacterial loads of
mesophilic bacteria, staphylococci, enterococci and enterobacteria as
independent covariables. This model also included species identity as an
additional independent factor. For all these models trying to explore the
expected association between bacterial loads and feather wear, we adopted a
backward stepwise procedure for model selection where factors with the
largest p-values were removed one by one up to a p-value lower than 0.1. Final
reduced models coincide with best models from AIC criteria (results not

shown).

To explore the associations between feather degradability and feather
wear, and between feather degradability and nest bacterial loads, we performed
regression analyses. Since feather degradability and feather degradation were
estimated from samples collected in different nests, but bacterial environment
were estimated from the nests where feathers for estimating degradation were

collected, we used average species values of feather degradability, but nest
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values for bacterial environment and feather wear. The analyses including
information of feather degradability did not include species identity as
independent factor because no within species variance exists in feather

degradability.

The effects of age (independent factor) on feather degradability
(dependent variables) were explored in General Linear Models that also
included species identity as additional independent factor. Feather wear was
estimated for several nestling within the same nest and, thus, the effects of age
on this variable were analysed in General Linear Mixed Models that included
species identity as additional independent fixed factor and nest identity nested
within the interaction between species identity and age as the random factor.
We estimated the interaction between age and species identity in separate
models that also included main affects, while main effects were estimated in

models that did not include interactions.

Finally, expected association between feather deterioration or feather
susceptibility to degradation and nest bacterial loads were also explored in
weighted phylogenetic linear models (WPGLS) with average per species
values. As far as we know, available methodologies to consider within species
variance into the PGLS models is restricted to one of the predictor variables
(Garamszegi and Mogller 2010, Garamszegi 2014) and, thus, degrees of
freedom were reduced to those reflecting number of species. Briefly, we used
consensus phylogenetic trees from 1000 downloaded trees from birdtree.org
(Jetzetal. 2012) and used wPGLS following recommendations by Garamszegi
(2014) in R (version 3.6.1) with libraries ape (Paradis and Schliep 2018) and
nlme (Pinheiro et al. 2019).

All statistical tests were performed in Statistica V13 (Statsoft-Inc.

2011).
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Results
Feather wear, interspecific comparisons

We found interspecific differences in wear of secondary covert feathers of
nestling birds, both for melanised (F = 7.24, df = 14, 146, P <0.0001) and non-
melanised feathers (F = 11.50, df = 10, 132, P < 0.0001). Blue tits (Cyanistes
caeruleus) and black wheatears (Oenanthe leucura) were the species with most
damaged melanised feathers, while those of pied flycatchers (Ficedula
hypoleuca) and magpies (Pica pica) were the least damaged (Fig. 1A). When
considering non-melanised feathers, the blue tit had again the highest feathers
wear, while non-melanised feathers of hoopoes (Upupa epops) were by far
those least damaged (Fig 1A). Finally, degradation of non-melanised feathers
(mean (SE) = 1.57 (0.04)) did not differ significantly from that of melanised
feathers (mean (SE) = 1.51 (0.04); Repeated measures, pigmentation effects:
F =1.15, df = 1, 128, P = 0.28). However, in some species the melanised
feathers were more degraded that the unpigmented ones, while in some other
species the tendency was the opposite resulting in a statistically significant
interaction between feather pigmentation and species identity (Fig 1A;
Repeated measures, F = 7.15, df = 9,128, P < 0.0001). These differences are
mainly due to hoopoes and pied flycatchers (Fig 1A).

Feather degradability, interspecific comparisons

We found interspecific differences in feather degradability (F = 5.26, df =11,
107, P < 0.0001), even after controlling for the positive influence of feather
mass used (Beta (SE)=0.83 (0.18), F=21.78,df=1, 107), P <0.0001). Covert
feathers of nestlings of little owls (Athene noctua), pied flycatchers, great tits
(Parus major), hoopoes and blue tits, were the most easily degraded, while

those of choughs (Pyrrhocorax pyrrhocorax), jackdaws (Corvus monedula)
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and magpies (Pica pica) were the most resistant to bacterial degradation (Fig.

1B).

Nest bacterial loads, interspecific comparisons

Estimated nest bacterial loads of different groups of bacteria covaried with
each other (R(Max-Min) = 0.65-0.46, N = 161, P < 0.0001). We detected a
large interspecific variation (MANOVA, Wilks’ A = 0.26, F = 3.80, df = 60,
556.5, P <0.0001; univariate results: F > 3.018, df =15, 145, P <0.0003) that
depended on the considered bacterial group (Fig. 1C). However, independently
of the bacterial group considered, nests of some species consistently harboured
the lowest or the largest densities. For example, little owls, jackdaws and
hoopoes were those with higher mesophilic bacterial loads, while nests of
swallows (Hirundo rustica), choughs, and magpies harboured the lowest
densities of this bacterial group. When considering Enterobacteriaceae and
Staphylococcus, nests of hoopoes were those with the highest density, while
those of swallows harboured the lowest densities of these bacterial groups.
Finally, when considering Enterococcus, nests of rollers (Coracias garrulus)
and of hoopoes were those with the highest bacterial density, and nests of

swallows again showed the lowest densities (Fig. 1C).
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Fig. 1: Wear of melanised and non-melanised parts of secondary-covert wing feathers
(A), feather degradability in terms of feather keratine degradability (B), and nest
bacterial environment (C) estimated as density of mesophilic bacteria (TSA),
enterobacteria (HK), staphylococci (VJ) and enterococci (KF). Values are averages +
95% CI and species are ordered from the highest to the lowest value of each of the
considered variables (density of mesophilic bacteria in the case of nest bacterial
environment).
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Feather wear and nest bacterial loads

Nest bacterial loads predicted wear of nestling feathers, (mainly those
melanised). After controlling for the effect of species identity, the density of
enterobacteria resulted positively associated with melanised feathers wear
(Table 2, Fig. 2). Interestingly, in final-reduced models, density of mesophilic
bacteria resulted negatively associated with melanised feather wear (Table 2,
Fig. 2). When considering non-melanised feathers, no bacterial counts
explained a significant proportion of variance of feather wear (F < 2.16, df =
1,124, P > 0.14), even after correcting for the effect of species identity (F =
10.15, df = 10,124, P <0.0001).
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Fig 2: Association between feather wear of melanised feathers and nest bacterial
environment estimated as densities of mesophilic bacteria and enterobacteria. Bacterial
load and wear values are corrected for species identity. Lines are regression lines.

Differences in feather wear between non-melanised and melanised
feathers (i.e. only species with these two kinds of feathers considered) depend
on nest bacterial environment (enterobacteria (negatively, Fig. 2) and

mesophilic bacterial loads (positively, Fig. 2)). Moreover, after controlling for
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nest bacterial environment, within-nest differences in degradation of non-
melanised minus melanised feathers resulted significantly different from zero;
non-melanised were more degraded than melanised feathers (see within nest
repeated measures in Table 2). That was the case after correcting for the effect

of species identity (Table 2)

Feather degradability, feather wear and nest bacterial loads

Average degradability of feathers of different species tended to be positively
related to wear of non-melanised feathers (Beta(SE) = 0.16(0.09), F =3.27, df
= 1,126, P = 0.073), but not to that of melanised (Beta(SE) = 0.01(0.08), F =
0.01,df=1,138, P =10.958). Moreover, in the final model, feather degradability
resulted negatively related to staphylococci bacterial loads and tended to be
positively related to mesophilic and enterobacteria loads of sampled nests (see

feather degradability in Table 2).

When considering both factors in the same models, feather
degradability and nest bacterial environment explained feather wear. Feather
degradability did not explain significant proportion of variance of wear index
of melanised feathers (Beta(SE) = -0.01(0.08), F = 0.02, df = 130, P = 0.895),
but bacterial environment did after controlling for species identity as showed
in Table 2 (see wear of melanised feathers). On the other hand, wear of non-
melanised feathers was positively associated with feather degradability and
negatively, but not significantly, with staphylococci and enterococci bacterial
loads of the nests (see wear of melanised feathers and feather degradability in

Table 2).

All statistically significant associations disappeared when considering
mean values per species of feather degradation, feather degradability and nest
bacterial environment, and controlled for phylogenetic association among

them (PGLS, P > 0.07,ESM, Table 1).
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Wear and degradability of adults and nestling feathers

For the seven species with information on feather wear, interspecific variation
of adults and nestlings followed a similar pattern (see the effect of age in Table
3). Only in hoopoes, feather wear of nestlings was higher than that detected in
adult hoopoes (Fig 3A). Moreover, feathers of adult individuals were more
resistant to bacterial degradation than those of nestlings. However, rank
positions of feather degradability of adults and nestlings coincided except for
hoopoes (Fig. 3B), which are the responsible of the significant interaction

between species and age (Table 3).
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Fig 3: Wing feathers wear and degradability of 7 and 6 species, respectively, with
information for fledging (filled dots) and adult (open circles) birds. Values are Least
square means + 95% CI. Species are ordered from the largest to lowest fledglings’
values of the considered variable.
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Table 2: Results from GLM models exploring the effects of nest bacterial environment (estimated as density of mesophilic bacteria,
enterobacteria, staphylococci and enterococci) on (1) wear of melanised feathers, on (2) differences in wear of melanised and non-melanised
of the same individual (repeated measures), after controlling for the effect of species identity. The effects of nest bacterial environment on
feather degradability (average species values) were also explored in (3) GLM models. Finally, Results from GLM models exploring the effect
of both bacterial environment and feather degradability (average species values) on wear of melanised feathers are also showed (4). We show
statistics associated with full and final models (i.e., after a backward procedure, eliminating one by one the independent variable with the larger
p-value up to 0.1. Variables associated with p-values smaller than 0.1 are showed in bold fonts to facilitated interpretation to readers.

Full models Final models
Beta(SE) F df P Beta(SE) F df P
Wear of melanised feathers (1)

Mesophilic bacteria -0.179(0.098) 3.31 1,137 0.07 -0.238(0.092) 6.75 1,139 0.010
Enterobacteria 0.206 (0.099) 4.30 1,137 0.04 0.157(0.095) 2.75 1,139 0.099
Staphylococci -0.094(0.095) 0.97 1,137 0.33

Enterococci -0.132(0.108) 1.49 1,137 0.22

Species identity 7.19 14,137 <0.0001 7.00 14,139 < 0.0001

Feather wear in relation to feather pigmentation (within-nests Repeated Measures) (2).

Pigm 3.32 1,120 0.071 4.34 1,122 0.039
Pigm x Mesophilic bacteria 4.27 1,120 0.041 6.99 1,122 0.009
Pigm x Enterobacteriacea 6.03 1,120 0.015 5.52 1,122 0.020
Pigm x Staphylococci 1.78 1,120 0.184
Pigm x Enterococci 0.05 1,120 0.823

Pigm x Species identity 6.22 9,120 <0.0001 6.70 9,122  <0.0001




Full models Final models
Beta(SE) F df P Beta(SE) F df P
Feathers degradability (3)
Mesophilic bacteria 0.175(0.110) 2.53 1,136 0.114 0.190(0.106) 3.17 1,137 0.077
Enterobacteria 0.181 (0.112) 2.60 1,136 0.109 0.196(0.109) 3.24 1,137 0.074
Staphylococci -0.229(0.103) 4.94 1,136 0.028 -0.211(0.096) 4.79 1,137 0.030
Enterococci 0.056(0.111) 0.26 1,136 0.614
Wear of melanised feathers and feather degradability (4)
Mesophilic bacteria 0.590(0.432) 1.86 1,119 0.175
Enterobacteria -0.191(0.193) 0.98 1,119 0.325
Staphylococci -0.345(0.193) 3.18 1,119 0.077 -0.328(0.185) 3.15 1,121 0.078
Enterococci -0.373(0.209) 3.20 1,119 0.076 -0.355(0.188) 3.54 1,121 0.062
Feather degradability 0.238(0.102) 5.47 1,119 0.021 0.241(0.098) 5.98 1,121 0.016
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Table 3: Results from General Linear Mixed Models exploring the effects of age
(fledglings vs adults) and species identity explaining feather wear and degradability
by keratinolytic bacteria. The main effects were estimated in models that did not
include the interaction, and the interaction was estimated in models that also included
main effects. Since feather wear was estimated from several nestlings of the same nest,
we included nest identity nested within the interaction between species and age as a
random factor. Moreover, since estimates of feather degradability depend of feather
mass, we included such information as a covariable in the model.

Factors

Effect Ms MS df F P
effect error

Feather wear

Species F 1596 0.62 6,211.4 2564 <0.0001
Age F 0.01 057 1,280.9 0.01 0.923
Species * Age F 0.81 0.56 6,313.0 1.45 0.197

Nest id(Species*Age) Rnd 0.66 037 168,1706 1.99 <0.0001

Feather degradability

Feather mass F 428 0.27 1, 101 15.89 0.0001

Species F 212 0.27 5,101 11.99  <0.0001

Age F 3.14  0.27 1, 101 30.85 0.0009
F

Species * Age 0.98 0.27 5,96 4.23 0.0016

Discussion

We here estimated feather wear and degradability in fledglings and nest
bacterial loads in nests of 16 species of Palaearctic birds, and detected
statistically significant interspecific variation for all considered variables. On
average, non-melanised feathers were more deteriorated than melanised
feathers, but it was only detected when comparing feathers of nestlings within
the same nests, and after controlling for bacterial environment. Moreover, our

results suggest that the feather deterioration state was explained by feather
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degradability (only for non-melanised feathers) and nest bacterial
environment. Feather degradability was also explained by nest bacterial
environment, suggesting that the nest microbiome determines the integrity of
fledgling feathers as well as their strength to resist bacterial degradation. These
last results were however not controlled for phylogenetic effects. Below we
discuss and offer several possible explanations for the sign of the detected

associations.

Consistent with previous papers claiming that non-melanised feathers
are more easily degraded by bacterial activity than melanised feathers
(Goldstein et al. 2004, Gunderson et al. 2008, Ruiz-de-Castaneda et al. 2012),
we found that non-melanised feathers of fledglings were more deteriorated
than melanised feathers of the same individual. Feather deterioration was
estimated for wing cover feathers and, thus, we assumed that melanised and
non-melanised parts of feathers should have experienced a similar risk of
deterioration. Moreover, the pigmentation effect on feather deterioration was
only detected when comparing melanised and non-melanised feathers within
the same nest (i.e. repeated measures). These results suggest that the detected
differences are due to differential effects of nest bacterial environment on
melanised and non-melanised feathers, which might be explained by melanin
conferring resistance (Bonser 1995) to feathers or/and different feather
microstructure, which would confer different resistance to melanised and non-
melanised part of feathers (Ruiz-de-Castafieda et al. 2012, Ruiz-Rodriguez et
al. 2015). This general pattern of non-melanised feathers being more
deteriorated does not occur in all studied species, with hoopoes showing the
opposite patterns, and some other species showing no apparent differences. We
did not consider the possibility that different species varied in the quality and
quantity of pigments in analysed feathers, which might partially explain
interspecific differences in the effect of feather pigmentation. Future work

directed to explore interspecific differences in pigmentation and
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microstructure of feathers would clarify the importance of such characters in

explaining detected interspecific differences in feather wear.

The most robust result is the detected interspecific differences in all
considered variables. Interspecific differences in nest bacterial environment
estimated as eggshell bacterial loads were first detected by Peralta-Sanchez et
al. (2012), whom also demonstrated associations with life history
characteristics and hatching success (Peralta-Sanchez et al. 2018). Here, we
directly sampled nest materials and for the first time confirm interspecific
variation in nest bacterial environment that should affect probability of
bacterial contamination of eggs, nestlings and adults. Moreover, we also found
significant interspecific variation in feathers’ susceptibility to bacterial
degradation, which was first suggested by Burtt et al. (2011) in association
with interspecific differences feathers’ pigmentation of 13 parrot species.
Interestingly these authors suggested that interspecific differences in feather
degradability should be explained by risk of feather degradation typically
experienced by each species. If this was the case, interspecific differences in
degradation state of feathers collected from the same body parts (i.e. wing
feathers) and at similar stage (similar nestling developmental stage) should be
close to zero. However, our results did not fit this prediction, but pointed out
interspecific differences in feather susceptibility to degradation. Our results,
therefore, suggest that feather resistance do not completely adapt to risk of

bacterial degradation, and that some other factors will play a role.

Interspecific differences in factors affecting feather wear could explain
the detected differences in deterioration of fledgling feathers. We characterized
interspecific differences in feather degradability and in nest bacterial
environment to explore whether these characteristics were responsible of the
wear variability of fledgling feathers, and it resulted associated with bacterial
load of nests where sampled fledglings grew. However, the sign of the

association depended of feather pigmentation and of the bacterial group
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considered. Negative associations between bacterial loads of nests and feather
deterioration can be explained in several ways. First, feathers of species
developing in nests with higher bacterial densities could be more resistant to
bacterial degradation. Partly in accordance with this a posteriori explanation,
we found that feather degradability was lower in species with a high density of
staphylococci in their nests. However, the association turned to be positive
when considering mesophilic bacteria or enterobacteria, which suggest that the
possible influences of nest bacterial environment on the evolution of feather
resistance to bacterial deterioration would depend on the bacterial group
considered and of characteristics of the bacterial community in relation to the
risk of feather deterioration by microorganisms. This speculative inference
links the first to the second possibility explaining the detected negative
association between bacterial loads of nests and feather wear index. This
second explanation posits that characteristics of the bacterial community, or
that some bacteria in avian nests, could protect nestling feathers from feather-
degrading microorganisms. If that was the case, feathers of species with
protecting bacteria in their nests should be more susceptible to bacterial
degradation. On the one hand, nest environments with higher bacterial
densities might harbour keratinolytic bacteria in lower proportion than those
with lower bacterial density. This possibility is however unlikely since
mesophilic and keratinolytic bacterial densities are positively correlated, at
least in starling feathers (Ruiz-Rodriguez et al. 2015). It might also be possible
that bacteria producing antibiotics against keratinolitic ones occur at higher
relative density in nests with higher bacterial densities. Bacterial
antimicrobials function by reducing competition for space and resources
against other bacterial strains (Ji et al. 1997, Riley and Wertz 2002), and
bacterial density is one of the factors known to enhance antimicrobial
production (Riley and Wertz 2002). Thus, it is possible that high-density
bacterial communities also produce high level of antimicrobials against

keratinolytic bacteria able to colonize feather tissues, resulting in lower levels
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of feather degradation. However, we did not quantify the density of
keratinolytic bacteria in nest environments nor in nestling feathers, which is

necessary to test and discuss this possibility.

Another possibility that could explain the negative association
between nest-bacterial density and wear of unpigmented feathers is that this
part of nestling feathers function honestly reflecting (i.e., signalling) individual
abilities of nestlings to maintain plumage integrity during the last days of the
nestling stage (Morales et al. 2019). Reliability of signals partly depends on
costs associated with their production, showiness and/or maintenance
(Maynard-Smith and Harper 2003), and fledglings showing non-degraded
plumage, or plumage of a particular coloration, might signal its phenotypic
quality to conspecifics (Lopez-Ididquez et al. 2018). The role of bacteria in the
evolution of feather characteristics that honestly signal phenotypic quality of
holders has been previously demonstrated in adult males of the spotless starling
(Sturnus unicolor), which wear delicate, long sexual feathers that are easily
degraded by bacteria and that harbour bacteria at a higher density than non-
sexual feathers (Ruiz-Rodriguez et al. 2015). Only males with a higher
capacity to prevent feather wear by bacteria will show non-deteriorated
feathers. Similarly, only good quality fledglings would show non-degraded
white patches on their feathers. Signalling roles of fledgling plumage in
different scenarios of social interaction have been recently proposed to explain
juvenile plumage patterns (Moreno and Soler 2011, Ligon and Hill 2013,
Fargallo et al. 2014, Romano et al. 2016, Galvan 2017, Morales et al. 2019).
Our results show that feather degradability explains feather wear, but mainly
that of non-melanised feathers, which is in accordance with the proposed
scenario. However, melanised feathers were less deteriorated than non-
melanised feathers in some, but not all species, which is contrary to the
proposed scenario. Future work should concentrate on exploring this

hypothesis intra- and interspecifically.
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Detected associations that included feather degradability should be
considered cautiously since they are not controlled by species identity, and the
effects disappeared when using mean values per species in phylogenetically
controlled analyses. These analyses however included only 11 species, which

is a small sample size to reach strong conclusions.

Summarising, we found clear interspecific differences in the
deterioration state of fledgling feathers that tended to parallel interspecific
differences in feather resistance to bacterial degradation, and in nest bacterial
environment, which suggest a role of bacteria in determining such interspecific
variation. The sings of the association between nest bacterial loads and feather
deterioration depend on the bacterial group considered so the different possible
explanations offered should be considered as preliminary and further tested

both at the intra- and interspecific levels.
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Annex

Table Al: Results from PGLM models exploring the effects of nest bacterial
environment (estimated as density of mesophilic bacteria, enterobacteria,
staphylococci and enterococci) on (1) wear of melanised feathers (2), and feather
degradability (3) after correcting for phylogeny. We also explored the effect of both
bacterial environment and feather degradability on wear of melanised (4) and non-
melanised (5) feathers. For all the analyses we used average species values, which
were by sample size (1/N).

Full models
B (SE) t df P
Wear of melanised feathers (1)
Mesophilic bacteria 3.887(2.612) 1.49 10 0.17
Enterobacteria -0.617(1.166) 0.53 10 0.61
Staphylococci 1.001(0.960) 1.05 10 0.32
Enterococci -0.656(1.000) 0.66 10 0.53
Wear of non-melanised feathers (2)
Mesophilic bacteria -1.975(3.268) 0.60 6 0.57
Enterobacteria 1.926(1.435) 1.34 6 0.23
Staphylococci -2.298(1.046) 2.20 6 0.071
Enterococci 0.814(1.235) 0.66 6 0.53
Feather degradability (3)
Mesophilic bacteria 1.527(4.270) 0.358 7 0.73
Enterobacteria 1.594(1.925) 0.828 7 0.44
Staphylococci 2.330(1.726) 1.35 7 0.22
Enterococci 0.959(1.909) 0.50 7 0.63
Wear of melanised feathers and feather degradability (4)
Mesophilic bacteria 3.226(3.101) 1.04 5 0.346
Enterobacteria 0.569(1.456) 0.39 5 0.71
Staphylococci -0.096(1.492) 0.06 5 0.95
Enterococci -0.361(1.429) 0.25 5 0.81
Feather degradability -0.324(0.278) 1.16 5 0.30
Wear of non-melanised feathers and feather degradability (5)
Mesophilic bacteria 2.100(4.159) 0.50 3 0.65
Enterobacteria 1.765(1.801) 0.98 3 0.40
Staphylococci 2.372(1.809) 1.31 3 0.28
Enterococci 0.881(2.033) 0.43 3 0.69
Feather degradability 0.036(0.342) 0.10 3 0.92
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Fig. A1. Means + CI 95% of oligopeptide concentration after 21 days of incubation of
control tubes containing only buffer, the buffer plus the degrading bacteria Bacillus
licheniformis, the buffer plus a piece (1 cm?) of feather, or the buffer plus the bacteria
plus the piece of feather.
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Length of ornamental throat feathers predicts telomere dynamic

and hatching success in spotless starling (Sturnus unicolor) males

Abstract

Sexually selected signals are associated with variables that reliably reflect
individual phenotypic or genetic quality, and, thus, survival prospects of
holders. Telomere length is considered a good predictor of life expectancy.
Consequently, exploring the links between telomere length and sexually
selected traits is much needed to understand the underlying mechanisms
explaining functional significance of secondary sexual traits. We manipulated
the length of throat feathers in spotless starling (Sturnus unicolor) males (a
sexually selected signal) before reproduction and explored its effects on
telomere shortening and breeding performance in subsequent reproductive
events. We did not detect any significant experimental effect, but males with
longer throat feathers before the experiment had shorter telomeres that also
shortened more slowly than those of males with shorter throat feathers.
Moreover, length of throat feathers of males before manipulation was
positively related to hatching success of second clutches. Thus, correlative but
not experimental results support the expected associations. We discuss such
results in scenarios of sexual selection where feather length reflects, but does
not directly cause, telomere attrition and enhanced reproductive success. Males
with longer throat feathers might be older, more experienced males (i.e., with
shorter telomeres), able to buffer telomere shortening between reproductive
events. Because of the absence of experimental effects, differential incubation
effort of females cannot explain the detected association with hatching success,
but other sexually selected traits that covary with throat-feather length could
be responsible. Exploring those physiological and/or morphological
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characteristics related to throat-feather length should therefore be the matter of

future research.

Keywords: Hatching success, Sexual selection, Sexual signalling, Sturnus

unicolor, Telomere dynamics, Throat-feathers length.
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Introduction

The evolution of signals, defined as behavioural, morphological or
physiological characteristics that function transferring information among
organisms (Otte 1974), have attracted the attention of evolutionary biologists
for decades (Maynard-Smith and Harper 2003). By definition, the use of
signals must result in benefits for both the emitter and the receiver(s), which
implies that the transmitted information should be reliable (Bradbury and
Vehrencamp 1998; Searcy and Nowicki 2005). Extravagant secondary sexual
characters of males are usually considered as examples of signals reflecting
different components of their genetic and phenotypic quality (Andersson
1994). Females, by preferring males with traits that correlate with their genetic
and /or phenotypic quality, will gain direct (good parents) or indirect (good
genes) beneficial fitness effects (Hamilton 1990; Andersson 1994; Moller
1994; Mogller and Jennions 2001; Jones and Ratterman 2009). On the other
hand, by exaggerating attractive characters for females, males might gain
breeding opportunities (Darwin 1871), and increased investment in
reproduction by females (Burley 1988) that should result in higher
reproductive success per reproductive event (Meller 1994; Sheldon 2000).

The above-described scenario for explaining the evolution of sexually
selected traits in males predicts a positive association between the character
and the reproductive success of both males and females. Although it was
suggested that male traits that are selected by females do not need to be related
to phenotypic or genetic quality of holders (e.g., runaway sexual selection
process, Fisher 1930), it is now accepted that, mainly because of costs
associated to intra-sexual competition, these traits (i.e. sensory traps) would
rapidly evolve reflecting the quality of males (Macias Garcia and Ramirez
2005). Thus, sexually selected traits should reliably reflect phenotypic or
genetic quality of the holder. Reliability of the signals is mainly warranted by
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associated costs that cheaters would not be able to afford (Zahavi 1975, 1977,
Maynard-Smith and Harper 2003). These costs might refer to those of
production (Hill 2000; Pardal et al. 2018), maintenance (e.g., in time and
energy (Blount et al. 2003; Ruiz-Rodriguez et al. 2015), and showiness (social
control (Tibbetts and Dale 2004; Webster et al. 2018) and detectability by
parasites or predators (Stuart-Fox et al. 2003; Johnson and Candolin 2017; but
see Webster et al. 2018)). Detecting such costs, and associations between the
expression of the target trait and variables reflecting phenotypic or genetic
quality of the holder, is essential to conclude in favour of the existence of

sexually selected reliable signals.

Telomeres are likely candidates for maintaining reliability in sexually
selected signals because their length is nowadays considered a good indicator
of phenotypic quality (Bauch et al. 2013). Telomeres are regions of repeated
noncoding DNA sequence (TTAGGG) that cap the end of eukaryotic
chromosomes. Among other functions, telomeres protect wholeness of genetic
information during cell division (Blackburn 1991). Because replication
failures frequently occur at the end of the chromosomes, telomeres
continuously shorten as a consequence of cell division (Boonekamp et al.
2017). Thus, telomere length is a good predictor of senescence, both at cellular
and organism levels (Suram et al. 2012; Campisi 2013) and survival prospects
(Monaghan and Haussmann 2006; Kotrschal et al. 2007; Soler et al. 2015).
Moreover, telomere length and attrition apparently have significant genetic
components (Dugdale and Richardson 2018) and are related to antioxidant
capabilities (Beaulieu et al. 2011; Badas et al. 2015; Kim and Velando 2015)
and level of stress suffered during development (Boonekamp et al. 2014;
Herborn et al. 2014), including infection (Asghar et al. 2015; Eisenberg et al.
2017; 2018). Telomere length even predicted reproductive success in wild
birds (Boonekamp et al. 2014; Parolini et al. 2017; Bauer et al. 2018) and, thus,

detecting relationships between a sexually selected character and telomere
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length and/or attrition would suggest that the trait reflects (i.e. signals)

phenotypic and/or genetic quality of the holder.

As far as we know, the expected association between a sexually
selected trait and telomere length and/or dynamic, has only been explored and
detected in two bird species, the barn swallow (Hirundo rustica) (Parolini et
al. 2017) and the common yellowthroat (Geothlypis trichas) (Taff and
Freeman-Gallant 2017). In both studies, the focal sexually selected trait was
plumage colouration. Telomere length of males and females correlated with
sexually dimorphic colouration of swallows (Parolini et al. 2017). In the case
of yellowthroats, plumage colouration was related to telomere length and rate
of telomere loss between years, but only in males (Taff and Freeman-Gallant
2017). More recently, it has been detected that colouration of spotless starlings
(Sturnus unicolor, hereafter starlings) eggshells predicts telomere length of
fledglings (Soler et al. 2018). Since eggshell colouration is a secondary sexual
trait of females in this species (Soler et al. 2008), these results also suggest a
link between telomeres and sexually selected traits. These examples are
correlative results dealing with sexually selected characters mediated by
pigments. We here go a step forward and test the expected association between
telomere length and sexually selected traits in an experimental framework,

focusing on a sexual trait whose expression is not related to pigments.

We manipulated the length of the sexually selected throat feathers of
starling males (Hiraldo and Herrera 1974; Ruiz-Rodriguez et al. 2015) and
explored the effects on telomere dynamics, egg-laying dates and reproductive
success. The apical part of these feathers is quite flexible and males exhibit
them very conspicuously during courtship (Ruiz-Rodriguez et al. 2015). In
males, the apical part of throat feathers harboured more feather degrading
keratinolytic bacteria and degraded more quickly than its basal part, suggesting
that males with less degraded feathers are better able to control bacterial

infections (Ruiz-Rodriguez et al. 2015). Moreover, length of the throat feathers
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is positively related with degree of individual homozygosity (Aparicio et al.
2001), and with the ability of counteracting the immunosuppressive effects of
testosterone (Gil and Culver 2011). Thus, there is reasonable evidence
supporting the signalling nature of throat feathers of starling males that females

use in mate choice (Aparicio et al. 2001).

We manipulated the length of the throat feathers of males just before
reproduction and explored its effects on laying date and success of subsequent
reproductive events. Laying date has been traditionally used as a proxy for
mating success and thus for sexual selection component of fitness (Mgller et
al. 2006; Romano et al. 2017). We also explored the effects of experimental
manipulation on telomere shortening by analysing telomere length of males
during subsequent reproductive seasons. Finally, we tested the relationship
between length of throat feathers and telomere length and dynamics (as proxies
of phenotypic and/or genetic quality) in males and females. Our expectation is
that throat-feather length of starling males, but not that of females, should
positively affect reproductive success, early pairing, and telomere length,
reducing rate of telomere deterioration. Thus, we should find such associations
in correlative frameworks, while the experimental reduction of throat feather
length should result in lower reproductive success, later breeding dates and
increased rates of telomere deterioration. If reduction of throat-feather length
increases stress levels due to social interactions, its effect on telomere
deterioration should be detected. By contrast, if it negatively affects mating
success and thus reduces reproductive effort, telomere deterioration would be

lower in males with experimentally shortened throat feathers.
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Material and Methods

Study area and study species

The study was conducted during the years 2013, 2015, 2016 and 2017 in a
south-eastern region of Spain (Hoya de Guadix, 37°15°N, 3°01°W) where nest-
boxes attached to tree trunks or walls at 3—4 m above-ground are available for

starlings to breed on (for further information on the study area see Soler et al.

(2017)).

The spotless starling is a medium-sized, hole-nesting and polygynous
passerine (Cramp 1998; Veiga and Polo 2016). Starlings are sexually
dimorphic. Apart from slight differences in beak and plumage coloration
between males and females (Navarro et al. 2010; Veiga and Polo 2016), the
most apparent sexually dimorphic character are the throat feathers. Post-
breeding moult in this species starts at the end of June, thus it may overlap with
the nestling period, and it is completed between mid-September and mid-

October (Veiga and Polo 2016).

In the studied population, the reproductive season starts in early April
and most individuals lay a second clutch during May-June. The most common
clutch size is 4-5 eggs. The incubation phase usually begins with the
penultimate egg, which promotes that the last nestling hatches later than the
others (Veiga and Polo 2016). Incubation is mostly carried out by females with
sporadic help from males, and extends for around 14 days, while the nesting
period lasts 21-22 days (Cramp 1998). Both male and female parents
contribute to feeding the offspring and remove nestling faecal sacs (Cramp
1998). During the whole nesting process, adults bring feathers and aromatic
plants to the nest, which have been shown to have antimicrobial-beneficial
functions (Ruiz-Castellano et al. 2016; Soler et al. 2017). Reproductive success

in the study area varies among years and breeding attempts, with second
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clutches usually showing lower reproductive success than first clutches (pers.

obs.).
Fieldwork and experimental procedure

In this population, courtship activity (e.g. singing, introducing fresh
green plants and feathers in nest boxes) starts in February, more than one
month before egg laying (pers. obs.). During this period, some birds roost in
nest-boxes and we take advantage of this fact for conducting yearly bird
trapping sessions in the study area (twice a year between February and mid-
March). One hour before dawn, we closed the entrance of all nest boxes in the
study area, and immediately after dawn, we captured by hand all individuals
found roosting inside. Captured birds were kept individually in clean cotton
bags hanging from a stick to keep birds quiet, and were released immediately
after sampling. The maximum time that a captured starling was in the bag did
never exceed 3 h. For additional details, see Ruiz-Rodriguez et al. (2015). This
procedure does not imply apparent negative effects on breeding performance

of captured birds (Soler et al. 2008).

Every year, we also captured birds during breeding, 4-5 days after the
hatching date, by using nest-box traps for a maximum time of one hour. All
captured adults were ringed with a numbered metal ring (if not already ringed)
and with a unique combination of three colour rings. We also measured length
of throat feathers of males and females with a ruler as shown in Fig. 1a. Three
measurements were taken to estimate its repeatability. In addition, we collected
0.5-0.6 ml of blood by puncturing the brachial vein and approximately 0.1 ml
of this blood was conserved in ethanol for further molecular analyses. Finally,
captured males were alternately assigned to control or experimental treatment.
With the aid of scissors, we cut the distal half portion of throat feathers of
experimental individuals, while we handled control males in the same way but

without cutting throat feathers. After manipulation, we again measured feather
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length of experimental males, which on average were shortened by 1.5 cm
(GLM of throat-feather lengths by treatment in his first capture; Least squares
means =+ standard error: experimental males: 1.8 £ 0.1 cm; control males: 3.2
+ 0.1; F = 140.16, p < 0.0001) (Fig. 1). Males that were recaptured during
different study years were assigned each time to the same experimental
treatment, repeating the same procedure on them, with the exception of three
males. Treatment of these three males changed from control in the first to
experimental in the second capture, one year later. The effects of treatment in

these males were considered as independent information in the analyses.

Fig. 1: Aspect of a control (A) and an experimental (B) individual, and the estimation
of ornamental throat feathers length of a male spotless starling (C).

Starling reproduction was monitored by checking nest-boxes every
three days since the beginning of April, which allowed us to accurately detect
the date of first-egg laying and clutch size (i.e. maximum number of eggs
detected). Afterwards, nest boxes with known laying dates were visited weakly

until two days before the expected hatching date (14 days after the first egg
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was laid), when we visited the nest every two days to estimate hatching success
(percentage of laid eggs that hatched successfully). During the nestling phase,
we visited the nest-boxes at an intermediate nestling age (approximately 8 days
after hatching), and few days before fledging (14 days after hatching). During
this last visit, the number of nestlings was recorded, and fledging success was

estimated as the percentage of hatchlings that survive until this day.

Experimental males were identified during breeding by capture at the
nest boxes during the nesting phase (see above), or by visualizing the unique
combinations of colour rings in lh video recordings of nest-box entrances
during the second-third day after hatching. Males usually attend the same nest-
box during the entire breeding season in our study area (e.g. in 63 of 65 nest
boxes the male attending the first and the second clutch was the same, MAG,
personal observation). Thus, for those males that were only recorded in one of
the breeding attempts (either first or second), we reasonably assumed that they
attended the same nest-box during the other. The two cases were we detected
different males attending first and second breeding attempts in the same nest-

box were not considered in the analyses.

Telomere length estimation

DNA was extracted from blood samples using a standard chloroform—isoamyl
alcohol-based protocol (see Ferraguti et al. (2013)). DNA concentration was
adjusted to 20 ng puL-1 using distilled water and conserved frozen until further
analyses. Relative telomere length (hereafter telomere length) was estimated
by q-PCR following the protocol and primers of Criscuolo et al. (2009). As
control single-copy gene, we used the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) to normalize the quantity of telomere sequence to
the amount of DNA in the g-PCR. The final PCR volume was 20 pL containing
10 uL of LightCycler 480 SYBR Green I Master (Roche Diagnostics GmbH,
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Mannheim, Germany) and 1 pL of DNA at 20 ng uL™! of DNA. The reactions
for telomeres or GAPDH were done in different plates due to the differential
PCR conditions. Telomere PCR conditions were 10 min at 95 °C followed by
30 cycles of 1 min at 56 °C and 1 min at 95 °C. GAPDH PCR started with 10
min at 95 °C followed by 40 cycles of 1 min at 60 °C and 1 min at 95 °C, both
performed in a LightCycler 480 RT-PCR System (Roche). Each sample was
run in duplicate, and samples with a coefficient of variation higher to 5 % were
removed from the analyses. Each 96-well plate included serial dilutions of
DNA (40 ng, 10 ng, 2.5 ng, 0.66 ng of DNA per well) from a reference pool
(the internal control) run in triplicate, which were used to generate the standard
curves, and a blank control with no DNA. Quantification cycle values (Ct)
were transformed into normalized relative quantities (NRQs) following
Hellemans et al. (2007) procedure, which controls for the amplifying
efficiency of each qPCR. Amplification efficiency for telomere products
ranged between 1.92 and 2.07 and for the GAPDH product between 1.94 and
2.02. The melting curves of the control gene cycles confirmed no evidence of

primer dimer or nonspecific amplification.

Telomere shortening was calculated by subtracting the NRQ value of
samples from the last capture to those of the first capture. These differences
were standardized by dividing telomere shortening for the length of telomere
of first captures. Elapsed time between captures varied between 82 days (that
included most of the breeding season) and two years. Unfortunately, due to
blood conservation problems, samples from the 2013 breeding season could

not be analysed.

Statistical analyses

The three measurements of throat feathers in males and females were highly

repeatable (r=0.96, F =51.0, df= 145,292, p < 0.0001) and, consequently, we
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used the mean value for further analyses. As approximations to the mating
success of the males, we used date of laying of the first egg in the season.
Hatching and fledging success were used as proxies of reproductive success in
the analyses. Independently of the study year, the zero value of laying date
corresponded to the 1% of April.

Telomere length was estimated only for individuals (males and
females) that were caught at least twice, whose time between captures lasted
more than 82 days and included at least one reproductive event. To explore the
associations between length of throat feather (dependent variable) and
telomere length (independent variable) we used General Linear Models
(GLMs) that also included study year as discrete fixed independent factor. In
this analysis we only considered information on first captures (i.e., before
experimental manipulation). The association between throat-feather length and
telomere shortening was also explored in GLMs that included telomere
attrition as the dependent variable, throat-feather length at first capture and
time elapsed between captures as continuous independent factors, and
experimental treatment as fixed effect (in males). These associations were

separately explored for males and females.

The associations between experimental manipulation of throat-feather
length (independent factor) and variables reflecting mating (laying date) and
breeding success (hatching success and fledgling success) (dependent variable)
were also explored in GLMs. Capture event (first or second capture) and study
year were included in the model as additional independent factors. Individual
identity did not explain a significant proportion of variance in reproductive
variables (within and between individuals variance was similar) and, thus, was
not included in the models. Hatching and fledging success were analysed
separately for first and second clutches. We did so because environmental
conditions usually deteriorate during second clutches and, thus, the expected

association with the sexually selected trait may be more easily detected in

186



Capitulo 5

second breeding attempts. In separate models we also explored the possibility
that the expected experimental effects varied between captures by including
the interaction between capture event and experimental treatment in the above
described models. Moreover, we also tested the possibility that the relationship
between throat-feather length and variables reflecting mating and breeding
success differ for experimental and control males by exploring the interaction
between throat-feather length and treatment in the previously described
models. In no case, these interactions reached statistical significance (p >
0.145) and, thus, were not considered further. In addition, we explored whether
the experimental shortening of throat feathers had any effect on feather size in
subsequent moults. We conducted a GLM where the dependent variable was
the difference in feather length between the second and first capture, with time
elapsed in days between captures as a continuous variable and treatment as a

discrete factor.

Sample sizes differ between analyses for several reasons. First, not all
captured individuals were recaptured or identified during breeding. Second, a
few genetic analyses failed or samples deteriorated before the analyses.
Finally, information from control and experimental individuals was useful for

testing some but not other predictions.

Residuals of all statistical models were plotted and visually checked
for normality. All analyses were performed with Statistica V13 (Dell-Inc.

2015).

Results

Feather length and telomere length

Telomere length and throat-feather length were negatively related in males

(Beta (SE)=-0.54(0.21), F=6.77,df=1,14, p=0.021) and positively related
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in females (Beta (SE) = 0.36(0.17), F =4.76, df = 1,31, p=0.037) (Fig. 2A),
after controlling for the non-significant effect of study year (Males: F = 0.82,
df = 2,14, p = 0.459; Females: F = 0.87, df = 2,31, p = 0.429). Telomere
shortening was also negatively related with throat-feather length before the
experiment (in his first capture), but only for males (Males: Beta (SE) = -
0.54(0.18), F =8.67, df = 1,17, p =0.009; Females: Beta (SE) = 0.20(-0.17),
F = 1.45, df = 1,34, p = 0.236) (Fig. 2B). Neither time elapsed between
telomere length measurements (F =2.75, df = 1,17, p=0.11), nor experimental
treatment (control (N=10): mean(SE) = 0.00(0.09), experimental (N=11):
mean(SE) = -0.13(0.08), F =1.19, df = 1,17, p = 0.291) explained additional
proportion of variance in telomere shortening in males. Thus, males with
longer throat feathers tended to have shorter telomeres but experienced lower
rates of telomere shortening, while the manipulation of throat feathers did not

affect rate of telomere shortening.

Feather length and reproductive performance

Length of throat feathers of males before manipulation was positively
associated with hatching success of second breeding attempts after controlling
for the non-significant effect of study year (Table 1, Fig. 3). However, no
experimental effect was detected in any of the considered reproductive

variables (Fig. 3).

There was no difference between treatments in the difference in feather
length between first capture and subsequent moults (control (N=10): mean(SE)
= 0.08(0.13), experimental (N = 9): mean(SE) = 0.34(0.14), df = 1,16, F =
1.66, p=0.215).
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Table 1: Effects of the experimental manipulation of throat-feather length in spotless starling males on laying date, hatching success and
fledging success. Hatching and fledging success of first (1st) and second (2nd) breeding attempts are separately analysed. Significant results
(p <0.05) are in bold.

Throat-feather length Treatment Year F1rst.year/
Following year
Dependent Beta Mean Mean
DF F P N N F P F P F P
variables (SE) (SE)ctri (SE)Exp
0.10 0.09 -0.06
Layi t 1 . 42 4 0. 54 - - .001 971
aying date 0.13) ,63  0.65 0.423 (0.18) 33 (0.18) 34 037 0.543 0.00 0.97
Hatching -0.00 0.82 0.86
1,54 0.00 0.971 32 29 0.80 0.374 2.01 0.124 0.2 0.591
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29) and second (Ncui= 21; Ny = 22) breeding attempts.

Discussion

Our main results are that spotless starling males with longer throat- feathers
had shorter telomeres that deteriorate more slowly than those of males with
shorter throat feathers. Experimental shortening of throat feathers of males did
not affect telomere deterioration rate, suggesting that the correlative
association was not due to feather length but to correlated variables, or that
time elapsed between captures was not enough for feather length to exert an
effect on telomere deterioration. The association between length of throat

feathers and telomere length also appeared in females, but in the opposite
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direction than in males. These results therefore suggest a link between throat-
feathers and telomere length and dynamics that differ between sexes.
Moreover, we found a positive association between length of throat feathers of
males and hatching success of second clutches. Again, experimental
manipulation of throat-feather length did not influence hatching success
suggesting that the detected association were not directly mediated by feather
length. Below we discuss such results in scenarios of sexual selection where
feather length reflects phenotypic quality of males in terms of telomere length

and/or attrition rates.

Feather length and telomere length

Older spotless starling males usually possess longer throat feathers (Hiraldo
and Herrera 1974; Aparicio et al. 2001; Veiga and Polo 2016). Moreover,
telomeres deteriorate with age (Haussmann and Vleck 2002; Haussmann et al.
2003; Pauliny et al. 2006). Thus, the detected negative association between
feather length and telomere length might be simply due to length of throat
feathers reflecting male age-related telomere shortening. Another non-
exclusive possibility explaining this negative association is related to
physiological costs derived from developing exaggerated ornaments that
would imply elevated telomere deterioration. Extensive evidence suggests that
high testosterone levels are required to develop exaggerated ornaments
(Gonzalez et al. 2001; Fusani 2008). Elevated testosterone levels imply
considerable costs in terms of, for instance, immunosuppression (Folstad and
Karter 1992; Gil and Culver 2011) and increased oxidative stress (Blas et al.
2006; Alonso-Alvarez et al. 2007). Oxidative stress is one of the better-known
causes of telomere deterioration (von Zglinicki 2002; Richter and von
Zglinicki 2007) and thus, sexual ornamentation and telomere length might be

negatively associated (Monaghan 2014), a prediction that our results fulfilled.
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A positive association between sexually selected characters and
telomere length can also be predicted because males of higher phenotypic
and/or genetic quality are better able to cope with costs associated with the
expression of these traits (Andersson 1994; Mgller 1994). In accordance with
this last scenario, previous works exploring associations between sexually
selected traits and telomere length in birds found positive rather than negative
relationships (Parolini et al. 2017, Taff and Freeman-Gallant 2017). In these
cases, however, the considered secondary sexual trait did not change with age
(Parolini et al. 2017, Taff and Freeman-Gallant 2017), in contrast to length of
throat feathers in starlings (Veiga and Polo 2016). In addition, in accordance
with sexually selected characteristics related to telomere length, Parolini et al.
(2017) and Taff and Freeman-Gallant (2017) found that telomeres of males
with more exaggerated sexual traits deteriorated at lower rates, a pattern that
we also detected here. Telomere attrition conveys information on the capacity
of individuals to maintain chromosome wholeness and, thus, it is a good
predictor of survival and of maximum lifespan in birds (Tricola et al. 2018).
Thus, since telomeres of starling males with longer throat feathers deteriorated
at relatively lower rate, it is likely that the negative association between
telomere and feather lengths was due to age being positively and negatively

correlated with feather length and telomere length, respectively.

We experimentally reduced throat-feather length of male starling, but
found no effect in telomere deterioration. Throat feathers are not involved in
flight activity but in social communication (Ruiz-Rodriguez et al. 2015). Thus,
this result suggests that the association with telomere length and shortening
should be mainly related to physiological pleiotropic effects rather than to
social environment. Further studies should explore the role of physiological
characteristics related to throat-feather length (e.g. immunocompetence, (Gil
and Culver 2011)) which may predict telomere length and shortening.

Different associations between sexually dimorphic characteristics and
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telomere dynamics of males and females have been reported (Parolini et al.
2017; Taff and Freeman-Gallant 2017). Thus, it is likely that sexual hormones
mediate the association between sexually selected traits and telomeres. Here,
we found that length of throat feathers and telomere length of females were
significantly related, but in the opposite direction that in males. Moreover, in
females, telomere shortening was not predicted by throat-feather length. Throat
feathers of females are 1 cm shorter than those of males, and they are not
considered a sexually selected trait, at least to the same extent as in males
(Ruiz-Rodriguez et al. 2015). It is therefore likely that development of these
feathers in females does not depend on age or sexual hormones and, thus, its
length would not be associated with testosterone provoking oxidative stress
and being mirrored in their telomeres. In this case, throat-feather length might
reflect phenotypic conditions of females at the moulting time. Therefore, a
positive rather than a negative association with telomere length could be

expected as shown here.

Feather length and reproductive performance

Throat feathers of starling males are involved in sexual signalling (Aparicio et
al. 2001; Gil and Culver 2011; Ruiz-Rodriguez et al. 2015). Here, we found a
positive association between throat-feather length and hatching success of
second reproductive attempts, which support the expected reproductive values
of the secondary sexual traits. This association was only detected for second
clutches, which usually take place under poorer environmental conditions (as
for example, an increase in temperature and a decrease in food availability)
that might increase the probability of hatching failures (Salaberria et al. 2014).
Two different non-exclusive scenarios might explain the detected association
between ornamentation of males and hatching success. First, females might

invest more in incubation duties when mated to more attractive males with
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longer throat feathers (differential allocation in relation to male ornamentation,
Moller and Thornhill 1998; Harris and Uller 2009). However, the experimental
reduction of throat-feather length did not cause a reduction of hatching success
and thus feather length of males during the incubation period does not explain
the detected association. The second possibility is that males with longer
ornaments mated with females of superior genetic or phenotypic quality that
improve hatching success. Previous studies in spotless starlings detected a
positive association between hatching success and level of heterozygosity of
females, but not of males (Cordero et al. 2004). Moreover, it is also known that
males with longer throat feathers mate with highly heterozygous females
(Aparicio et al. 2001). In our study, most experimental males were manipulated
after mating but before reproduction started and, thus, it is possible that
heterozygosity of females already mated with experimental males explained

the detected association between feather length and hatching success.

Summarizing, we found that the length of throat feathers, a sexually
selected trait in male spotless starlings, reflects telomere length and possibly
the age of individuals as well as their phenotypic quality in terms of preventing
telomere deterioration. We also found a positive association between throat-
feather length and hatching success, which might be related to particularities
of females mated to males with longer feathers. Interestingly, the experimental
reduction of throat-feather length did not produce a more pronounced telomere
deterioration, nor a reduction in the fitness related variables considered.
Therefore, the interesting detected associations might not be due to the
physical appearance of throat feathers but, perhaps, to other physiological
and/or non-manipulated morphological characteristics that covaried with them.
Future studies should explore possible candidates that included antioxidant

capability or related morphological signals.
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Beak colouration of starling (Sturnus unicolor) males depends on

the length of their throat feathers

Abstract

Within the context of complex sexual signalling, most research has focussed
on exploring the association between several signals and/or their relationship
with different proxies of individual quality. However, few studies have focused
on checking whether the expression of one signal is conditioned by the
expression of the others. Here, by experimentally shortening the throat feathers
in males, we evaluated the influence of this trait on the colour expression of
the beak base in spotless starlings (Sturnus unicolor). In addition, we tested the
relationship between these two secondary sexual characters with traits
indicating individual quality such as body condition and colour reflectance at
the wavelength related to carotenes in the tip of the beak. Our results show that
the colouration of the beak base in males, but not in females, is positively
related to body condition and to the length of ornamental throat feathers.
Moreover, the experimental shortening of throat feathers in males had a
negative effect on the blue chroma intensity of their beak base one year after
manipulation. . These results support for the first time a causal link between
the expressions of two sexually dimorphic characters, which is essential to

understand their functionality in a multiple signalling framework.

Keywords: Beak colour, Body condition, Interacting signals, Multiple signals,

Ornamental feathers length, Sexual selection.
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Introduction

Animals use a wide array of signals to inform about their phenotypic or genetic
quality to conspecifics in social interactions, in contexts such as mate choice
or competition for resources (Lyon and Montgomerie 2012, Kokko 2003,
Edward 2015, Andersson and Simmons 2006, Kraaijeveld et al. 2007). In
contexts of sexual selection, males typically possess multiple traits that may
convey independent information to receivers (Meller and Pomiankowski
1993). Although most research on the evolution and function of signals has
focused on single traits, the importance of studying these characters within the
theoretical and more realistic framework of multiple signals has been
highlighted (Hebets and Papaj 2005, Candolin 2003). Different characters
might, for instance, imply multiple or redundant messages (i.e. information),
or might be more efficient in particular environments or in stimulating
particular sensory senses (Hebets and Papaj 2005, Candolin 2003, Meller and
Pomiankowski 1993). Hebets and Papaj (2005) developed a framework of
testable hypotheses for explaining the evolution and functioning of multiple
signals. They highlighted (i) the importance of considering complex signals
and the unit of character selection; (ii) that complex signals include several
characters that function together, either facilitating the transmission (e.g., using
different sensory channels) or reinforcing transmitted information to receivers
(i.e, redundant information); and (ii1) that individual signals or components of
complex signals do not necessarily function independently, but may interact in

a functional way.

Most research on complex signalling has focussed on exploring the
association between several signals (Bro-Jorgensen and Dabelsteen 2008,
Chaine and Lyon 2015, Mason et al. 2014, Perrier et al. 2002, Girard et al.
2015), or between signals and different proxies of fitness including phenotypic

quality (Martin and Lopez 2009, Balmford et al. 1992), mating success (Meoller
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and Pomiankowski 1993) and efficacy of signal transmission in different
environments (Endler and Houde 1995). Even though the study of the
interactions (i.e., associations) between different signalling characters is
essential to know individual or complex signals functioning, it is one of the
least explored areas within the field of signal evolution. The study of signal
interactions shed some light on signal functioning because, for instance,
detecting a positive association would suggest that transmitted information is
redundant or complementary. Moreover, a negative association would indicate
that a trade-off between signalling characters exists, while the absence of
association between different signals would suggest that they convey different
information to receivers (Candolin 2003, Hebets and Papaj 2005). In most
instances, inter-signal interaction occurs when the presence of one signal or a
signal component alters the response of the receiver to a second signal or
component by amplifying or conditioning the information provided by each

other.

Interactions between signals may also occur when the production of
one signal influences the cost of production of another signal (Johnstone 1996,
Candolin 2003). In this case, independently of the transmitted information, the
phenotypic expression of one signal impinges on the resulting phenotype of
the other signal. Signals are typically costly to produce (Hasson 1994, Salvador
et al. 1996), to maintain (Ruiz-Rodriguez et al. 2015), or to show (i.e. social
cost; Tibbetts and Dale 2004), and the expression of signals or signal
components may be traded-off against each other. On the one hand, there could
be a trade-off between two signals (e.g. by using the same resources as
carotenes), so that a lesser expression of one increases the expression of the
other (Andersson et al. 2002). On the other hand, it is also possible that the
expression of one signal reduces the average costs due to social interactions
(Morales and Velando 2018) and, thus, facilitates or enhances the expression

of other signals. For instance, ornaments that develop before reproduction and
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function in social contexts others than sexual (e.g. intra-sexual), and could
serve to stablish social hierarchy, may reduce agonistic social interactions and
mitigate subsequent energetic costs. Saved energy could thus enhance the
production of some other sexual ornaments during courtship or reproduction
and, therefore, the expression of ornaments developed before and during
reproduction could be positively related. This might be the case of certain
plumage characteristics of birds that reduce social costs before reproduction
(Senar et al. 2000), and thus, could boost the expression of other sexually
selected traits, such as song or other similar flexible dynamics traits, that are
exclusively expressed during reproduction (Mason et al. 2014, Badyaev et al.

2002).

Detecting evidences supporting the hypothesis that the expression of
one signal is conditioned by the expression of other signals can be challenging.
A main reason is that sexual signals are typically condition-dependent (e.g.
Saino et al. 1997, Soler et al. 2008, Velando et al. 2006). Thus, detecting
positive or negative associations between the expression of different signals is
not enough to infer causation. Rather, this hypothesis should be tested in
experimental frameworks where the modification of one signal causes or
explains the phenotypic expression of other signals. As far as we know, this
hypothesis has been tested experimentally only once by Henderson et al.
(2018), who manipulated plumage colouration of house finch (Haemorhous
mexicanus) males before reproduction and detected an effect on male
investment in song under captivity conditions. However, the effect was
dependent on experimentally modified social context (feather colouration of
neighbours) and, thus, it is not completely clear that the detected effects were
exclusively caused by costs associated to plumage colouration. Here, we go a
step further and look for experimental evidence supporting the hypothesis in

the wild in spotless starlings (Sturnus unicolor, hereafter starlings).
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Starlings are semi colonial and sexually dimorphic birds, with males
showing elongated throat feathers (Hiraldo and Herrera 1974, Lezana et al.
2000) and conspicuous yellow beak with blue coloured basal part (Navarro et
al. 2010). These two secondary sexual traits could harbour different kinds of
information or, at least, information at different time scales. The apical part of
these feathers is quite flexible, and males exhibit them very conspicuously
during the entire year in social interactions, including courtship (Aparicio et
al. 2001, Ruiz-Rodriguez et al. 2015). In addition, these feathers honestly
reflect the phenotypic quality of individuals (Lezana et al. 2000, Lopez-Rull et
al. 2007, Gil and Culver 2011, Ruiz-Rodriguez et al. 2015). On the other hand,
during reproduction, the otherwise black coloured beak of starlings turn to
yellow colouration in both sexes, while its basal part turn to blue in males and
to pink in females (Cramp 1998) (Fig.1). Beak colour in starlings is a sexually
dimorphic and dynamic trait that likely reflects antioxidant capacity (Navarro
et al. 2010) and, accordingly, previous studies found that the yellow colour of
the beak is related to the level of carotenoids and vitamin A in the plasma in
both sexes (Navarro et al. 2010). The moult of throat feathers occurs in
September-October (Veiga and Polo 2016), thus far before the reproductive
period. Therefore, it is likely that these feathers serve to stablish social
hierarchies within the population during the whole year, allowing to reduce
agonistic interactions and to mitigate its associated costs (Andersson 1994). If
that was the case, the length of the throat feathers could play an important role
during the non-breeding season by affecting the acquisition and allocation of
resources, which could be reflected in the intensity of beak colouration in
starling males. Length of throat feathers can be easily manipulated (see
Material and Methods), so the hypothesis that the expression of one signal
(length of throat feathers) determines the expression of the other (beak

colouration) can be experimentally tested.
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We manipulated the length of the throat feathers of males by cutting-
off approximately the half-distal portion of the feathers before reproduction,
and explored its effects on the colour (chroma and brightness) of the base of
the beak during reproduction. If this manipulation increases social agonistic
interactions before reproduction, energy and resources available for
developing sexual colouration during reproduction will be lower for
experimental than for control males. This scenario therefore predicts a negative
effect of experimentally shortened throat feathers on beak colour. An
alternative scenario is that the experiment did not result in differential social
costs for experimental and control males before reproduction. In this case, it is
possible that experimental males compensate the loss of one sexual signal by
increasing the expression of the other. This alternative scenario therefore
predicts a positive effect of the manipulation on the expression of beak

colouration.

We also tested correlative predictions of the hypothesis that considered
these traits as sexual signals of males but not of females. Particularly, we
expected that length of throat feathers and colour (chroma and/or brightness)
of the base of the beak were positively related in starling males, but not in
females. Moreover, we also expected that both traits are correlated with body

condition, an indicator of the phenotypic quality of individuals.

Material and Methods

Study area and study species

The study was conducted during the years 2015, 2016 and 2017 in a south-
eastern region of Spain (Hoya de Guadix, 37°15’N, 3°01°W), where nest-
boxes attached to tree trunks or walls at 3—4 m above-ground are available for

starlings to breed in (for further information on the study area see Soler et al.

(2017)).
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Fig. 1: Mean spectral reflectance of the tip (A) and base (B) of the beak in male (empty
black circles) and female (filled grey triangles) spotless starlings during the breeding
season. Vertical bars denote 95 % CI. Photographs show the typical colour of the beak
of spotless starling males (C) and females (D) during the breeding season, as well as
the black beak of starlings out of the breeding season (E).

In the studied population, the reproductive season starts in early April
and most individuals lay a second clutch during May-June. The most common
clutch size is 4-5 eggs. Incubation is mostly carried out by females with
sporadic help from males, and extends for around 14 days, while the nesting
period lasts 18-25 days (Cramp 1998). Both male and female parents
contribute to feeding the offspring and remove nestling faecal sacs (Cramp
1998). During the whole nesting process, adults bring feathers and aromatic
plants to the nest, which have been shown to have antimicrobial-beneficial
functions (Ruiz-Castellano et al. 2016, Soler et al. 2017, Ruiz-Castellano et al.

2019). Reproductive success in the study area varies among years and breeding
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attempts, with second clutches usually showing lower reproductive success
than first clutches (unpublished data). Here, we will focus on the colouration
of the base of the beak, a trait with a more marked sexual differentiation as we

can see in its reflectance at different wavelengths (Fig. 1).

Fieldwork and experimental procedure

In this population, courtship activity (e.g. singing, introducing fresh
green plants and feathers in nest boxes) starts in February, more than one
month before egg laying (pers. obs.). During this period, some birds roost in
nest-boxes and we take advantage of this fact for conducting yearly bird
trapping sessions in the study area (twice a year between February and mid-
March). One hour before dawn, we closed the entrance of all nest boxes in the
study area, and immediately after dawn, we captured by hand all individuals
found roosting inside. Captured birds were kept individually in clean cotton
bags hanging from a stick to keep birds quiet, and were released immediately
after sampling. The maximum time that a captured starling was in the bag did
never exceed three hours. For additional details, see Ruiz-Rodriguez et al.
(2015). This procedure does not imply apparent negative effects on breeding
performance of captured birds (Soler et al. 2008).

Every year, we also captured birds during breeding, 4-5 days after the
hatching date, by using nest-box traps operated for a maximum time of one
hour. All captured adults (males and females) were ringed with a numbered
metal ring (if not already ringed) and with a unique combination of three colour
rings. They were weighed with a hanging scale (Pesola 0-300 g, accuracy 2
g), and their tarsus, wing, and beak length measured with a digital calliper
(accuracy 0.01 mm) and a ruler (accuracy 1 mm), respectively. We also
measured three times the length of throat feathers of males and females with a

ruler. In addition, the colour of the base of the beak was measured with a

212



Capitulo 6

spectrometer (see below). Finally, captured males were alternately assigned to
control or experimental treatment. With the aid of scissors, we cut the distal
half portion of throat feathers of experimental individuals, while we handled
control males in the same way but without cutting throat feathers (Fig. 2). After
manipulation, we again measured feather length of experimental males, which
on average were shortened by 1.5 cm (GLM of throat-feather lengths by
treatment in his first capture; Least squares means = SE: experimental males:
1.8 £ 0.1 cm; control males: 3.2 + 0.1; Fi 5= 140.16, p < 0.0001). Males that
were recaptured during different study years were assigned each time to the
same experimental treatment, repeating the same procedure on them, with the
exception of three males. Treatment of these three males changed from control
in the first to experimental in the second capture, one year later. The effects of
treatment in these males were considered as independent information in the

analyses.

Fig. 2: Aspect of a control (A) and an experimental (B) individual, and the estimation
of ornamental throat feathers length of a male spotless starling (C).
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Colour measurements

The colour of the base of the beak was measured in males and females with an
Ocean Optics S2000 spectrometer in the field. It was connected to a deuterium-
halogen light (D2-W, Mini). To standardize ambient light conditions, we used
a black bag that wrapped the tip of the optical fibre and the beak and made the
measurements inside a dim area (nearby building or in a tent). Before the
measurement of each individual, we calibrated the spectrometer using a
standard white and black reference. We obtained reflectance spectra at 10 nm
intervals from 300-700 nm for all individuals. The colour was measured three

times on the base of the beak, and average values were obtained.

We estimated the proportion of total reflectance within the blue range
(colour to which the base of the males beak tends) of chroma of the spectrum
(A = 400-475 nm, hereafter blue colour intensity). We did the same with the
yellow-red range of chroma of the spectrum (A = 570-700nm, hereafter yellow-
red colour intensity). This range coincides with the typical gradual increasing
colour spectral shape of phacomelanins (Navarro et al. 2010) and in which the
reflectance values of males and females are more differentiated at the base of
the beak (Fig. 1). In addition, it covers the range of red to which the base of
the beak usually tends in females. We also calculated the average brightness
over the entire range of the spectrum (300-700 nm). Finally, we also calculated
the chroma reflectance values at the carotenoids’ wavelengths (450-570 nm).
We obtained this variable using the shape model in the Avicol V.6 software
(Gomez 2006). Prior to all analyses, negative values were set to zero and

reflectance curves were corrected for noise using triangular smoothing (Gomez

20006).
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Statistical analyses

The three measurements of the length of throat feathers in males and females
were highly repeatable (R =0.96, F145200=51.0, p <0.0001) and, consequently,
we used the mean value for further analyses. Body condition was estimated as
residuals of body mass after correcting for tarsus length (R = 0.151, Fi241 =
5.66, p = 0.018). However, residuals from this regression were positively
correlated with other body size indicator, the wing length (R = 0.289, F; 241 =
21.91, p < 0.00001) and, therefore, we included this variable in the model
(multiple R = 0.323, F2240=13.95, p < 0.0001; partial regression coefficients:
tarsus length = 0.127, tas0 = 2.08, p = 0.039; wing length = 0.286, t240 = 4.66, p
<0.0001) to estimate body condition (Green 2001). Residuals of this model no
longer correlated with other body size indicator variables such as beak length

(R =0.059, Fioa1= 0.84, pP= 0.359).

The effect of the experimental treatment on males was estimated only
for individuals that were caught at least twice. The time between captures
lasted more than 315 days (N = 22), with the exception of 5 individuals, whose
second captures were performed 14 and 97 days after the first ones. We
repeated the analyses by removing these 5 individuals and the results were
qualitatively the same, so we show here the results with the larger sample sizes
to increase statistical power since beak colour changes may occur in days or
hours (Iverson and Karubian 2017). In all the analyses with the colour
variables, we took into account only the captures made at the breeding season.
The date of capture (day in which the measure of colour was taken) was
included in the models, since beak colours may vary throughout the
reproductive season (Navarro et al. 2010). However, the date of capture was
not included in the analyses related to the length of the throat feathers because
no moulting or any major changes in feather length are expected to occur along
the breeding season. Independently of the study year, the zero value of capture

date corresponds to the Ist of April.
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To explore the associations between length of throat feathers
(dependent variable) and body condition (independent variable) we used
General Linear Models (GLMs) that also included study year as discrete fixed
independent factor. We performed this analysis for both sexes, only
considering information on first captures (i.e., before manipulation). We used
similar models to calculate the relationship between different beak colour
variables (blue and yellow-red colour intensity and brightness; dependent
variables) and body condition (independent variable) where, in addition to the
year (discrete fixed independent factor), we added the date of capture within

the season as an independent co-variable.

On the other hand, we explored the association between different beak
colour variables (blue and yellow-red colour intensity and brightness;
dependent variables) and length of throat feathers (independent variable). We
added the study year as fixed factor. Because of the bimodal distribution for
males and females of length of throat feathers and variables describing beak
colouration, these models were ran separately for each sex. In addition, we
performed GLMs to explore the relationships among 1) blue and yellow-red
chroma at the base of the beak (controlled by year and date of capture), and 2)

base and tip beak colours.

Finally, the effects of the experimental manipulation (i.e., shortening
the length of throat feathers) on the beak base colour and on body condition in
males were tested by mean of repeated-measures ANOV As separately, with
first and last capture as the within factor (i.e. dependent variable), and
experimental treatment as the categorical predictor. The date of first and last
captures, as well as number of days between captures were included as
continuous independent variables in the statistical models. In addition, we
checked whether the experiment did affect length of throat feathers after moult,
by carrying out repeated-measures ANOVAs. In these models, the feather

length at first and last captures were the dependent variables (repeated
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measures), the experimental treatment was the categorical predictor, and the
number of days between captures was the continuous independent variable.
Residuals of all statistical models were plotted and visually checked for

normality. All analyses were performed with Statistica V13 (Dell-Inc. 2015).

Results

The blue chroma and the yellow-red chroma of the starlings’ beak-base are
negatively related in both males (Beta(SE) = -0.68(0.08), Fis4= 74.64, p <
0.001 ) and females (Beta(SE) = -0.92(0.03), Fi,100 = 933.58, p < 0.001).
Moreover, the base (400-475 nm and 570-700 nm) and tip (450-570 nm) beak
colours were not significantly associated in males (bluesoo-475: Beta(SE) =
0.02(0.13), Fi54=0.03, p = 0.867; yellow-red s70-700: Beta(SE) = -0.08(0.11),
Fis4= 0.49, p = 0.487), but a tendency (positive for blue and negative for
yellow-red chroma) was detected in females (bluesoo47s: Beta(SE) =
0.14(0.07), Fi,100= 3.92, p = 0.050; yellow-redszo-700: Beta(SE) = -0.14(0.07),
Fi100=3.77, p=0.055).

Body condition was positively and negatively related to intensity of
blue and yellow-red colouration of males’ beak, respectively (Table 1, Fig. 3).
Neither, the brightness of males’ beak nor the length of their throat feathers
were related to body condition (Table 1). In females, none of these variables
predicted body condition (Table 1). Similarly, length of throat feathers of
males, but not that of females, was positively and negatively related to blue
and yellow-red colour intensity of males’ beak, respectively (Table 1, Fig. 3).
Beak brightness did not predict length of throat feathers of males or females
(Table 1). Thus, the blue colour intensity of males’ beak co-varied with the
length of throat feathers, which might inform females on the phenotypic
quality (body condition) of males.
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Importantly, the experimental shortening of throat feathers in males
provoked a reduction in the intensity of the blue, but no other, colouration of
their beaks (measured one year after manipulation of throat feathers) (Table 2,
Fig. 4). Moreover, the experimental manipulation did not affect body condition
or the length of throat feathers in subsequent captures (Table 2). These results
suggest a direct link between length of throat feathers and beak colouration of
males, which is independent of the association of both characters with

phenotypic condition of males.
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Fig. 3: Relationships between (A) body condition (residuals of body mass after
controlling for tarsus and wing length) and (B) length of throat feathers with blue and
yellow-red colour intensity of the base of the beak of starling males. Lines are
regression lines.
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Table 1: Results from GLMs exploring the associations between body condition (dependent variable, top) and length of the throat feathers
(dependent variable, down) with the different colour variables (blue (400-475 nm) and yellow-red (570-700 nm) chroma and brightness (300-
700 nm)) and the length of throat feathers in the case of body condition (feathers) (independent variables) of males and females. P-values lower
than 0.05 are in bold.

Males Females
Variables Beta(SE) F df p Beta(SE) F df p
Body condition
Blue 0.37(0.12) 9.72 1,52 0.003 0.01(0.09) 0.01 1,96 0.917
Yellow-red -0.30(0.14) 4.72 1,52 0.034 -0.04(0.10) 0.16 1,96 0.686
Brightness 0.10(0.14) 0.56 1,52 0.456 -0.03(0.09) 0.14 1,96 0.71
Feathers -0.08(0.14) 0.28 1,52 0.596 0.10(0.10) 0.98 1,96 0.326
Length of throat feathers

Blue 0.32(0.13) 5.89 1,53 0.019 0.15(0.10) 2.29 1,98 0.134
Yellow-red -0.29(0.14) 4.39 1,53 0.041 -0.14(0.10) 2.09 1,98 0.151
Brightness 0.16(0.13) 1.34 1,53 0.251 0.09 (0.10) 0.76 1,98 0.385




Table 2: Results from Repeated Measures ANOV As exploring the effects of experimental shortening of throat feathers (control (Ctrl.) vs
experimental (Exp.)) on the body condition, feather growth (feathers) and beak colouration (blue (400-475 nm) and yellow-red (570-700 nm)
chroma and brightness (300-700 nm)) among captures (repeated measures). P-values lower than 0.05 are in bold.

First Capture Second Capture
Mean cu1. (SE) Mean gyp. (SE) Mean cu1. (SE) Mean gyp. (SE) df F p

Blue 0.23 (0.004) 0.23 (0.004) 0.23 (0.008) 0.20 (0.008) 1,17 7.13 0.016

Yellow-Red 0.26 (0.008) 0.25 (0.008) 0.26 (0.016) 0.29 (0.016) 1,17 3.09 0.097

Brightness 11.80 (0.990) 11.40 (0.990) 11.42 (0.877) 10.31 (0.877) 1,17 0.10 0.753
Body

. 0.30 (0.235) 0.28 (0.221) 0.48 (0.189) 0.43 (0.177) 1,12 0.01 0.934

condition

Feather 3.24(0.123) 3.38(0.140) 3.20(0.132) 3.09 (0.150) 1,13 1.00 0.336
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Fig. 4: Blue colour intensity of the base of the beak of males that were (experimental,
N=11) or were not (control, N = 11) subjected to the experimental shortening of throat
feathers. Beak colouration was measured during the first capture, before the
experimental manipulation, and in second captures, after the manipulation. Vertical
lines denote + 95 % CI

Discussion

Our main results are that (1) intensity of colouration of the beak base of spotless
starling males, but not that of females, was positively related to body condition;
(i1) beak colouration of males was positively related to the length of their
ornamental throat feathers, and (iii) the experimental shortening of throat
feathers in males had a negative effect on the blue chroma intensity of males
one year after manipulation. Length of throat feathers and beak colouration are
two sexually dimorphic traits that reflect phenotypic quality of males (Aparicio

et al. 2001, Navarro et al. 2010) and, thus, our results demonstrate a direct

221



Capitulo 6

connection between these two traits suggesting that they may function as a

whole in a multiple signalling framework.

Starlings have several known sexually dimorphic traits and are an
appropriate model system to explore functional interactions between sexual
signals. Most studies on sexual signals in this species are focussed on the
length of throat feathers of males, which predicts mating success (Aparicio et
al. 2001), genetic heterozigosity (Aparicio et al. 2001), immune response (Gil
and Culver 2011) and telomere length (Azcarate-Garcia et al. submitted). Bill
colouration on the distal yellow part has also been studied as a sexually
selected trait of the species because it is related to carotenoid and vitamin A
concentration in the blood of males and females, but only during the mating
period (Navarro et al. 2010). Sexual differences are however more apparent at
the basal part of the beak (Fig 1), and we concentrated on this trait to
experimentally explore the possible association with the length of throat
feathers. In agreement with the assumption that the blue colouration of the
basal part of the beak has a sexual-signalling function, we found that its blue-
colour intensity was positively related with both body condition and the length
of the throat feathers. Thus, exploring the interaction between these two traits

is justified.

Length of throat feathers and beak coloration of starling males provide
information at different time scales. Black feathers are relatively static and
would provide information of the phenotypic condition and quality of males at
the time of moulting (Hebets and Papaj 2005, Badyaev and Hill 2000).
Moreover, feather deterioration would also provide information on feather
quality and on ability of males reducing feather degradation (Shawkey et al.
2007, Shawkey et al. 2009, Ruiz-de-Castafieda et al. 2012, Ruiz-Rodriguez et
al. 2015). Thus, length of throat feathers might even include different kinds of
information at a long-term scale. The beak colouration, however, should

function at a short time scale. Like for the colouration of other bare parts of
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birds, beak colouration has the potential to change within weeks, days, hours,
or even seconds (Iverson and Karubian 2017). Thus, this kind of dynamic
characters should be continuously evaluated by receivers (Velando et al. 2006,
Simons and Verhulst 2011, Dey et al. 2015). As far as we know, associations

between these two types of sexual traits have never been assessed.

Our results showed that male body condition at the time of mating was
related to blue colouration of the beak, but not to the length of throat feathers,
suggesting that both signals do not provide identical but, perhaps,
complementary information. However, length of throat feathers was positively
related to the intensity of blue colouration of the beak and, thus, it is possible
that both traits convey redundant information to females. In agreement with
the possibility that these two traits transfer complementary information to
females, we experimentally showed a negative effect of length of throat
feathers on the intensity of the blue chroma of the beak base of males several
months after the manipulation. We know that colouration of the tip of the beak
reflects the antioxidant capacity of starlings (Navarro et al. 2010). The
association between beak coloration and carotenoids’ concentration in the
blood has also been detected in other species (Faivre et al. 2003). We did not
measure concentration of carotenoids in the blood in this study and, thus,
cannot explore whether this association exists for the blue coloration of the
beak base of males. Moreover, colour reflectance of the beak tip at the
carotenoid wavelength, which resulted positively related to carotenoid level in
starlings (Navarro et al. 2010), was not related to colouration of the base of the
beak of males. Consequently, the colouration of the beak base is unlikely
conveying information on antioxidant capacity to females. Thus, our
experimental results should be interpreted as length of throat feathers
functioning during the non-reproductive period and determining phenotypic

conditions of males during mating.
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As some other signals operating in non-sexual scenarios such as
parent-offspring communication (Morales and Velando 2018), or sibling
negotiation (Soler and Avilés 2010, Johnstone and Roulin 2003), including
those mediated by feather colourations (Senar 2006), the length of throat
feathers of males might serve to stablish some kind of social hierarchy between
males that reduce the probability of agonistic interactions among individuals
of different status (Rohwer 1975, Senar 1999, McGraw and Hill 2000).
Starlings moult throat feathers several months before reproduction, and males
frequently display these feathers while singing in high visible places during
non-reproductive periods (pers. obs.), which might have a functional
significance in a context of social interactions. In some bird species,
probability of social aggression by conspecifics is related to feather
characteristics signalling bird status (Senar 1990, Chaine and Lyon 2008,
McGraw et al. 2007)). Moreover, aggressions are more common among
individuals showing similar status (Midamegbe et al. 2011), with individuals
harbouring signals of higher quality eliciting lower level of aggressiveness
(Lopez-Idiaquez et al. 2016). Thus, it is possible that starling males with longer
throat feathers experienced lower rates of social aggressions during the non-
reproductive period. In this scenario, experimental starling males should have
experienced higher costs than control males. These costs can affect the
expression of some other traits related to phenotypic condition, including
immune responses (Hawley et al. 2006), oxidative status (Galvan and Alonso-
Alvarez 2009) or the expression of sexual signals (Meller et al. 2000).
Although we have no data on probability of aggression or social interactions
in general in relation to length of throat feathers in starlings, we think that
social costs associated to the experimental reduction of length of throat feathers
during the non-breeding period is the most likely explanation for the detected
experimental effects on beak colouration during reproduction. However, this

mechanistic explanation deserves further research exploring for instance the
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expected association between feather length and aggression during the non-

reproductive period.

Whatever the mechanistic explanations, our experimental results
strongly suggest a causal link between expression of two sexually dimorphic
traits in spotless starlings. As far as we know, causal links between two
sexually selected traits have only been detected in another bird species, the
house finch, a highly social species in which head and breast feathers of males
show great variability from red to yellow colouration (Henderson et al. 2018).
Henderson et al. (2018) found that red-feathered males are more attractive and
sing more than yellow-feathered males but, when yellow males were housed
with red males, they sang more than when housed with equally unattractive
yellow males. Thus, males adapted their singing effort to the social
environment (attractiveness) determined by the plumage coloration of the
social groups. Therefore, the detected link was explained, not as a direct
consequence of one of the traits, but indirectly by the social environment in
terms of level of attractiveness of neighbours, which was also manipulated.
Our experimental results therefore contrast with those of Henderson et al.
(2018) by showing a direct causal effect of length of throat feathers on the
expression of the colouration of the base of the beak of spotless starling males,

a trait that is only expressed during the reproductive period.

To conclude, we demonstrate for the first time a causal link between
the expression of two sexually dimorphic characters, which is essential to
understand their functionality in a multiple signalling framework. This type of
interactions between sexually selected signals might be widespread in nature
and could be more easily detected when considering signals that, like feather
coloration or morphological traits, have signalling functions in non-

reproductive contexts.
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PRINCIPALES RESULTADOS Y DISCUSION
INTEGRADORA

En la naturaleza, los animales utilizan una compleja red de comunicacion por
la que son capaces de obtener informacion social en distintos contextos, tales
como depredacion (Templeton and Greene 2007, Parejo et al. 2012),
infestacion por ectoparasitos (Tomds and Soler 2016), o parasitismo de cria
(Tomas et al. 2017). Detectar esta informacion tiene un gran valor adaptativo
para los receptores, ya que les permitira optimizar su toma de decisiones. En
esta tesis, presentamos novedosos resultados que contribuyen a entender la
comunicacion animal. Desde una aproximacion experimental (capitulos 1, 2, 5
y 6) y correlativa (capitulos 3 y 4), analizamos la informacién emitida por
distintas pistas y sefiales en el estornino negro. Por un lado, ponemos de
manifiesto el uso de las motas de los huevos por parte de las hembras parasitas
de cria para evaluar el riesgo de ectoparasitismo de los nidos hospedadores
(capitulo 1), y por otro, que el comportamiento de los adultos de retirar los
sacos fecales de los pollos, ha podido evolucionar como un mecanismo para
evitar dejar pistas que faciliten la deteccion del nido por depredadores y

ectoparasitos (capitulo 2).

Ademas, hemos estudiado la posible emision de informacion a través
de sefiales visuales como son la coloracion de distintas partes del cuerpo y la
longitud de los ornamentos, relacionandolos con la capacidad de los individuos
de defenderse frente a las bacterias (capitulo 3) y con su calidad genética
(capitulo 5). También, estudiamos cémo estos dos tipos de sefales se
relacionan entre si, y la influencia de la longitud del ornamento en la expresion
del color del pico (capitulo 6). Por Gltimo, en una aproximacion comparativa,
hemos estudiado la posible influencia de la presion ejercida por el ambiente

bacteriano de los nidos en el desarrollo de las plumas en los pollos (capitulo
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4). A continuacion, discutiremos los principales resultados en distintos

escenarios de comunicacion y de uso de informacion.

1. El uso de pistas como fuente de informacion

La manipulacion experimental de las motas que hay sobre la cascara
de los huevos de estornino como consecuencia de la actividad parasitaria de
las moscas Carnus (capitulo 1), reveld que estas motas constituyen unas pistas
que pueden ser utilizadas por otras hembras parasitas de cria para seleccionar
el nido hospedador, prefiriendo aquellos con una menor cantidad de motas (es
decir, los que tendrian menos ectoparasitismo). Curiosamente, no hubo un
efecto del color de las motas experimentales en la eleccion de los nidos, por lo
que concluimos que las hembras parasitas utilizan el componente acromatico
de las motas. El uso del moteado de los huevos como pista para elegir el nido
a parasitar resulta especialmente Util a las hembras parasitas, ya que con su
decision disminuyen el riesgo de sufrir los efectos negativos causados por los
ectoparasitos (por ejemplo, Soler et al. 1999, Martin-Vivaldi et al. 2006, Avilés
et al. 2009, Hoi et al. 2010, Hoi et al. 2018) en sus pollos. Ademas, los nidos
con huevos moteados pueden indicar también que ya ha comenzado la
incubacion (Lopez-Rull et al. 2007b, Tomas et al. 2017), lo que supondria una
disminucion del éxito de eclosion y de cria de los huevos y pollos parasitos
(Wiley 1988, Kattan 1997, Soler et al. 2015b). Por lo tanto, el uso del moteado
de los huevos como pista que informa sobre la intensidad del parasitismo y el
inicio de la incubacion seria una ventaja selectiva para las hembras parésitas.
Esta es la primera demostracion experimental de que las hembras parésitas de
cria utilizan manchas y/o patrones de color de la cascara de los huevos para
seleccionar los potenciales nidos hospedadores. Pero ademads, estas pistas

podrian ser también usadas por los adultos de cada nido, que tienen la
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oportunidad de ajustar el esfuerzo de alimentacion de los pollos a la densidad

de las manchas de la céscara de los huevos (Avilés et al. 2009).

Por otro lado, la informacion aportada por las pistas (ya sean visuales,
sonoras u olfativas) puede ser también recibida por heterospecificos, como
depredadores o ectoparasitos (Petit et al. 1989, Hart 1997, Lang et al. 2002,
Quan et al. 2015, Ibafiez-Alamo et al. 2016). En el capitulo 2 simulamos los
costos que tendria el hecho de no retirar los sacos fecales en un grupo de nidos
rompiéndolos para evitar su retirada, y comprobamos como aumentd la
depredacién y, en menor medida, el ectoparasitismo por Carnus. Por lo tanto,
el comportamiento de los adultos de retirar los sacos ha evolucionado
probablemente por la presion que supone para el nido dejar las pistas que
acarrean los excrementos. Ademads, comprobamos que en los nidos con
excrementos aumentd la carga bacteriana. Estas bacterias podrian ser
responsables, al menos en parte, de la produccion de volatiles (Lemfack et al.
2014) atrayentes para depredadores y ectoparasitos. Trabajos previos han
puesto de manifiesto la importancia de los volatiles producidos por las
bacterias en diferentes escenarios ecologicos, incluyendo la comunicacion
social (por ejemplo, Theis et al. 2013, Ezenwa and Williams 2014, Leclaire et
al. 2017), e interacciones depredador-presa (Fogarty et al. 2017, Mihailova et
al. 2018), o parasito-huésped (Bucher 1988, Gow et al. 2015, Schulte et al.
2016).

Al aumentar la carga bacteriana de los nidos impidiendo la retirada de
los excrementos, los pollos tendrian que enfrentarse a una mayor densidad de
bacterias potencialmente patogenas (Devriese et al. 1991, Bruce y Drysdale
1994, Benskin et al. 2009). Esto, junto con la mayor tasa de ectoparasitos,
puede explicar que los pollos en los nidos experimentales tuvieran tarsos mas
cortos que los de nidos controles. Este resultado apoya la importancia de la
presion selectiva ejercida por el ambiente bacteriano del nido en el crecimiento

de los pollos, anteriormente demostrado con la seleccion del material
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antimicrobiano (Mennerat et al. 2009b, Soler et al. 2017) y la densidad de
bacterias (Jacob et al. 2015) en los nidos. De este modo, la presion ejercida por
las bacterias podria también haber contribuido a la evolucion del
comportamiento de higiene de los nidos para reducir los efectos negativos de

los microorganismos.

Los métodos utilizados para caracterizar las comunidades bacterianas
han sido los clasicos de cultivo. Aunque estas técnicas resultan fiables para
este tipo de estudios (Gonzalez-Braojos et al. 2012), el uso de técnicas
moleculares permitirdn en un futuro determinar los grupos bacterianos
responsables de las relaciones encontradas en este estudio, y es sin duda el

siguiente paso en esta linea de investigacion.

2. Informacion transmitida a través de seriales

2.1 Relacion de las bacterias con las serniales visuales

Debido a la importante presion selectiva que ejercen las bacterias sobre las
aves, estas han desarrollado numerosas estrategias para hacerles frente (Ruiz-
Rodriguez et al. 2009, Martin-Vivaldi et al. 2010, Brandl et al. 2014, Ibafiez-
Alamo et al. 2014). Asi, la capacidad individual para defenderse de las
infecciones bacterianas puede ser una caracteristica importante en el
emparejamiento. Por ejemplo, los machos de estornino muestran su habilidad
para regular la carga bacteriana soportada a través del estado de las plumas
ornamentales de la garganta (Ruiz-Rodriguez et al. 2015). En la presente tesis,
hemos estudiado la posible variacion estacional de algunos mecanismos de
defensa en hembras de estornino frente a infecciones bacterianas. Ademas,
estudiamos la relacion de dichas variables con la coloracion de distintas partes
del cuerpo, y con su éxito reproductor (Capitulo 3). Encontramos que las

hembras de estornino (i) varian su inversion en defensas antimicrobianas entre
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la época de emparejamiento y la de pollos, (i1) que su capacidad de defensa
esta relacionada con su éxito reproductor, y (iii) que su capacidad
antimicrobiana se relaciona con diferentes coloraciones. Probablemente, la
sefializacion de sus capacidades antimicrobianas funciona en contextos de
seleccion sexual, ya que las hembras pueden indicar a través de sus
coloraciones su calidad y potencial reproductor. El estudio de la relacion de
caracteres indicativos de calidad con la coloracion de las hembras en la época
de emparejamiento, resulta novedoso ya que la mayoria de estudios de este tipo

se han realizado en machos (Webb et al. 2016).

Sabemos que, debido a los costos de la reproduccion, el nivel de
inmunocompetencia de las hembras tiende a disminuir a lo largo de la
temporada de cria (Ardia et al. 2003). Sin embargo, nuestros resultados
muestran un aumento de la capacidad del plasma sanguineo de inhibir el
crecimiento de distintas cepas bacterianas, lo que sugiere que las hembras de
estornino dedican mas recursos a las defensas contra las bacterias en épocas
tardias de reproduccion, cuando las probabilidades de infeccion aumentan
(Sorci et al. 1997, Merino et al. 2000), apoyando el papel crucial de los

microorganismos en la evolucion de las historias vitales de los huéspedes.

Por otra parte, las comunidades bacterianas pueden variar segun las
caracteristicas del ambiente que explotan y, por lo tanto, distintas especies de
aves entraran en contacto con distintas comunidades bacterianas segiin sus
habitos (Bisson et al. 2007, Peralta-Sanchez et al. 2012). Consecuentemente,
distintos ambientes implicarian una variacién en las presiones selectivas
ejercidas por las bacterias sobre sus hospedadores que, tanto a nivel intra-
como inter-especifico, deberia de ir acompafiado de una variacion en las
estrategias antibacterianas, incluida la inversion en defensas. Estudios previos
han detectado variacién inter-especifica en la microbiota de los huevos
(Peralta-Sanchez et al. 2018) que se asocia con determinadas caracteristicas

del ciclo vital (Peralta-Sanchez et al. 2012). Por lo tanto, si hay ambientes
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bacterianos distintos en nidos de distintas especies, las consecuencias para los
pollos, asi como las adaptaciones para defenderse de las bacterias, variaran en

consonancia.

Una de las estructuras mas expuestas a los microorganismos en aves
son las plumas (Jacob et al. 2018) y, por tanto, su deterioro y la resistencia a la
degradacion bacteriana deberia de relacionarse con el ambiente bacteriano en
el que habitan distintas especies. Para comprobar esta idea, en el capitulo 4
realizamos una comparativa entre la carga bacteriana del nido, la degradacion
de las plumas, y su susceptibilidad a la degradacién por bacterias
queratinoliticas, en pollos de 16 especies de aves. Los resultados indicaron que
todas las variables diferian significativamente entre especies. En promedio, las
plumas no melanizadas estaban mas deterioradas que las melanizadas, siendo
consistente este resultado con otros trabajos que encontraron que las plumas
no melanizadas son mas facilmente degradables (Goldstein et al. 2004,
Gunderson et al. 2008, Ruiz-de-Castafieda et al. 2012). Ademads, la carga
bacteriana de los nidos estaba relacionada con el nivel de degradacion de las
plumas, aunque el signo de la asociacion dependia del grupo bacteriano
considerado y de la pigmentacion de las plumas. También encontramos una
asociacion positiva entre la susceptibilidad a la degradacion de plumas no
melanizadas con su deterioro, y con la carga bacteriana del nido. Estos
resultados estdn de acuerdo con la hipotesis de partida, y sugieren que los
ambientes bacterianos durante el desarrollo de los pollos determinan la
integridad de las plumas, y por lo tanto su resistencia frente a la degradacion

bacteriana.
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2.2 El caso de las plumas ornamentales del macho de estornino negro:

Indicador de calidad individual y vinculacion con otros caracteres sexuales

Como vimos en la introduccion, las plumas ornamentales de la garganta de los
machos de estornino estan relacionadas con distintos indicadores de calidad de
los individuos (Aparicio et al. 2001, Gil and Culver 2011), incluidas sus
capacidades antimicrobianas (Ruiz-Rodriguez et al. 2015), y constituyen una
sefial sexual de gran relevancia en esta especie. Aqui, hemos estudiado de
manera correlativa y experimental la relacion de este rasgo con la esperanza de
vida y el éxito reproductor (capitulo 5), y su influencia en el desarrollo de otra

senal como es el color de la base del pico (capitulo 6).

Los principales resultados indican que la longitud de estas plumas se
relaciona negativamente con la longitud de los telomeros y su tasa de deterioro.
Este resultado puede explicarse por dos causas no excluyentes: (1) Puede ser
que los individuos de mas edad, con telomeros mas cortos, tengan sus plumas
de la garganta mas largas (Hiraldo and Herrera 1974, Aparicio et al. 2001,
Veiga and Polo 2016), o bien que (ii) los costos asociados a la expresion de los
caracteres sexuales mas desarrollados, como es el aumento del estrés oxidativo
(Haussmann and Vleck 2002, Haussmann et al. 2003, Pauliny et al. 2006) y de
hormonas sexuales (Gonzalez et al. 2001, Fusani 2008), impliquen un
acortamiento desproporcionado de los telomeros. Sin embargo, el
acortamiento experimental de las plumas de la garganta de los machos no
afect6 significativamente a la tasa de deterioro de los telomeros, lo que sugiere
que la asociacion correlativa no se debid a la longitud de las plumas en si, sino
a variables correlacionadas con la expresion de este caracter. Tampoco
podemos descartar que el tiempo transcurrido entre capturas (un afio como
media) no fuera suficiente para detectar un efecto en la longitud de los

teldmeros.
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En hembras también encontramos una asociacion entre la longitud de
las plumas de la garganta y la de los telomeros, pero en este caso la relacion
fue positiva, sugiriendo una dindmica de teldbmeros en relacion al caracter que
difiere entre sexos. Ademads, encontramos una asociacion positiva entre la
longitud de las plumas de la garganta de los machos y el éxito de la eclosion
de las segundas puestas. Una vez mas, la manipulacion experimental de la
longitud de las plumas no influyé en el éxito de la eclosion, lo que sugiere que
la asociacion detectada no implica una causa-efecto, y las relaciones podrian
deberse a otras caracteristicas fisiologicas y/o morfoldgicas no manipuladas

que covariaron con ellas.

La manipulacion de la longitud de las plumas influyo6 en la expresion
de otra senal sexual, la coloracion de la base del pico. En concreto, el
acortamiento experimental de las plumas de la garganta en los machos tuvo un
efecto negativo sobre la intensidad del croma azul un afio después de la
manipulacion. Ademas, esta coloracion de la base del pico de los machos se
relaciond positivamente con su condicion corporal, y con la longitud de las
plumas ornamentales de la garganta. Ambos rasgos (longitud de las plumas de
la garganta y coloracion del pico) son sexualmente dimoérficos, y reflejan la
calidad fenotipica de los machos (Aparicio et al. 2001, Navarro et al. 2010).
Nuestros resultados demuestran una conexion directa entre estos dos rasgos
sugiriendo que pueden funcionar como un todo en un marco de senalizacién
multiple. La longitud de las plumas de la garganta y la coloracion del pico de
los estorninos podrian proporcionar informacién a diferentes escalas
temporales, ya que la morfologia de las plumas negras y, en concreto su
longitud, es relativamente estatica desde la muda y proporcionarian
informacién sobre la condicidon fenotipica y la calidad de los machos en
momentos anteriores a la reproduccion (Badyaev and Hill 2000, Hebets and
Papaj 2005). Ademas, el deterioro de las plumas proporcionaria informacion

sobre su calidad y la capacidad de los machos para reducir su degradacion
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(Shawkey et al. 2007, Shawkey et al. 2009, Ruiz-de-Castaneda et al. 2012,
Ruiz-Rodriguez et al. 2015). La coloracion azulada de la base del pico, sin
embargo, sélo se expresa durante la reproduccion y puede cambiar en muy
cortos periodos de tiempo (obs. pers.). Igual que ocurre para la coloracién de
otras partes desnudas de distintas especies de aves, la coloracion del pico tiene
el potencial de cambiar en semanas, dias, horas o incluso minutos (Iverson and
Karubian 2017), y de ser evaluados continuamente por los receptores como
ocurre en otras especies de aves (Velando et al. 2006, Simons and Verhulst

2011, Dey et al. 2015).

Nuestros resultados mostraron una relacion positiva entre la coloracion
del pico y la longitud de las plumas de la garganta, y un efecto negativo del
acortamiento de plumas en la intensidad de coloracién del pico, por lo que es
posible que el papel que juegue la sefial mas perdurable en el tiempo (las
plumas ornamentales) en otro contexto no reproductivo determine
posteriormente el desarrollo de la otra sefial (base del pico) en la época
reproductiva. La longitud de las plumas de la garganta de los machos podria
servir para establecer algun tipo de jerarquia social entre los machos del grupo
que permitiera una reduccion de las interacciones agonisticas entre individuos
de diferente estatus (Rohwer 1975, Senar 1999, McGraw and Hill 2000). En
algunas especies de aves, la probabilidad de agresion social por parte de sus
congéneres esta relacionada con las caracteristicas de las plumas que sefialan
el estado de las aves (Senar 1990, McGraw et al. 2007, Chaine and Lyon 2008),
y sabemos que los individuos que poseen sefiales de mayor calidad pueden
provocar un menor nivel de agresividad en sus congéneres y, por tanto sufran

menos agresiones (Lopez-Idiaquez et al. 2016).

Los estorninos mudan las plumas de la garganta varios meses antes de
la reproducciodn, y los machos frecuentemente exhiben estas plumas en lugares
muy visibles durante periodos no reproductivos (obs. pers.). Por lo tanto, es

posible que los machos de estornino con plumas ornamentales mas largas
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experimenten menores tasas de agresiones sociales durante el periodo pre-
reproductivo. Sin embargo, el estatus social de los machos experimentales
inferido por los receptores evaluando la longitud de las plumas de la garganta,
no coincidiria con el que le corresponderia a la longitud de estas plumas antes
del experimento y, por tanto, los machos experimentales deberian haber
sufrido mayores costos sociales que los machos controles. Estos mayores
costos sociales podrian explicar el efecto negativo de la manipulacién
detectado en la coloracién del pico como ocurre con distintos caracteres
sexuales de otras especies (Mgller et al. 2000). Estos resultados son la primera
evidencia experimental de una asociacion directa entre dos caracteres sexuales

que aportan distinto tipo de informacién a los receptores.

Resumiendo, los resultados de esta tesis en conjunto ponen de
manifiesto la importancia de la informacion que aportan distintas pistas y
sefiales de los individuos, tanto para receptores como para emisores, en
escenarios de parasitismo, depredacion, y seleccion sexual. Algunas sefiales
consideradas en esta tesis estan relacionadas con el ambiente bacteriano, o el
reflejo de la capacidad antimicrobiana de los emisores, lo que apoyaria un
papel destacado de los microorganismos en la evolucion de estas sefiales, o de
comportamientos que permiten minimizar los efectos negativos de los
patogenos. Finalmente, hemos demostrado por primera vez que la expresion
de una senal sexual afecta a la expresion de otra sefial sexual en un contexto
de sefiales multiples. Una de estas sefiales, en estorninos machos, es indicadora
de su capacidad antimicrobiana, lo que apoya la importancia de los

microorganismos en escenarios de sefializaciones complejas o multiples.
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1. Las hembras parasitas de cria utilizan el moteado de los huevos, como
pista para elegir el nido hospedador. El moteado de los huevos es una
pista de la actividad del ectoparasito Carnus hemapterus
alimentandose del adulto que incuba. Por tanto, al evitar nidos con
huevos moteados, las hembras parésitas de cria disminuyen la
probabilidad de ectoparasitismo de sus pollos, y evitan parasitar nidos

con huevos que ya hubieran iniciado la incubacion.

2. La rotura experimental de sacos fecales produjo un aumento en la
carga bacteriana del nido, en la probabilidad de depredacion, y aunque
no significativamente, también en la intensidad de ectoparasitismo.
Ademas, los pollos crecieron menos en nidos experimentales. Estos
resultados ponen de manifiesto las ventajas adaptativas asociadas al
comportamiento de retirada de los sacos fecales de los nidos por parte

de los adultos.

3. Los niveles de defensas antimicrobianas de hembras de estornino
mediadas por anticuerpos naturales variaron a lo largo de la temporada
de cria. Ademas, la capacidad antimicrobiana de las hembras se
relaciond con el éxito reproductor y con el color de distintas partes del
cuerpo (pico, patas, y plumas del dorso y pecho). Estos resultados
sugieren un posible papel sefializador de estos caracteres en contextos

de seleccion sexual.

4. El ambiente bacteriano de los nidos varia entre distintas especies de

aves, y se relaciona con el estado de degradacion de las plumas de los
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pollos poco antes de abandonar el nido, y con la resistencia de estas
plumas al ataque por bacterias queratinoliticas. Estos resultados
sugieren un papel central de las bacterias determinando las
caracteristicas y el estado de las plumas de los pollos poco antes de
abandonar el nido. Ademas, las plumas no melanizadas se degradaron
mas facilmente por bacterias, lo que podria explicar, al menos en parte,
la enorme variacion en la pigmentacion de las plumas de distintas
especies asociada, por ejemplo, a la explotacion de habitats con

distinto riesgo de contaminacidn bacteriana.

La longitud de las plumas de la garganta de los machos de estornino
se relaciona negativamente con la longitud y con el acortamiento de
los telomeros. Sin embargo, el acortamiento experimental de estas
plumas no afecto a las caracteristicas de los teldémeros un afio después
de la manipulacion, por lo que la longitud de las plumas no es la causa
de su correlacion con telomeros. La edad podria explicar esa relacion
ya que machos mas viejos tendrian teldmeros mas cortos y plumas de

la garganta mas largas.

El acortamiento experimental de plumas ornamentales antes de la
reproduccion tuvo un efecto en la coloracion de la base del pico de los
machos de estornino en la siguiente temporada de cria, la cual se
relaciona positivamente con la condicion corporal. Estos resultados
apoyan por primera vez un vinculo causal entre las expresiones de dos
caracteres sexualmente dimorficos que sefializan la calidad del emisor,
lo cual resulta esencial para comprender su funcionalidad en el marco

de estudio de las sefiales multiples.



CONCLUSIONS

1. Brood parasite females use the egg spottiness as a clue to choose
conspecific host nests for parasitism. Eggshell spots are produced by
the ectoparasite Carnus hemapterus feeding on incubating females.
Therefore, by avoiding nests with spotted eggs, brood parasitic
females reduce the likelihood of ectoparasitism of their nestlings, and

avoid host nests in which the incubation had already started.

2. The experimental breakage of faecal sacs increased bacterial load of
nests, the probability of depredation, and, although not significantly,
the intensity of ectoparasitism. In addition, the experiment also
affected nestling growth negatively. These results highlight the
adaptive advantages associated to faecal sacs removal from nests by

adults, and suggest a key role of bacteria influencing those effects.

3. Antimicrobial properties of plasma of starling females vary along the
breeding season. Moreover, estimates of antimicrobial capacity
resulted associated with the colour of different parts of the body (beak,
legs, and back and breast feathers), and with reproductive success.
These results suggest a possible role of these traits signalling

antimicrobial capacity of females in contexts of sexual selection.

4. The nest bacterial environments varies among different bird species,
and it is related to wear and resistance to degradation by queratinolytic
bacteria of nestling feathers. These results suggest a preponderant role
of bacterial environments determining nestling feathers development.

In addition, queratinolytic bacteria degraded more easily non-
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melanised than melanised feathers, which might suggest that the huge
variation in feather pigmentation of different bird species may be due,
at least partially, to the risk of bacterial contamination experienced in

the habitat where they live.

The throat feathers length of starling males resulted negatively related
to telomere length and shortening. However, since the experimental
reduction of throat feather length did not influence telomeres one year
after manipulation, feather length cannot be the cause of the detected
associations. Age is a good candidate to explain these relationships,
because older males may have shorter telomeres and longer throat

feathers.

The experimental shortening of ornamental feathers before breeding
had an effect on the beak base colouration of starling males in the next
breeding season. Moreover, this colouration was positively related to
body condition. These results support, for the first time, a causal link
between the expressions of two sexually dimorphic traits that provides
information on the phenotypic quality of the signaller, which is
essential for understanding their functionality within a multiple signals

framework.
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