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“Harry, | have no idea where this will lead us, but | have a definite feeling it
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te enamoras del proyecto”

“El misterio es lo que mas amo, es el magnetismo de la vida, y me resulta
maravilloso saber que de la mayoria de las cosas no conocemos absolutamente
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RESUMEN

La lagartija carpetana, Iberolacerta cyreni, es una especie que ha sido utilizada en
multitud de ocasiones como modelo para estudiar la comunicacién quimica y su papel en la
seleccion sexual y en la reproduccién de los lagartos. Actualmente se conocen parte de los
mecanismos basicos que soportan la produccidn de sefiales en los machos de /. cyreni, asi como
de las respuestas de las hembras. Eso hace de la lagartija carpetana una especie idénea para
responder preguntas mas profundas que trascienden la emisidon o la recepcion de sefiales y
permiten estudiar aspectos mas detallados de la ecologia evolutiva de la comunicaciéon. En esta
tesis estudiamos cdmo la variacién en la produccién de las sefiales por los machos de la lagartija
carpetana tiene efectos en el éxito reproductivo, la organizacion social, las preferencias de las

hembras y el fenotipo de las crias.

Se ha postulado que las sefiales sexuales pueden ser evolutivamente estables si son
honestas y dependen de la condicion o son costosas para el emisor. Los machos secretan
compuestos quimicos costosos con los que marcan sus territorios y que, si son preferidos por las
hembras, pueden atraerlas hacia esas areas. De esta manera, los machos, si ademas defienden
de manera efectiva ese territorio, podrian incrementar su éxito de apareamiento. En algunos
casos, la presencia y abundancia de algunos compuestos en las seiiales quimicas dependen de la
condicién corporal del macho y de la disponibilidad de recursos alimenticios particulares en el
ambiente. El primer capitulo trata de conocer como una situacién de desventaja para algunos
machos, afecta a la expresion de los ornamentos quimicos y visuales. Puesto que la produccidn
de estas sefiales es costosa y dependiente de la condicidén, sometimos experimentalmente a un
grupo de machos de una poblaciéon natural a un desafio inmune mediante la inyeccidn de un
lipopolisacéarido bacteriano (LPS), para después medir el cambio en la intensidad de la expresién
de las sefiales visuales y quimicas. Nuestros resultados mostraron como se produjeron cambios
en ambos tipos de sefiales. En los parches de color que definen las sefiales visuales se produjo
un descenso en las cantidades relativas de coloracién ultravioleta de la zona gular y de los ocelos
laterales, la cual depende de los componentes estructurales y de melanina. Mientras que no se
vio afectada la coloracién dorsal verdosa dependiente de carotenoides. En las sefales quimicas
detectamos en las secreciones un descenso de las proporciones de ergosterol; compuesto que
parece jugar un importante papel en la seleccidén sexual al ser preferido por las hembras y que,
en su forma activa (vitamina D) tiene funciones relevantes en el sistema inmune. Los resultados

sugieren la existencia de un compromiso entre la regulacion fisioldgica del sistema inmune y la
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elaboracion o desviacién de compuestos esenciales, tanto a los ornamentos quimicos como a los
visuales. Este compromiso podria tener un importante papel en los procesos de seleccidn intra-
e intersexual. Dado que experimentos previos en cautividad han mostrado resultados diferentes,
nuestro trabajo sugiere también que la expresidn de las sefiales es dependiente del contexto y
muestra la importancia de desarrollar nuevos estudios en condiciones naturales. Este capitulo
muestra como la produccién de las sefiales quimicas y visuales en lagartos es dependiente de la
condicién del emisor por lo que podrian constituir sefiales honestas de la calidad del macho en la

que las hembras basarian su eleccién de pareja

En el segundo capitulo comprobamos si, ademdas de provocar un descenso en la
expresion de las sefiales, el desafio inmune provocaba un menor éxito reproductivo de aquellos
machos que sufrian un desafio inmune experimental con lipopolisacarido. Como medida
indirecta del acceso a las hembras de los machos, medimos también su area de campeo y el
solapamiento con las areas de otros machos. Nuestros resultados mostraron que el éxito
reproductivo se incrementaba con el tamafio corporal (o la edad) mientras que el tratamiento
experimental no causo diferencias en el éxito reproductivo medio. Sin embargo, los machos con
el desafio inmune redujeron el tamafio de sus areas de campeo y su éxito reproductivo no
estuvo relacionado con el tamano corporal. Esto sugiere la existencia de una estrategia
reproductiva alternativa en aquellos machos "subdptimos", los cuales podrian considerar bajas
sus probabilidades de supervivencia. Esto conduciria a estos machos subdptimos a adoptar una
estrategia de alto esfuerzo reproductivo en forma de “inversion terminal”, a pesar de la baja

calidad de sus sefiales sexuales y de los costes potenciales que tendria para su supervivencia.

La seleccion sexual no solo tiene el componente de la seleccion de pareja por la hembra,
sino que la competicién entre machos por buenos territorios que contengan mdas hembras
también es determinante. En el tercer capitulo estudiamos cdmo un aumento experimental de
la calidad de las sefiales quimicas de los machos puede influir en el uso del espacio por las
hembras, si se ven atraidas por los territorios marcados por estos machos. También estudiamos
como afecta la calidad de las sefiales a la estructura jerarquica entre machos producida por los
enfrentamientos agonisticos entre ellos y al comportamiento reproductivo. Para ello
suplementamos con vitamina D3 a un grupo de machos durante las semanas anteriores a la
época de apareamiento y los liberamos, junto con otro grupo de machos no suplementados y un
grupo de hembras, en un cercado seminatural para que copulasen libremente. Para garantizar
gue no existia competicion por el habitat, colocamos refugios idénticos distribuidos de manera

uniforme, en un numero igual al de machos en el cercado y durante la época reproductiva
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estudiamos la dindmica de uso del espacio y las interacciones sociales que se produjeron entre
todos los individuos, tanto agonisticas como reproductivas. Los resultados mostraron que la
jerarquia y la dominancia entre machos tuvo una importancia capital para conseguir un mayor
éxito de apareamiento, independientemente de la calidad de las sefiales producidas. Esto
sugiere que, a pesar del papel que puedan jugar las sefiales en la seleccidn sexual, la
competicidon entre machos es un factor clave para conseguir tener mayor acceso a las hembras.
Sin embargo, dado que existen procesos de competicién post-cédpula por fecundar los évulos de
la hembra, no podemos asegurar con nuestro experimento que conseguir un mayor nimero de

cOpulas asegure el éxito reproductivo.

No esta del todo claro si la competicion entre machos es solo por acceder a mas
hembras o por defender territorios de mejor calidad que sean ocupados por ellas.
Experimentalmente, se ha comprobado que las hembras modifican su area de campeo atraidas
por aquellas zonas marcadas con compuestos costosos para los machos, como la provitamina Ds.
Y también se ha comprobado que las hembras en situacidon de inanicién responden con mas
intensidad a las sefales quimicas producidas por los machos. Eso sugiere que el origen de la
preferencia de las hembras por estas sefiales podria deberse a la existencia de un sesgo sensorial
preexistente por estos compuestos, probablemente por encontrarse en recursos alimenticios. En
el cuarto capitulo comprobamos si la preferencia de las hembras por la provitamina D; se debe a
gue esta molécula, o las presas que la contienen, es un recurso valioso para las hembras en
gestacion. Para ello suplementamos a dos grupos de hembras gravidas con provitamina y con
vitamina D; y estudiamos los potenciales beneficios que podrian tener para ellas, para sus
huevos y sus crias en términos de diferencias en la condicidn corporal, la morfometria, el
tamafio de puesta y el éxito de eclosién. También estudiamos el interés mostrado por las
hembras suplementadas hacia los olores de las secreciones de los machos. Nuestros resultados
no mostraron grandes diferencias entre tratamientos, excepto en la menor condicién corporal
de las crias de las madres tratadas con provitamina. También encontramos que la respuesta de
las hembras a los olores de los machos fue menor en las hembras que habian sido
suplementadas que en las hembras control. Esto sugiere que el potencial sesgo sensorial de las
hembras podria estar relacionado con las necesidades fisioldgicas de las hembras o con el nivel

de hambre que estan soportando cuando actian como receptores de la seial del macho.

Si una hembra elige un habitat concreto siguiendo las sefiales del macho, su elecciéon
puede condicionar, en funcién de la calidad y de los recursos existentes, el desarrollo futuro de

las crias. En el capitulo quinto comprobamos la posible existencia de efectos maternos inducidos
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por la disponibilidad alimenticia de provitamina y vitamina D que soportan las hembras durante
el embarazo. Para ello realizamos un suplemento con vitamina y provitamina similar al del
capitulo cuarto y sometimos a las crias, una vez nacidas, a tests de velocidad de carrera y de
escalada para estudiar su fenotipo y su condicién corporal. También realizamos un test de
dispersidn para comprobar qué individuos tenian mayor tendencia a dispersarse abandonando
el habitat elegido por la madre. Nuestros resultados mostraron que, aunque la velocidad de
carrera y escalada no fue diferente en las crias de madres suplementadas, la habilidad para
escalar, si fue mejor en las madres con mayor acceso a la provitamina y a la vitamina D. Sin
embargo, los hijos de madres suplementadas con provitamina mostraron mas tendencia a ser
residentes, que los hijos de las madres control. Esto sugiere la existencia de un efecto materno
anticipador en respuesta a las condiciones del habitat. Las madres cuyo contenido corporal en
provitamina D fue mayor, podrian haber “informado” de alguna manera a sus crias de que la
calidad del habitat en el que nacieron era buena, evitando asi una dispersidon innecesaria.
Aunque hay coincidencia ente la molécula que es atractiva para las madres y la molécula que
informaria a las crias de la calidad del habitat en el que nacen, solo podemos especular con la
existencia de una molécula informativa transgeneracional con el mismo significado para madres

gue para crias.

Aunque los efectos maternos pueden condicionar el fenotipo de las crias hasta el
momento de la eclosién, el ambiente externo es lo que determinard, una vez que nacen, sus
caracteristicas de desarrollo. Sin embargo, las caracteristicas individuales de las crias pueden
condicionar la respuesta que ejecutan en funcion del ambiente en el que se desarrollan. En el
capitulo sexto evaluamos cémo la calidad del ambiente materno durante la gravidez y la
existencia de un ambiente postnatal estresante afecta a la personalidad de las crias. Para ello,
hicimos un experimento en el que tratamos a crias de hembras que habian sido suplementadas
con vitamina D con costicosterona, simulando una situacion de estrés post-natal. Las crias
fueron probadas en sucesivos test comportamentales que evaluaban su tendencia a ser mas o
menos activos, ocupar durante mas tiempo un refugio y asumir mas riesgos. Nosotros
evaluamos la coherencia entre los comportamientos encontrados, asi como su repetibilidad en
el tiempo. También evaluamos su velocidad de escalada como medida indirecta de su condicién
y de su comportamiento en una situacion de estrés. Nuestros resultados mostraron, de nuevo,
un fuerte efecto de la dieta materna en la motricidad de las crias y revelaron la existencia de
personalidades en cuanto al uso del refugio en el caso de las crias con estrés inducido que eran
hijas de madres suplementadas. También encontramos que la actividad de las crias de madres

suplementadas fue mas predecible que la de los otros grupos, independientemente del nivel de
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estrés; y que el nivel de estrés afectd al nivel de riesgo asumido. Nuestros resultados sugieren
que la condicion de los individuos, influida por la dieta de la madre, y las condiciones \
encontradas en el ambiente postnatal, afectan a la expresién de patrones individuales de
personalidad induciendo, segun los casos, variaciones en la predictibilidad y repetibilidad del

comportamiento.
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INTRODUCCION GENERAL

La importancia de la informacidn ecolégica

La supervivencia de los animales esta condicionada por la informacidn disponible en su
entorno y la interpretacidon que realizan de ella. Recopilar informacion permitira al animal
reducir la incertidumbre ante la variacién ambiental cambiante (Dall y Johnstone 2002; Dall et
al. 2005) y, utilizdndola de manera correcta, incrementar su Eficacia Bioldgica (Fitness). Para ello,
en funcion de la informacién disponible, debera de tratar de recopilar toda la posible, evaluar
su calidad y confianza de la misma, y tomar la decisién adecuada. Dependiendo de la
procedencia de la informacién y de si la informacion y la respuesta ejecutada son correctas y
coherentes entre ellas, el animal tendra posibilidades de incrementar su eficacia bioldgica (Wiley
1983). La informacién debe ser evaluada para determinar su importancia y su veracidad para,
posteriormente, ejecutar una respuesta adecuada al respecto. Por ejemplo, ante el indicio de
presencia de un depredador, el animal evaluara si la informacion recibida es veraz y valorara si
debe tomar la decisién de huir o permanecer. La decisidn en la respuesta implica elegir entre
varias opciones que suponen asumir diferente inversion de energia y/o de riesgo en funcion de

los beneficios esperados.

Por medio de la interaccidon directa con el ambiente, un animal puede recopilar
“informacion personal” por si mismo sobre las caracteristicas del medio biético o abiédtico. Esta
estrategia puede suponer un gran gasto de energia y conllevar un gran riesgo si se basa en el
ensayo y error. Sin embargo, existe una estrategia alternativa utilizando como fuentes de
informacién a los coespecificos y su comportamiento. Este tipo de informacién es la “adquirida
socialmente” (Danchin et al. 2004). Si la informacién social obtenida es, por ejemplo, acerca de
la presencia o ausencia de individuos, de su localizacidn espacial o de las actividades realizadas,
estaremos hablando de “informacién social inadvertida”. Este tipo de informacién se transmite
de manera no intencionada, por lo que no implica un proceso comunicativo (ver abajo sefiales e
indicios). El animal que observe estos comportamientos estara recibiendo “indicios sociales”
(social cues) o “informacion publica” acerca de la presencia o ausencia de unos determinados
rasgos en el coespecifico. Sin embargo, detras de esta informacidn proporcionada por el otro

individuo, no habria la intencionalidad que se supone implica la emisidn de una sefial.

Recopilar informacion personal sobre el ambiente puede ser muy preciso, y por lo tanto
muy fiable, pero a la vez muy costoso desde un punto de vista del riesgo y la energia. Aunque

utilizar la informacién social es menos preciso y potencialmente menos fiable es, al mismo
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tiempo, muy barato. Por ejemplo, en un contexto del forrajeo, si un animal busca comida por si
mismo puede invertir mucha energia en localizar recursos alimenticios mientras que, si observa
los parches de forrajeo que utilizan sus coespecificos, podria localizar los recursos de una
manera mas eficiente. Utilizar la estrategia social podria suponer un ahorro de energia para el
observador con respecto a la que emplearia el buscador autonomo. Dentro de una poblacidn, la
estrategia utilizada puede variar entre individuos, siendo los que principalmente utilizan la
informacidn personal los “productores” (Producers) y los que usan la informacidn proporcionada
por los primeros los “gorrones” (Scroungers) (Barnard y Sibly 1981). Sin entrar a fondo en la
teoria del juego Producers-Scroungers que plantea cudl seria la estrategia dptima segun cada
caso (ver Giraldeau y Beauchamp 1999; Giraldeau y Dubois 2008), se puede observar que la
informacién social puede dar ventaja a uno de los dos agentes implicados, el gorrdn. Esta
dindmica en la que un animal utiliza, o se beneficia, de la informacién proporcionada por otro,

III

de manera “intencional” o no, implica que existe un “perceptor” de informacién que percibe e

interpreta la informacion producida por el primero.

La informacion ecolégica y la comunicacién animal

Debido a que la percepcidn de informacidn social en animales implica un perceptor de
la informacién proporcionada por otro individuo, la recopilacidn de informacién social en
animales se ha estudiado desde el marco tedrico de la comunicacién animal (Dall et al. 2005).
Sin embargo, la definicién y el enfoque adecuado para el estudio de la comunicacidon es todavia
uno de los grandes temas de debate dentro de la academia (Seyfarth y Cheney 2017). Parte de
esta discusidn estd causada por la forma en la que se ha afrontado el estudio de la comunicacidn
animal y su semejanza o paralelismo con el proceso comunicativo humano: un emisor codifica y
envia una sefial a un receptor que, a su vez, decodifica y ejecuta una respuesta en funcion de la
sefial recibida (Marler 1982). Probablemente, el que los primeros modelos que describieron la
comunicacion animal y el lenguaje humano siguiesen este mismo esquema se deba a cierta
influencia del sistema del telégrafo y no tanto a la observacion de lo que sucede en realidad en
los animales (Wiley 2013). Actualmente, algunos autores postulan por prescindir de esta
analogia entre lenguaje humano y comunicacién animal porque, defienden, supone un
constructo artificial que limita nuestra comprensién de lo que realmente ocurre (Seyfarth y
Cheney 2003; Rendall y Owren 2013). En realidad, parece que esta en disputa no solo el marco

tedrico, sino la propia definicidn de comunicacién animal.
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Dos escuelas de pensamiento debaten acerca de si en el proceso comunicativo se
produce, precisamente, una transferencia de informacion honesta entre el emisor y el receptor
(ej. Otte 1974; Zahavi 1975; Hauser 1996), o basada en la influencia o manipulacidén que ejerce
el emisor sobre el receptor (ej. Dawkins y Krebs 1978; Owings y Morton 1998; Maynard-Smith y
Harper 2003). Los primeros postulan que la comunicacion no puede entenderse sin
transferencia de informacidn vy, los segundos, que la informacién, no solo no es necesaria para
definirla (Stegmann 2013), sino que debemos prescindir de ella en favor de un enfoque
adaptativo (Scott-Phillips 2008). La raiz de la discusidn y la divergencia de enfoques parece
radicar en la forma y el origen evolutivo de la sefial comunicativa (en sentido amplio, ver mas
abajo) y las presiones de seleccién que actian sobre el emisor y el receptor. Actualmente se
ofrecen propuestas desde ambas posturas. Por un lado, se proponen nuevos marcos teéricos
que prescindan de la trasferencia de informacién y una reorientaciéon de los mecanismos
(Rendall y Owren 2013) y por el otro una redefinicion que busque puntos comunes sin prescindir
de la informacion (Carazo y Font 2010). Sin embargo, puede ser dificil traspasar la discusion
desde la teoria a la préctica. Actualmente, la mayoria de los ecdlogos evolutivos entienden la
comunicacion, de manera general, como un proceso de transferencia de informacion entre un
emisor y un receptor por medio de sefiales (Bradbury y Vehrencamp 2011). Aunque eso no
impide matizar y concretar lo que sucede en cada caso en funcion de las especies estudiadas, su

ecologia y su historia evolutiva.

En el proceso comunicativo, el receptor como perceptor del “mensaje” podria
beneficiarse de la informacidén enviada por el emisor (Stegmann 2013). Sin embargo, este
beneficio podria verse comprometido si la informacidn facilitada por el emisor no es fiable
(Searcy y Nowicki 2005). Por otra parte, si el receptor ejecuta la respuesta adecuada, el emisor
podria beneficiarse de haber facilitado esa informacion. Este es, precisamente, el motivo por el
que el emisor iniciaria el proceso (Dawkins y Krebs 1978). Desde este enfoque, la comunicacion
permitiria al emisor obtener efectos (respuestas) y al receptor obtener informacién (Carazo y
Font 2010). Encontraremos diferencias en las estrategias desarrolladas y en las presiones de
seleccidn a las que estan sometidos el emisor, como productor de informacidn y espectador de
la respuesta, y el receptor, como extractor e intérprete de la informacién (Guilford y Dawkins
1991; Guilford y Dawkins 1993). También seran diferentes los beneficios obtenidos por ambos
en funcién del coste de la transmision de la informacién para cada uno. El emisor puede
necesitar invertir energia o recursos en la transmision de informacion sin tener la certeza de que
ésta llegara al receptor y obtendra beneficio de ello. Y, a su vez el receptor, puede tener que

invertir en extraer y descifrar la informacién (por ejemplo, con ensayo-error y aprendizaje) y
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tener que asumir el coste asociado de ejecutar una respuesta sin tener certeza de si la
informacidn era veraz. Esto muestra que el proceso comunicativo es asimétrico y que puede ser
cooperativo o no cooperativo entre emisor y receptor. La clave de todo parece estar en el

“paquete de informacion” que el emisor envia o el receptor percibe.

Los “paquetes de informacion”: indicios y sefales

La primera distincion fundamental realizada para distinguir los paquetes de informacién
se realiza a la luz de si la evolucién los ha modelado para que el emisor los emita o, simplemente,
son interpretados como informacién disponible por el receptor sin que la evolucidon haya
participado en su construccién (Maynard-Smith y Harper 1995; Maynard-Smith y Harper 2003).
En el primer caso, hablamos de sefiales (signals) y, en el segundo, de indicios o rastros (cues).
Un indicio es definido como una caracteristica del mundo, animado o inanimado, que puede ser
usada por un animal como una guia de una futura accion (Hasson 1994). La diferencia con la
sefial, ademas del disefio evolutivo, es que es que el receptor percibird la informacidn
procedente del coespecifico sin que este realmente tenga intencidén de transmitirla (Johnstone
1997). Por lo tanto, dentro de los indicios, podriamos encontrar la informacion que un receptor
percibe sobre el habitat, el clima o también sobre la presencia de depredadores o de presas. Sin
embargo, también podria constituir un indicio la informacién social inadvertida: recursos
tréficos, de nidificacién, de asoleamiento... o también rasgos morfoldgicos o comportamentales
que describen el fenotipo del coespecifico (Bradbury y Vehrencamp 2011). Estos indicios podrian
utilizarse en un contexto de relaciones sociales como la competicidon intraespecifica o la
seleccidn sexual, en los que las sefales verdaderas también estan muy presentes. Al hablar de
indicio, nos referimos principalmente a la percepcion de informacidn que realiza el receptor sin

gue ni siquiera se requiera la presencia del otro individuo coespecifico (Danchin et al. 2004).

Ha habido alguna propuesta para diferenciar los indicios de las sefiales basandose en
que las ultimas serian mas conspicuas, mas redundantes, mas estereotipadas y, a menudo,
precedidas de componentes de alerta (Wiley 1983). Sin embargo, esta descripcion de las
sefiales, aunque relativamente acertada, no alude a su origen que parece que es lo realmente
determinante para distinguir entre indicios y sefiales. Stegmann (2013) define las sefiales como
“eventos fisicos, comportamientos o estructuras a las cuales un receptor responde”. Esta
definicidn incluiria como sefales también a los indicios y podria ser confusa a la hora de estudiar
el proceso comunicativo. Por ello, una de las definiciones ampliamente aceptada, es la definicién
de sefial dada por los que apuestan por la comunicacidn basada en la influencia: Sefial es “un
acto o estructura que altera el comportamiento de otro organismo (respuesta) y que ha

evolucionado para ese propdsito, siendo efectiva porque la respuesta del receptor también ha
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evolucionado” (Maynard-Smith y Harper 2003; Scott-Phillips 2008; Bradbury y Vehrencamp
2011). Una definicion reciente aportada por Carazo y Font (2010) y basada en la definicion de
informacion funcional de Stegmann (2005) permite mantener la distincién evolutiva entre sefial
e indicio pero incide en la interpretacidon que realiza el receptor de la informacién recibida:
“Sefial es cualquier acto o estructura que (i) afecta al comportamiento de otros organismos, (ii)
evoluciona (o es mantenida) por causa de sus efectos, y (iii) es efectiva porque transfiere
informacion (funcional) a los receptores”. Esta uUltima definicidon permite contemplar la recepcidn
de informacidn sin tener que restringirnos Unicamente al ambito adaptativo del emisor y

también evaluar el éxito y la eficiencia de la sefial.

Se puede considerar que, para que se dé un proceso de comunicacién animal, debe
haber un individuo emisor que envia una sefial a un individuo receptor que la interpretard y
ejecutard una respuesta acorde; y que, tanto emisor como receptor, estaran sometidos a
diferentes restricciones y presiones evolutivas (Endler 1993). Podemos concluir que no toda la
recopilacion de informacién implica comunicacion (por ejemplo, el uso de indicios), pero si que
la recopilacion de informacién podria ser uno de los mecanismos que permite la comunicacion

animal por medio de sefiales.

Fialibilidad (honestidad) y engaiio en las sefiales

Aunque parece que la comunicacion animal podria beneficiar tanto a emisor como a
receptor, esto solo deberia suceder si la informacién transmitida en la sefal es veraz (Maynard-
Smith y Harper 2003). Es posible que el emisor trate de engafiar al receptor para obtener un
beneficio (Dawkins y Krebs 1978). Un ejemplo clasico de sefializacion engafosa es la reflejada
en el mimetismo batesiano (Grafen 1990). En este caso el emisor, aun siendo una presa sabrosa
y apetecible, adopta una coloracidn (sefial) similar a la de otros animales que en realidad son
venenosos para protegerse indirectamente. El receptor, al ver los colores y la semejanza del
emisor probablemente interpretara que el animal es venenoso, aunque no lo sea. En este caso
hablamos de una sefial engafiosa 0 manipulativa que solo beneficiaria al emisor. Mientras que,
si la sefial refleja la informacién emitida de manera fiable, se beneficiarian tanto el emisor como
el receptor y hablariamos de sefiales honestas (para una excelente revision acerca de confianza

y engafio en la comunicacién animal ver Searcy y Nowicki 2005).

La busqueda de sefiales honestas y su diferenciacidn de las sefiales engafosas o
manipulativas ha sido uno de los grandes retos de la ecologia del comportamiento; sobre todo

estudiada en el concepto de la sefalizacion sexual (Grafen 1990). Puesto que la sefial debe
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beneficiar al emisor y al receptor, uno de los puntos clave es la confianza que el segundo puede
depositar en la sefial recibida en cuanto a la informacidn contenida. Searcy y Nowicki (2005)
establecen dos criterios para evaluar si una sefial es confiable: (1) alguna caracteristica de la
sefial estd cominmente relacionada con algun atributo del sefialador y su ambiente y (2) el
receptor debe beneficiarse de la informacidn obtenida sobre ese atributo. Esto nos muestra y
nos introduce en uno de los aspectos clave en la sefializacién: ésta depende de los rasgos

(atributos) del emisor.

La variabilidad en la produccion de sefiales

Se deduce que, si existe variacion en las caracteristicas de diferentes individuos, no
todos los individuos seran capaces de desarrollar la sefial de la misma manera o con la misma
intensidad y que la informacidn transmitida dependerd de los rasgos de cada uno. Esta variacion
interindividual garantiza, por otra parte, que los rasgos que constituyen la sefial sean
seleccionados evolutivamente de entre todos aquellos posibles. Pero, a la vez, esta variacion
estd producida por la propia variabilidad genética y fenotipica de los animales. Las sefiales
podrian indicar de manera directa o indirecta cudles son las caracteristicas genéticas de cada
individuo, asi como el fenotipo en el momento de expresidn de la sefial, podria reflejar aspectos
genéticos o de la historia vital (life-history) de los animales (edad, tamafio, potencial
reproductivo, etc.) (Roff 1992). La literatura sobre el estudio de rasgos individuales y su relacion
con la sefializacién es tremendamente amplia (ver ejemplos en Krebs y Davies 1997; Maynard-
Smith y Harper 2003; Searcy y Nowicki 2005). Y, ultimamente, también se han hallado relaciones
con la variacion individual debida a la personalidad y los sindromes comportamentales (Akcay
et al. 2014; Dirienzo y Hedrick 2014). Todos estos rasgos estan relacionados con la eficacia
bioldgica de los individuos vy, la variabilidad de las sefales expresadas por cada uno de ellos
podria reflejar de manera honesta las caracteristicas del individuo. Esto hace que Ia
comunicacion sea pieza clave de multiples procesos ecoldgicos en los animales y que las sefiales
estén implicadas, por ejemplo, en procesos de reconocimiento de individuos, de su calidad o de
su estrategia comportamental (Tibbetts y Dale 2007). Son diversos los factores que contribuyen
a lavariacién de la seializacion tanto en la produccidn de sefiales como en la recepcion de estas,
contribuyendo a la evolucién de los sistemas de comunicacién y, por ende, a la evolucién de las

especies (Boughman 2001).

- Los costes de senalizacion
Toda transmisién de una seiial tendria un coste asociado, como pérdida de recursos o de eficacia

bioldgica, solo por el hecho de enviarla. El coste necesario e inevitable para asegurar que la sefial
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se transmite de manera eficaz es llamado coste de eficacia y trataria de compensar las
restricciones causadas por el ambiente y los drganos sensoriales del receptor (Guilford y
Dawkins 1991). Sin embargo, hay otro coste asociado al mantenimiento de la honestidad de la
sefial, el coste estratégico (Grafen 1990). Este coste seria diferente para cada individuo porque
dependeria de la estrategia de inversidn de recursos que cada uno puede asumir. Para hablar
de este coste tipo de coste debemos plantear primero el principio del Handicap (Zahavi 1975).
Entendemos por Handicap aquella sefial cuya fiabilidad es asegurada porque su coste es mayor
que los requeridos unicamente para ser una sefial eficaz; este coste podria reflejarse en la
produccién de la sefial o en las consecuencias de la misma (definido en Maynard-Smith y Harper
2003). Un handicap existiria si aquellos individuos de mayor calidad expresan una seial muy
intensamente, por ejemplo un ornamento colorido, a la vez que asumen un coste causado por
alguna desventaja como alta carga parasitaria, vejez, una lesidn, etc. El coste que asume, o la
inversion que el individuo realiza, al emitir la sefal es tan elevado que garantiza que la sefial sea
honesta. La combinacién de la desventaja y la intensidad de la sefial mostraria de una manera
mas efectiva que esos individuos son capaces de expresar la sefial “a pesar de” tener esa
desventaja. A pesar de todo, el principio del handicap parece paraddjico por lo que ha tenido y
sigue teniendo (Szamadd 2001) muchos detractores. Maynard-Smith y Harper (1995) plantearon
una diferenciaciéon con respecto al handicap que denominaron indice: aquella sefal cuya
intensidad estd causalmente relacionada con la calidad que estd siendo sefialada y que no puede
ser falseada. Esto implicaria que no tiene un coste asociado, sino que es solo la sefal que es
posible producir porque estd totalmente relacionada con la caracteristica que sefializa (Hasson
1994). Una ultima definicidn reciente expresa que las sefiales (o displays) pueden ser
dependientes de la condicion (Hill 2011): sefial dependiente de la condicion es aquella
caracteristica conspicua de un organismo que varia en su expresion dependiendo de su
capacidad de resistir (o mantener la funcionalidad dptima de los procesos esenciales) frente a
los desafios ambientales. Esta Ultima definicidén parece que nos permite llegar a un punto comun
entre los indices y los handicaps. Si asumimos que la sefial es honesta, los animales invertiran
en la sefalizacidn todo lo que puedan. Si un individuo posee un handicap y es capaz de expresar
la sefial querria decir que el coste de la sefal es asumible por él, lo que indica que su “calidad”
es buena a pesar del handicap. Es decir, que su condicidn es buena, aunque posea el handicap
Yy, por eso, puede costear la expresion de la sefial. Sin embargo, lo que indica que la seial es
honesta es que tiene un alto coste que no todos los individuos pueden permitirse. Si la sefial es
honesta no se puede falsear, incluso con un handicap; y las sefales reflejaran la capacidad de
los individuos para invertir en la sefial todo lo posible. Podremos ver sefiales muy intensas o

extravagantes en individuos que tienen desventajas porque son capaces de producirlas, no
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porque utilicen el engafio. Este enfoque de la expresidn de las sefiales como dependientes de la
condicién del emisor es el que guia el estudio realizado en esta tesis doctoral, dado que hay
evidencias previas en la especie de objeto de estudio de que las sefales siguen este patrdn (ver

apartado “Iberolacerta cyreni como especie modelo”)

- Trade-offs

La gran pregunta es acerca de cuanto puede invertir el animal en la sefial. Normalmente
no es solo cuestién de energia, sino de la dependencia de la expresion de algunas sefiales del
uso de recursos concretos para producirse; por ejemplo, de los carotenoides en las sefiales
coloridas (Perez-Rodriguez 2009) o de las vitaminas en las sefiales quimicas (Kopena et al. 2011).
Una inversidn excesiva en la expresion de la sefial podria suponer un coste demasiado elevado
para el emisor en términos de supervivencia (Kotiaho 2001). Debe de existir un compromiso
(trade-off) entre la expresién de la sefial y la capacidad de mantener la homeostasis interna,
pero también puede existir un compromiso entre emitir una sefal demasiado conspicua y
exponerse a elevados riesgos de depredacion (Kotiaho 2001). La variacion individual en la
produccién de sefiales es dependiente no solo del estado de cada individuo sino también de su
genotipo y de su historia vital que da lugar al fenotipo en el momento de expresar la sefial, que
determinan los compromisos a los que cada individuo puede enfrentarse (Kokko 1998). Este
mecanismo de equilibrio entre la posibilidad de expresar la sefial mas efectiva posible (en
términos de intensidad de la expresion) y la cantidad de recursos disponibles-utilizados y/o de

riesgo asumido, es una restriccion necesaria para mantener la honestidad de la sefial.

Transmisidn de informacidn entre coespecificos

La recopilacién de la informacidén por los animales esta restringida por los sistemas
sensoriales que poseen y por su rango de deteccion. Normalmente los animales recopilan
informacién por medio de sensores que pueden ser de varios tipos: acusticos, visuales,
fotorreceptores, mecanorreceptores (incluidos fonorreceptores), termorreceptores,
electrorreceptores, magnetorreceptores y quimiorreceptores (Kay 1998; Moyes y Schulte 2008;
Stevens 2013). Cada sensor en cada especie tendria un rango de deteccidn particular que
determinaria la informacion que es posible recopilar por cada uno de ellos. La seleccién natural,
por ejemplo, habria seleccionado aquellos sensores que permitian la deteccién de Ia
aproximacion de un depredador puesto que, aquellos animales que no fuesen capaz de utilizar

la informacion disponible por el depredador habrian sido depredados mas facilmente.
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Desde el punto de vista comunicativo, solo aquellas seiales que pueden ser detectadas
por los sensores nerviosos de los receptores tendran posibilidad de desarrollarse (Bradbury y
Vehrencamp 2011). Esta compatibilidad entre sistemas de emisidon y de recepcién de sefiales
son un requisito indispensable para que la comunicacion entre coespecificos tenga lugar. Por
ejemplo, la emision de sefiales coloridas en los pajaros debe de responder al espectro de visidn
de luz que los coespecificos son capaces de detectar. La seleccidn natural y sexual habria
favorecido la seleccidn de las sefiales producidas en aquel rango del espectro que es visible por
los coespecificos, desechando aquellas sefales que se encontraban fuera del rango del espectro
visible. Los sensores determinan, entonces, el tipo de comunicacidon que puede darse entre los
animales; siendo entre los vertebrados la comunicacidn acustica, visual y olfativa (o quimica) las

mas comunes.

- Transmision de informacion de padres a hijos
Existe un tipo de transmisién de informacidn entre coespecificos que no esta sujeta al
sistema de deteccidon y que tiene una gran importancia a nivel evolutivo: la transmisidn de
informacién genética (Crick 1970). Los hijos heredaran una gran cantidad de genes de los padres
que determinardn su genotipo, el cual es informacidn disponible para desarrollar el organismo,
producir el fenotipo segun la interaccion con el ambiente y transmitir esa misma informacién a

su progenie.

Los padres no solo transmitirdn informacion genética a los hijos, sino que hay una
contribucidn afiadida muy grande a la informacion de la que los hijos disponen antes y después
de nacer que es debida a los padres. Esta informacidn que influye directamente en el fenotipo
de las crias y no tiene componente genético alguno, son los llamados efectos parentales: /o
influencia paterna en el fenotipo de las crias que no puede ser atribuida a la transmision
mendeliana de cromosomas (Kirkpatrick y Russell 1989; Mousseau y Fox 1998). La influencia
ejercida depende de las relaciones paterno-filiales y se da en eventos como la gestacion, el
momento de la alimentacion, el lugar de nidificacion, etc. En funcién de la ecologia de la especie
y de la inversiéon que realice en cuidados parentales encontraremos diferentes efectos y de
distinta intensidad sobre el fenotipo de las crias. Normalmente los efectos parentales se dividen
entre efectos paternos o maternos en funcién de quién es el responsable de la transmisidn de
informacién. Sin embargo, son los efectos maternos los que han recibido mayor atencién en los
estudios de ecologia evolutiva (Mousseau et al. 2009). La razdn puede ser la gran influencia que
el ambiente materno tiene sobre las crias desde el momento de la fecundacidn. De hecho los
efectos maternos actualmente se conciben como la variacion fenotipica en las crias causada por

el fenotipo materno atendiendo a la herencia no-genética (herencia mediada por RNA y herencia
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cultural y ecoldgica (Danchin y Wagner 2010)), la plasticidad fenotipica y la epigenética (ver
revisiones en Uller 2008; Danchin y Pocheville 2014). No solo el fenotipo, sino el ambiente
materno, tanto externo (el habitat) como interno (el cuerpo durante la gestacidn), es
determinante para el desarrollo del fenotipo de las crias de manera positiva o negativa
(Mousseau y Fox 1998; Marshall y Uller 2007). Las crias podrian adquirir informacion sobre su
ambiente futuro antes del nacimiento dado que el ambiente materno es un buen predictor del
mismo (Bestion et al. 2014). Los efectos maternos inducidos por el ambiente (Lacey 1998) serian
adaptativos si la informacién proporcionada programa la fisiologia de las crias de manera acorde
a las condiciones que luego se encontrara (Wells 2007; Monaghan 2008). A este tipo de efectos
maternales se les conoce como efectos maternales anticipadores (anticipatory maternal
effects) (Marshall y Uller 2007). La madre, indirectamente, podria informar a las crias de las
caracteristicas ambientales del habitat elegido como la cantidad de recursos disponible (Warner
et al. 2015), la presencia de depredadores (Feng et al. 2015) o las fuentes de estrés (Meylan et
al. 2012). De esta manera el fenotipo del embridn se “pre-adaptaria” al nuevo ambiente por
medio de modificaciones morfolégicas (Roff 1998) o, una vez nazca, por medio de respuestas
comportamentales concretas (Bestion et al. 2014). Sin embargo, no esta claro si la informacion
proporcionada por la madre constituye una sefial comunicativa enviada por la madre a las crias

(Lacey 1998) o solo un indicio del que las crias pueden disponer (Warner et al. 2015).

Comunicacién compleja: multimodal y multisensorial

A pesar de las distinciones que habitualmente se hacen al hablar de comunicacién
animal segun el canal que empleen (auditivo, visual o quimico), en realidad, la comunicacién se
produce a través de una combinacion de multiples sefiales de diversa naturaleza (Johnstone
1996). Si la comunicacion se produce a través de varias sefiales, pero dentro del mismo canal
sensorial, hablamos de sefializacion muiltiple (multiple signalling); mientras que, si se produce
combinando varios sistemas sensoriales, como visual y quimico, hablamos de sefalizacién

multimodal (multimodal signalling).

Se han dado dos posibles explicaciones para la existencia de la sefalizacion compleja
(Johnstone 1997). La primera en referencia a la cantidad de informacidon que proporcionan las
sefiales del emisor (comunicacién basada en la informacién) y la segunda en referencia al
aprovechamiento de las preferencias del receptor (comunicacidon basada en la influencia o
manipulacion): (1) Si las sefiales complejas proporcionan al receptor informacién repetida sobre

una caracteristica del emisor podrian estar reforzando la informacién proporcionada por una
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sefial al combinarla con la otra produciendo sefiales redundantes, lo que permitiria una
evaluacion mas fiable de la condicion del sefialador (back-up hypothesis); pero también podria
suceder que las diferentes sefales proporcionasen informacidn sobre aspectos diferentes de la
condicion del animal (multiple message hypothesis) (Johnstone 1996), permitiendo una
evaluacion global de los rasgos del emisor al reflejar distintas “calidades” (por ejemplo, la
cantidad de carotenoides podria reflejar la condicidn fisica y la cantidad de melanina el estatus
social) (Candolin 2003); (2) Si sirven para facilitar la deteccidn o tomar ventaja de las preferencias
arbitrarias del receptor el emisor estaria beneficidndose de la manipulacién del receptor.
Podrian haber evolucionado desde sesgos sensoriales pre-existentes en el receptor (Ryan y
Keddy-Hector 1992; Ryan y Rand 1993). También se han propuesto que las sefiales complejas
en realidad no reflejarian de forma precisa la condicidn del animal (unreliable signal hypothesis),
sino que la complejidad de la sefial aumentaria la confusidon (Mgller y Pomiankowski 1993). Sin
embargo, no esta claro cudl es la razén de la existencia de las sefiales multiples y hay argumentos
y evidencias que apoyan todas las hipotesis en mayor o menor medida. Por ejemplo, no todas
las caracteristicas del sefialador podrian ser contempladas como sefiales comunicativas, sino
qgue también podrian contemplarse como una combinacion de sefiales e indicios que permitirian
una evaluacidon mas precisa o fiable del emisor por parte del receptor. Las sefiales, complejas o
no, habrian sido seleccionadas en funcidn de los habitats de las especies, siendo las propias
restricciones causadas por el ambiente una fuente de variacién de las sefiales (environmental
selection hypothesis) (Morton 1975; Richards y Wiley 1980). Esto es porque la capacidad de
deteccidon podria variar en funcién de las condiciones ambientales y, en ese caso, las sefales
complejas podrian asegurar la recepcién de la seiial por diferentes vias si reflejan la misma
informacién. Para esto la informacidn proporcionada por las sefiales deberia de ser coherente
entre si, y el uso de un canal sensorial u otro (multimodal signalling) o de sefiales redundantes
reforzaria la percepcién de los rasgos del emisor cuando las caracteristicas ambientales cambian
(Candolin 2003). El problema surgiria si detectdasemos sefiales que reflejan informaciones
contrarias entre ellas, que podrian confundir al receptor. En ese caso deberiamos de evaluar si

la sefial es honesta o engafiosa.

El origen evolutivo de la sefializacion: sesgos sensoriales

Parece que Dawkins y Krebs (1978) no se referian a esta incoherencia en la combinacién
de sefales cuando hablaban de manipular al receptor, sino a aprovechar que el receptor tiene
una determinada sensibilidad para “leer la mente” del emisor y beneficiarse de ello. Hay todo

un cuerpo tedrico que argumenta sobre el origen de la comunicacidn y la sefializacién en el que
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el emisor se aprovecharia de las “preferencias” iniciales del receptor (Cummings y Endler 2018).
En el contexto del estudio de la seleccidn sexual, se describieron tres procesos que, a pesar de
ser complementarios o practicamente similares, se han distinguido por el énfasis en las ventajas
adaptativas o las presiones de seleccién de cada uno (ver Endler y Basolo 1998): (1) los sesgos
sensoriales pre-existentes en el receptor (sensory bias hypothesis) (Basolo 1990, 1995), (2) la
explotacién sensorial por parte del emisor de esos sesgos (sensory exploitation) (Ryan y Rand
1990; Ryan 1998), y (3) las trampas sensoriales en las que podria caer el receptor (sensory traps)
(Christy 1995). Parece que hay acuerdo en que el sesgo del receptor estaria causado porque el
sensor nervioso que recibe la sefial, en su origen, tendria la funcién de percibir informacion
ambiental (indicios) y no una funcidén comunicativa (sefiales) (Endler y Basolo 1998). Esto hizo
que se planteara la unién de todas las propuestas bajo el mismo marco tedrico de las “hipdtesis
del sesgo sensorial” (Fuller et al. 2005). Sin embargo, hay un modelo para explicar el origen de
las sefiales que parece reunir tanto las preferencias o sesgos del receptor como las presiones
ejercidas por las caracteristicas del ambiente, el modelo del impulso sensorial (sensory drive)
(Endler 1992; Cummings y Endler 2018). Este modelo establece que tanto los rasgos del emisor
como el comportamiento del receptor habrian coevolucionado bajo las restricciones
ambientales bidticas o abidticas. Distingue entre el componente de sefalizacion, atribuido al
emisor, y el componente sensorial, atribuido al receptor; y plantea que la coevolucién de ambos

sistemas habria sido definida por la explotacién sensorial (Cummings y Endler 2018).

La comunicacion y la seleccion sexual

Dentro de la perspectiva de la comunicacion, las sefiales sexuales tienen un particular
interés dado que median el comportamiento de eleccidon de pareja,o la competencia entre
machos para acceder a mas hembras. Esto es de relevancia por las consecuencias que tienen en
los procesos de seleccidén sexual (Andersson 1994) y en el éxito reproductivo de los individuos.
Normalmente la seleccion sexual es comprendida como dos procesos interdependientes y que
actuan reforzandose mutuamente: la competicién entre machos por el acceso a las parejas
potenciales (male-male competition) y la eleccion de pareja por las hembras (mate choice)
(Berglund et al. 1996; Wiley y Poston 1996; Wong y Candolin 2005; Hunt et al. 2009). Los machos
competirian por las hembras por medio de encuentros agonisticos, mientras que las hembras
solo seleccionarian como parejas aquellos machos que prefieren (Halliday 1983). Al ser dos
procesos diferentes estan sometidos a distintas presiones de seleccidon (Qvarnstrom y Forsgren

1998) pero, se puede deducir, que en ambos tiene una importancia clave la recopilacién de
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informacidn sobre los coespecificos. Como los machos son los sujetos habituales de seleccion
sexual, nos centraremos en la produccion de sefales que estos ejercen por medio de
ornamentos y en cdmo las hembras o los otros machos interpretan estas sefiales en el contexto

reproductivo.

En el proceso de apareamiento, los machos, proporcionarian informacidon mediante sus
rasgos individuales reflejando de manera honesta sus caracteristicas genéticas, su condicién o
sus habilidades competitivas. Tanto machos como hembras evaluarian los rasgos exhibidos por
los machos, ya sea en forma de sefiales (Grafen 1990; Kotiaho 2001) o de indicios (Valone y
Templeton 2002) determinando esto las relaciones sociales entre ellos. Los machos podrian
evaluar la capacidad competitiva de los rivales por medio de las sefiales ejecutadasyy, asi, valorar
sus probabilidades de ganar o perder en un enfrentamiento (Enquist y Leimar 1983). Por su
parte, las hembras podrian evaluar la expresién de las sefales o los rasgos del macho para

comparar entre ellos y elegir la mejor pareja (Bateson y Healy 2005).

- Male-male competition

La competicién entre machos para fecundar a las hembras no solo se da en los
momentos previos a la cépula, sino que también después de la cépula hay mecanismos de
competencia espermatica, de infanticidio o de aborto que evitan que los competidores tengan
mayor eficacia bioldgica (Carranza 1994). En esta tesis doctoral nos limitaremos a los procesos
de competicion entre machos previos a cdpula; es decir, por el acceso al apareamiento con mas
hembras. Esta competicién, principalmente, se desarrolla por medio de combates agonisticos
que procuran la exclusion del rival de un territorio o drea de campeo (Huntingford et al. 1987).
En los momentos previos al combate, los machos pueden exhibir sus rasgos enviando sefiales al
conteniente sobre su habilidad competitiva e, indirectamente, su posicién en la jerarquia de
dominancia. La evaluacidn de las sefales emitidas por el rival permitiria tomar una decisién mas
eficiente desde el punto de vista de riesgos asumidos y costes energéticos (Enquist 1985). Sin
embargo, esta evaluacion del rival no tiene por qué hacerse por medio de sefiales, sino que
puede hacerse durante el propio encuentro agonistico y que, tras el combate, el reconocimiento
individual entre machos evite nuevos enfrentamientos (Jaeger 1981). Este comportamiento fue
nombrado por (Fisher 1954) con el irénico término de “reconocimiento del querido enemigo”
(dear enemy recognition) en referencia al ahorro energético que supondria evitar el
enfrentamiento con machos ya conocidos, dado que el resultado de un nuevo enfrentamiento

es altamente predecible.
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La defensa agonistica del territorio en el que se encuentran las hembras puede ser
apoyada por medio de otras sefiales no solo comportamentales sino también quimicas o
acusticas. El marcaje territorial mediante marcas olorosas en el sustrato (secreciones, heces u
orina) o vocalizaciones es muy comun en un amplio rango de especies y podria tener funcion de
exclusién de competidores (Gosling 1982). Los rivales comprobarian la presencia del duefio del
territorio y podrian reconocerle, si han tenido encuentros previos, o estimar su capacidad
competitiva utilizando las marcas territoriales para extraer esa informacion (Gosling y McKay

1990).

Aquellos machos que tienen buenas habilidades de combate podrian incrementar sus
oportunidades de apareamiento excluyendo a los rivales mas débiles (Andersson et al. 2002). Si
las jerarquias de dominancia a menudo se establecen teniendo en la parte mas alta a los machos
de mayor “calidad” y, estos también expresan de manera honesta su calidad en las sefales
sexuales, probablemente serdn los que mas se reproduzcan por ser mas elegidos por las
hembras (Wong y Candolin 2005). En todo caso, ser mas dominante y tener mayor acceso
potencial a las hembras no tiene por qué garantizar ser elegido por ellas ni obtener cépulas.
Como tampoco ser selectivas garantiza a las hembras copular con los mejores, como se ha visto
en el éxito de cépula de individuos flotantes o satélites sin territorio (Smith 1978) o en el caso

de violaciones (Pinsker y Doschek 1980; Thornhill 1980).

- Mate choice

Puesto que en la mayoria de las ocasiones la elecciéon de pareja es ejercida por las
hembras, trataremos este apartado desde este punto de vista (pero ver Kokko y Johnstone 2002;
Clutton-Brock 2007). Las preferencias de las hembras por los machos estarian guiadas por
aquella informacidn, sefales o indicios, que ellas perciben y por las que son atraidas. A su vez,
las propiedades sensoriales de las hembras estarian influidas por los comportamientos o rasgos
de los machos que exhiben cierto fenotipo por el cual mostrarian preferencia (Heisler et al.
1987). Sin embargo, preferir solo implica una parcialidad preconcebida por una cosa sobre otra
y no implica elegir finalmente lo preferido (Jennions y Petrie 1997). Es dificil separar entre
preferencia y eleccion real, pero la informacion recopilada por las hembras para preferir o
seleccionar al macho esta basada en los mismos procesos citados anteriormente. La hembra
extraeria la informacion acerca de las caracteristicas del macho a partir de indicios, como rasgos
fenotipicos (morfologia, rasgos olfativos, comportamentales...) o recursos defendidos o

producidos por él (nido, territorio...), 0 a partir de sefiales verdaderas que el macho envia a la
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hembra para atraerla (danzas de cortejo, displays coloridos, vocalizaciones, sefiales quimicas...)

(Candolin 2003)

La competicidon entre machos puede en algunos casos favorecer la seleccién sexual si las
hembras utilizan las peleas entre machos para evaluar la calidad de los mismos puesto que la
competicion mostraria la honestidad de esa calidad. Incluso en algunos casos las mismas sefiales
gue muestran la dominancia o la habilidad competitiva podrian ser usadas por las hembras para

evaluar la calidad de los machos (Wong y Candolin 2005).

Mucho se ha discutido acerca de los mecanismos que establecen la seleccién sexual
ejercida por las hembras. Andersson y Simmons (2006) recopilaron estos mecanismos evolutivos

y nos basamos en su trabajo para hacer una descripcion de ellos:

- Beneficios directos: las sefiales del macho reflejarian aspectos de los que se beneficiaria
la hembra directamente como ventajas materiales, calidad del territorio, nutricién o

cuidados parentales.

- Sesgos sensoriales: las hembras preferirian aquellos machos que exhiben ornamentos o
envian sefiales que son atractivas para las hembras porque a priori ellas tendrian una
tendencia a responder a esas sefiales en un contexto diferente al apareamiento (sesgos
por la comida, por el movimiento, por el sonido...). En este caso las hembras no
obtendrian inicialmente ningun beneficio de la eleccidn, ya que seria un subproducto

del sesgo sensorial (Kirkpatrick 1987; Kirkpatrick y Ryan 1991).

- Hijos atractivos de Fisher (Fisherian sexy sons): Fisher (1930) planteé que si un rasgo
(sefial) es atractivo para las hembras, entonces seria seleccionado. Atribuyé esa varianza
en los rasgos del macho a componentes genéticos, que es lo que indirectamente estaria
eligiendo la hembra. Con ello haria que sus hijos se pareciesen al padre no solo en la
genética, sino en la expresidn de la sefial. Los hijos tendrian mas probabilidades de ser

atractivos y de reproducirse a su vez, incrementando su eficacia bioldgica.

- Mecanismos indicadores (buenos genes o handicaps): el atractivo de las sefales del
macho reflejaria indirectamente su calidad genética por medio de sefiales honestas. Si
la hembra elige a estos machos estaria favoreciendo la eficacia biolégica de la

descendencia al proporcionarles buenos genes heredados del padre.
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- Compatibilidad genética: las hembras podrian elegir aquellos machos que tiene alelos

que complementan su genoma para beneficiar a sus crias con un genoma mas diverso.

Parece plausible el que las hembras utilicen varias sefales para decidir con qué macho
reproducirse. El uso de la sefializacion multiple y la sefializacién multimodal podria ser
adaptativo para las hembras al aumentar su eficacia bioldgica al reducir los errores y los costes
de la eleccién. Esto podria suceder si la hembra analiza la informacién recopilada a partir de
varios indicios o sefiales emitidas por el macho que reflejen distintas “calidades” o si las sefiales

fuesen redundantes (Candolin 2003).

La comunicacion en reptiles: un comentario breve

Tradicionalmente, la comunicacién en reptiles se ha estudiado principalmente desde las
modalidades visual y quimica. Y, aunque se ha considerado que los reptiles no poseen
comunicacion acustica debido a que solo algunos de ellos son capaces de emitir sonidos (ej.
Wever et al. 1966; Marcellini 1974), actualmente la comunicacion acustica en reptiles es un
campo de investigacidn creciente (ej. Brumm y Zollinger 2017; Garcia-Roa et al. 2017; Reyes-

Olivares y Labra 2017).

- Comunicacidn visual en reptiles

Entre las sefiales visuales de los reptiles encontramos aquellas que son
comportamentales como cabeceos (head bob displays), pataleos (foot shakes), “flexiones”
(push-up displays), desplazamientos rapidos o amenazas abriendo la boca, pero también sefiales
coloridas en los que los patrones de coloracion pueden reflejar distintas caracteristicas (Vitt y
Caldwell 2014). El color tiene mucha importancia en la comunicacién visual en los reptiles, no
solo las que vemos los humanos sino también las que son expresadas en el espectro del
ultravioleta (ej. Fleihsman et al. 1993; Whiting et al. 2006; Martin et al. 2015, 2016). En las
sefiales visuales coloridas influyen mucho las caracteristicas del habitat, la luz incidente y la
reflejada (Endler 1992), por lo que una de las grandes presiones de seleccién en este tipo de
sefiales es el ambiente (Leal et al. 2004). Sin embargo, la produccion de coloraciones en los
reptiles es a menudo dependiente de la condicién (Pérez i de Lanuza et al. 2014) y de los recursos
utilizados como carotenoides (Kopena et al. 2014a) o vitaminas (Kopena et al. 2014b). De este
modo reflejarian sefiales honestas que pueden ser utilizadas en la sefializacion del estatus de

dominancia (Whiting et al. 2003) y en la seleccién de pareja (Tokarz 1995).
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- Comunicacién quimica en reptiles

El primer acercamiento a la comunicacién quimica en animales fue a través del concepto
de feromona (Karlson y Liischer 1959): sustancias que son secretadas al exterior por un individuo
y recibidas por un segundo individuo de la misma especie, y con los cuales desencadenan una
reaccion especifica, por ejemplo, un comportamiento estereotipado o un proceso de desarrollo.
Actualmente el concepto de sefial quimica es un poco mas amplio y el de feromona se ha
restringido a un tipo de sefial quimica “evolucionada” (Wyatt 2014). Las seiiales quimicas no
tendrian por qué ser feromonas, aunque las feromonas son, sin duda, sefiales quimicas. La
diferencia puede establecerse en que las feromonas desencadenan una respuesta mas o menos
automatica y siempre comun a todos los individuos de la especie mientras que las sefiales
quimicas no restringen la respuesta necesaria a ser automatica sino al aprendizaje por parte del

receptor del significado de la seiial (Wyatt 2010, 2014).

Los compuestos quimicos secretados por algunos ofidios a través de la piel o por los
lagartos a través de glandulas epidérmicas (Weldon et al. 2008; Baeckens et al. 2017)
constituyen sefiales utilizadas en procesos de comunicacion social (Mason y Parker 2010). Es
comun que las sefiales quimicas en reptiles no sean compuestos Unicos sino una mezcla (Martin
y Lépez 2011). Las evidencias de que la comunicacién quimica en reptiles tiene gran importancia
han ido creciendo en los ultimos afios (Martin y Lopez 2011). En los lacértidos, las sefiales
quimicas frecuentemente estdn basadas en las secreciones de glandulas femorales o
precoacales de los machos cuya fraccion lipidica estd formada por compuestos volatiles como
esteroides, acidos grasos y alcoholes cuya deteccion a través del aire es sencilla (Weldon et al.
2008; Martin y Lopez 2014). Entre los procesos sociales en los que participa la sefalizacion
guimica en lacértidos se han encontrado procesos de reconocimiento intraespecifico entre
distintos morfotipos (Lopez et al. 2009) o individuos (Aragon et al. 2001b; Carazo et al. 2008).
También se ha visto la importancia de las sefiales quimicas en la discriminacion individual entre
individuos conocidos (Aragén et al. 2001a) y familiares (Bull et al. 2001), y entre distintos sexos
(Gonzalo et al. 2004). Y el papel que ejercen en la evaluacion de rivales (Lopez y Martin 2002a;
Carazo et al. 2007) y en la competencia entre machos (Lopez et al. 2002), asi como en la seleccion

y las preferencias de las hembras cuando eligen pareja (Lopez y Martin 2005b).

Si los compuestos quimicos secretados reflejan de manera honesta la condicién de los
machos que los producen (Martin y Lopez 2015), es muy probable que la comunicacién quimica
contribuya en gran medida a la evaluacién del rival o de la seleccién de pareja por las hembras.
En lacértidos se han encontrado abundantes evidencias de relaciones dependientes de la

condicién entre rasgos de los machos y la sefializacién quimica en las secreciones. La respuesta
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inmune y la carga parasitaria de los machos de Psamodromus algirus parece estar relacionada
con las proporciones de octadecanol y eicosanol en sus secreciones (Martin et al. 2007a), y en
los machos de Podarcis muralis con las proporciones de &acidos grasos como el oleico,
hexadecanoico y octadecanoico (Martin et al. 2008). También las proporciones de colesterol en
las secreciones se incrementan con el tamafio corporal en el género Iberolacerta (Martin y Lépez
2007) y parece que las proporciones de hexadecanol en I. monticola indicarian el estatus de
dominancia entre machos (Martin et al. 2007b). Todas estas sefiales podrian tener un papel en
la seleccidn sexual, tanto en la competicion entre machos (Lépez y Martin 2011) como siendo

atractivos para las hembras (Kopena et al. 2011)

Iberolacerta cyreni como especie modelo

La lagartija carpetana, Iberolacerta cyreni, es una de las especies de reptiles ibéricos
mejor conocida. Ha sido estudiada en profundidad durante los ultimos treinta afios y se conoce
con mucho detalle su ecologia, su biologia reproductiva y los principales aspectos que dominan
en sus relaciones de comunicacién entre coespecificos. Todo esto hace de esta especie un
modelo idéneo para profundizar en el estudio de las implicaciones ecoldgicas y evolutivas de la

sefializacion intraespecifica.

La lagartija carpetana es un lacértido de tamafio medio-grande que habita las zonas mas
altas del Sistema Central espafiol (Pérez-Mellado 1997). En la Sierra de Guadarrama, lugar donde
se ha llevado a cabo nuestro estudio, habita en el intervalo altitudinal entre el Puerto de
Navacerrada a 1.760 m. s. n. m. y la cumbre de Pefalara a 2.430 m. s. n. m. (Garcia-Paris et al.
1989a; Garcia-Paris et al. 1989b). Es una especie ligada a roquedos de alta montafia como
canchales y berrocales con rocas grandes salpicados de matorrales de piorno serrano (Cytisus
oromediterraneus) y enebro rastrero (Juniperus communis) y pastizales de Festuca sp. Es un
depredador generalista que principalmente se alimenta de artrépodos, siendo mas frecuentes
en su dieta coledpteros, dipteros y formicidos (Pérez-Mellado et al. 1991). Su periodo de
actividad anual esta limitado por la climatologia extrema de los lugares que habita,
permaneciendo activa desde finales de marzo o abril hasta primeros de octubre (Pérez-Mellado
1982). La época reproductiva tienen lugar normalmente durante el mes de mayo y las primeras
semanas de junio (Aragdn et al. 2001c), a principios de julio ya se ven hembras con huevos
oviductales y la Unica puesta anual se produce en el periodo entre julio y agosto (tamafio medio

de puesta en Guadarrama 7 * 2 huevos, tiempo medio de incubacién 49 * 4 dias (Arribas en
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Salvador 2014) pero ver capitulos 2, 4 y 5) y los primeros juveniles eclosionan en la segunda

quincena de agosto y las primeras semanas de septiembre.

Como todas las especies del género Iberolacerta, esta especie presenta dimorfismo
sexual. Las diferencias mas apreciables son el tamafo corporal (mayor en hembras), el tamafio
relativo de la cabeza (mayor en machos) y la presencia de poros femorales mas patentes en
machos (Pérez-Mellado et al. 1993). Durante la época reproductora los machos adultos mas
viejos suelen adquirir una coloraciéon de celo azul-verdoso mientras que la mayoria de las

hembras y los machos mas jovenes permanecen de color pardo (Pérez-Mellado et al. 1993).

Es una especie poliginica (Salvador et al. 2007). Los machos territoriales marcan sus
dominios vitales con las secreciones femorales (Lopez y Martin 2005a) y con excrementos (Lopez
et al. 1998; Aragdn et al. 2000) y defienden territorios cuyo tamafio tratan de incrementar
aumentando su tasa de movimientos y asi solapar su area de campeo con mas hembras (Aragén
et al. 2001c). Normalmente, el uso de esta estrategia territorial provoca encuentros agonisticos
entre machos (Martin y Salvador 1993), estando el resultado de estas peleas condicionado por
el tamafio relativo de la cabeza y determinando su posicion en la jerarquia de dominancia (Lopez
y Martin 2002b; Lépez et al. 2002). Las marcas territoriales también pueden ser utilizadas por
otros machos para identificar al dueio del territorio y para evaluar el potencial agonistico
(Aragon et al. 2000; Aragon et al. 2001a) o el estatus social (Lépez y Martin 2011). Este proceso
podria estar basado en la variabilidad de las proporciones de los diferentes compuestos
quimicos en las secreciones femorales, dado que destinar algunos compuestos al marcaje
podrian ser costoso y dependiente de la condicidn (Martin y Lopez 2015). Parece que los machos
son capaces de evaluar la capacidad competitiva del rival en un encuentro agonistico utilizando
las proporciones de colesterol en sus secreciones femorales (Martin y Lopez 2007). También es
conocido que, en esta especie, es posible la discriminacion individual y el reconocimiento de
coespecificos conocidos por medio de las marcas olfativas (Aragén et al. 2001b). Se ha sugerido
gue este podria ser el mecanismo por el cual reducir los costes de los encuentros agonisticos

entre machos conocidos (Lépez y Martin 2011).

También las hembras podrian utilizar las secreciones femorales para evaluar la calidad
de los machos que produjeron la sefial quimica (Martin y Lépez 2006a). Por ejemplo, solo
algunos machos de alta calidad podrian derivar del metabolismo compuestos como el acido
oleico que esta relacionado con una mayor condicidn corporal (Martin y Lépez 2010) y niveles
menores de asimetria fluctuante (Lopez et al. 2006). Dentro de las preferencias de las hembras

se ha visto que prefieren asociarse con olores de machos con menor nivel de asimetria
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fluctuante (Martin y Lépez 2000) o mejor respuesta inmune (Lépez et al. 2006), lo que
probablemente esté relacionado con una mayor calidad genética o un mayor acceso a recursos
alimenticios. Experimentos previos han documentado como la cantidad de cholesta-5,7-dien-3-
ol (provitamina Ds) que los machos derivan a las secreciones femorales, aumenta cuando la
ingestion de vitamina D es incrementada (Martin y Lépez 2006b). Este estudio mostré también
como las hembras prefieren asociarse con areas marcadas por aquellos machos cuyas
secreciones tenian mayores concentraciones de provitamina D. Un experimento en el habitat
natural de la especie documenté como un incremento experimental de la cantidad de ergosterol
(provitamina D;) provocaba un aumento de la densidad de hembras en aquellas zonas (Martin
y Lopez 2012). Se cree que las hembras podrian verse atraidas por el olor que los mejores
machos depositan en las rocas dentro de su territorio y que las hembras podrian basar la
seleccidn de pareja en las sefiales quimicas escogiendo aparearse solo con aquellos machos con
alto contenido de vitamina D en las secreciones (Martin y Ldpez 2012). Sin embargo, un estudio
anterior demostré también que las hembras hambrientas respondian con mas intensidad a los
olores de provitamina D y a las secreciones femorales de machos que las hembras saciadas, lo
que sugiere que la atraccion de las hembras por el olor a provitamina D podria deberse a un
sesgo sensorial de las hembras hacia estimulos alimenticios (Martin y Lopez 2008). No esta claro
si las hembras utilizarian las secreciones de los machos para evaluar la calidad de los mismos o
para informarse acerca de los recursos alimenticios disponibles en el habitat. Dado que la
provitamina D3z es un precursor del colecalciferol (=Vitamina Ds) (Fraser 1995; Holick 1995) y este
es un compuesto esencial en el metabolismo del calcio de los reptiles y otros vertebrados (Allen

et al. 1999), podria tener una importancia clave en el desarrollo de los huevos y de los juveniles.

Aunque los estudios mencionados sugieren que las caracteristicas de las sefiales
guimicas estan relacionadas de manera honesta con la calidad del macho, y que las hembras al
preferir determinados olores estarian favoreciendo el apareamiento de aquellos machos que los
producen, nunca se ha estudiado si realmente el éxito reproductor de los machos preferidos es
mayor (en términos de numero y calidad de crias conseguidas). Tampoco se ha comprobado si
las hembras seleccionan sus territorios particulares en base a las caracteristicas del habitat o en
base a las sefiales dejadas por los machos que en ellos habitan. Esta distincidn provocaria una
lucha entre machos por acceder a las hembras o por acceder a los mejores territorios teniendo
un reflejo probable en la estructura social y en la jerarquia de dominancia. Por Ultimo, muy poco
se ha estudiado acerca de los efectos que produce la sefalizacidon de los machos y la eleccidn
del habitat por la hembra en otros aspectos relevantes como el fenotipo de las crias. Todo este

conocimiento previo de la especie, de las sefiales quimicas producidas por los machos, y la
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respuesta ejercida por las hembras, hace de Iberlacerta cyreni un modelo idoneo para alcanzar

los objetivos planteados en esta tesis doctoral.

43



OBJETIVOS:

Esta tesis examina las consecuencias que la variacién individual en la produccién de sefiales
guimicas de caracter sexual de los machos tiene en su éxito reproductor, la estructura social, las
preferencias de la madre y el fenotipo de las crias. Por lo tanto, esta tesis esta dividida en 6

capitulos que siguen los siguientes objetivos especificos:

Capitulo 1
Desarrollar un estudio experimental en condiciones naturales para conocer cémo una
situacion patoldgica (activacion del sistema inmune) en los machos, afecta a la expresion de

los ornamentos quimicos y visuales.

Se realizd un estudio experimental de captura-recaptura en una poblacién natural de
Iberolacerta cyreni. Antes de la temporada reproductiva se capturaron todos los machos de la
poblacién a los que se sometié a un desafio inmune mediante la inyeccidn de un lipopolisacarido
bacteriano sin efectos patogénicos. Durante la temporada reproductiva los machos fueron
recapturados para medir la expresion del color (sefiales visuales) y recolectar una muestra de
sus secreciones femorales (sefiales quimicas) que permitiese una evaluacion de sus ornamentos

sexuales.

Capitulo 2
Comprobar, mediante una activacion experimental del sistema inmune, si el éxito
reproductivo de los machos es dependiente de su condiciéon en el momento de la estacion

reproductora.

En una poblacién natural se realizé un estudio experimental en el que, a la mitad de los machos,
se les inyecté un polisacérido bacteriano sin efectos patogénicos para comprobar si la condicidn
determina el éxito reproductivo. Al final de la temporada de apareamiento se recapturaron
todas las hembras de la poblacidn y se mantuvieron en cautividad hasta que pusieron los huevos.
Una vez nacieron las crias realizamos un analisis de paternidad para comprobar el éxito

reproductivo de los machos tratados experimentalmente.
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Capitulo 3
Estudiar si el efecto de un aumento experimental de la calidad de las sefales quimicas de los
machos afecta a la estructura poblacional, a la jerarquia de dominancia, al acceso a las

hembras y al comportamiento reproductivo.

Se prepard un cercado seminatural en el que se distribuyeron de manera uniforme cuarenta
refugios idénticos y se liberaron hembras y machos controles y experimentales (a los que se les
habia incrementado experimentalmente la calidad de las secreciones femorales para que
copularan libremente). Durante la temporada de apareamiento se hizo un seguimiento de las
relaciones sociales entre todos los individuos tratando de diferenciar entre competencia entre
machos y seleccion de pareja. Se registraron todos los comportamientos agonisticos y los
vencedores en cada uno para estudiar la jerarquia de dominancia, asi como las cépulas para

estudiar el éxito de apareamiento.

Capitulo 4

Investigar si existe un sesgo sensorial en las hembras al realizar una seleccion de habitat o de
pareja basada en sefales quimicas de los machos, buscando si existen beneficios potenciales
para los huevos y las crias de un suplemento alimenticio basado en los mismos compuestos

que les atraen en los machos.

Se realizd un experimento en el que suplementamos experimentalmente a hembras gravidas
con provitamina y vitamina D; hasta el momento en el que hicieron la puesta. Para comprobar
posibles beneficios del suplemento vitaminico se midieron caracteristicas de los huevos y de las

crias, asi como el tiempo de incubacion y el éxito de eclosién.

Capitulo 5
Examinar la existencia de posibles efectos maternos causados en las crias por una mayor
disponibilidad alimenticia para las madres de los mismos compuestos que son atractivos para

las hembras cuando son producidas por los machos.

Se capturaron hembras gravidas que fueron suplementadas con vitaminas hasta el momento de
la puesta. Una vez nacieron los juveniles se les sometid a pruebas de rendimiento locomotor
(carrera y escalada) y a un test en el que se evalué su capacidad de dispersion para comprobar

la existencia de efectos maternos causados por la dieta de la madre.
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Capitulo 6
Comprobar si la calidad del ambiente materno durante la gravidez y la existencia de un

ambiente postnatal estresante afecta a la personalidad de las crias.

A las crias de hembras suplementadas durante la gravidez con vitamina Ds, se les tratd con
corticosterona para simular una situacidn de estrés postnatal. Los juveniles fueron testados en
la capacidad de escalada para conocer su condicidon en el momento del nacimiento, y se les
realizaron pruebas comportamentales en los que se midid el riesgo asumido y la actividad como

indicadores de la personalidad individual.
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Carpetan rock lizards: a field experiment

Gonzalo Rodriguez-Ruiz, Jesus Ortega, Alfredo Salvador,
José Javier Cuervo, Pilar Lépez y José Martin?

IDepartamento de Ecologia Evolutiva, Museo Nacional de Ciencias Naturales, CSIC, José
Gutiérrez Abascal 2, 28006 Madrid, Spain

Abstract Sexual signals can be evolutionarily stable if they are honest and condition dependent
or costly to the signaler. One of the possible costs is the existence of a trade-off between
maintaining the immune system and the elaboration of ornaments. Experimental immune
challenges made under controlled captivity conditions showed a reduction in the “intensity” of
sexual signals, but it is not clear whether these detrimental effects observed in captivity are
important for the actual development of sexual signals in wild populations under natural
conditions. We experimentally challenged the immune system of free-range wild male Carpetan
rock lizards, Iberolacerta cyreni, with a bacterial antigen (LPS) without pathogenic effects to
explore whether and how an immune activation affected visual and chemical ornaments in
nature. The immune activation resulted in decreased relative amounts of UV coloration in the
throat and the lateral ocelli (which depend on structural and melanin components), while, in
contrast to other studies, the carotenoid dependent dorsal green coloration was not affected.
Immune activation also decreased proportions of ergosterol in femoral secretions, a compound
known to be selected by females in scent of males, and which active form (vitamin D) has a
variety of important effects on the immune system function. These results suggested the
existence of a trade-off between physiological regulation of the immune system and the
elaboration or the allocation of essential compounds to both visual and chemical sexual
ornaments. This trade-off may have an important role in both intra- and intersexual selection
processes. Our results also suggested that these effects can be context-dependent and that
studies under natural conditions (which could also reveal interannual variability) are needed to
understand the actual relationships in the wild between the immune system, the sexual signals
and their reproductive consequences.

Keywords Sexual selection, Chemical signals, Visual signals, Immune challenge, Coloration,
Lizards, Sexual signals.

Introduction
Signals used in sexual selection can be evolutionarily stable if they are honest and

condition dependent or costly to the signaler, with this cost being correlated with the signaler’s
quality (Zahavi 1975; Pomiankowski 1988; Grafen 1990). Sexual signals are often reliable

because there is a condition dependent trade-off between the energetic costs of producing and
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—Mmaintaining components of both sexual advertisement and the immune system (Wedekind

1992; Wedekind and Folstad 1994; Sheldon and Verhulst 1996; Lochmiller and Deerenberg
2000). Therefore, only individuals in good condition could simultaneously produce a strong

immune response and extravagant sexual ornaments (Westneat and Birkhead 1998).

Within this context, many animals have evolved a variety of colorful sexual ornaments
that are used in intraspecific relationships (Cooper and Greenberg 1992). For example, in many
lizards, the size and color of males' visual badges may determine success in male-male
competition (Thompson and Moore 1991; Olsson 1994; Zucker 1994; Martin and Forsman 1999)
or mate acquisition (Diaz 1993; Baird et al. 1997; Kwiatkowski and Sullivan 2002; Anderholm et
al. 2004). Many studies have suggested that only healthier males may afford to produce more
elaborate visual colorful displays (e.g. Blount et al. 2003; Faivre et al. 2003; Martin et al. 2008),
probably because of the trade-off between allocation of pigments, such as carotenoids, to both
regulation of the immune and antioxidant function and ornamentation (Blount et al. 2003;

Faivre et al. 2003; McGraw 2005; Lopez et al. 2009b).

Similarly, many animals use chemical signals in social relationships and mate choice
(Mason 1992; Johansson and Jones 2007; Wyatt 2014). Some studies have suggested that only
healthier males may afford to produce more attractive ‘chemical ornaments’ (Penn and Potts
1998; Rantala et al. 2002; Rantala et al. 2003; Zala et al. 2004; Lopez et al. 2009a), probably
because compounds allocated to the chemical signal are often diverted from their metabolic
roles in the immune and antioxidant functions (Martin and Lopez 2006b; Kopena et al. 2014a;
Martin and Lopez 2015). Both visual and chemical signals may be important in different contexts
within the same species (Lépez et al. 2002, 2003), and, therefore, if both types of signals are
reliable, its reliability should be based on similar trade-offs.

The Carpetan rock lizard, Iberolacerta cyreni, is a small (70-80 mm adult snout-to-vent
length, SVL) lacertid lizard that inhabits rocky habitats of some high mountains of the Iberian
Peninsula. These lizards show a clear sexual, seasonal and ontogenetic dimorphism in coloration
(i.e. adult males have green dorsal patterns, especially during the mating season, while young
males and females are brown). This suggests that coloration could be considered as a secondary
sexual signal as in other lizards (Cooper and Greenberg 1992; Stapley and Keogh 2006).
Moreover, lateral blue ocelli of males are used in intrasexual relationships (Lopez et al. 2004),
and males with highly saturated green dorsal coloration have higher reproductive success
(Salvador et al. 2007). Males also produce abundant femoral gland chemical secretions during

the mating season, which, as in other lizards, may reliably convey information about a male’s
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quality or genetic compatibility (Olsson et al. 2003; Martin and Lépez 2006b, c, 2015). Females
may use this information to choose prospective mates. For example, female rock lizards prefer
scent marks of males with high proportions of ergosterol in their femoral secretions (Martin and

Lépez 2006b, 2012), which may signal a better immune response (Lopez et al. 2006).

In this paper, we designed a field experiment to explore whether costs of immunity
affected the expression of both chemical and visual ornaments of male lizards I. cyreni, which
would allow honest signaling of male condition via multiple types of signals. Although, in many
animals there are many evidences of a correlation between parasite load or health state and the
elaboration of sexual signals (e.g. Ressel and Schall 1989; Saks et al. 2003; Martin et al. 2008),
costs of immunity per se can be confounded with the costs of the pathogenic effects of parasites.
Thus, to look for actual immunity costs, many experimental studies have used antigens that are
identified by the immune system as a pathogen and that elicit an immune response without
being actually pathogenic (e.g. Bonneaud et al. 2003; Alonso-Alvarez et al. 2004; Staszewski and
Boulinier 2004; Loyau et al. 2005; Uller et al. 2006). Here, we experimentally challenged the
immune system of wild male lizards /. cyreni with a bacterial antigen (LPS), without pathogenic
effects, and examined whether and how the characteristics of their visual and chemical sexual
signals were affected by the activation of the immune system. We predicted that if existed a
trade-off between the immune function and the elaboration of visual and chemical ornaments,
an activation of the immune system should reduce the “intensity” of both visual and chemical

displays.

Previous similar experiments have been performed in captivity to ensure that all
individuals have similar environmental conditions, such as similar access to food and
thermoregulation opportunities (Lopez et al. 20093, b; Tobler et al. 2015; Zamora-Camacho et
al. 2016; Kopena et al. 2017). This was made to ensure that differences in the quality of the
individuals or of their home ranges did not affect or compensate for the effects of the activation
of the immune system. Therefore, it is unknown whether these detrimental effects observed in
captivity are important for the actual development of sexual signals in wild populations. There
are two alternative possibilities; challenged individuals might be able to compensate the costs
of the immune response in the field through behavioral modifications (e.g. by increasing
antioxidants in the diet or reducing activity), and, in that case, the expected detrimental effects
on sexual signals development would not be important or might even not appear at all.
Alternatively, limitations of the natural environment, for example in terms of diet of

thermoregulatory opportunities, might increase the detrimental costs of the immune challenge
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=——0on sexual signals in a greater extent or affect to different aspects than those observed in

captivity.

Materials and methods

Field and experimental procedure

We made the field study in a 100 x 100 m marked plot close to “Puerto de Navacerrada”
at 1850 m asl (Guadarrama Mountains, Central Spain). The habitat in all the plot consisted of a
homogeneous natural mix of grassy areas (e.g. Festuca sp.), low shrubs (Juniperus communis,
Cytisus oromediterraneus) and rock gravels. We walked daily the plot when weather conditions
were favorable. At the beginning of May 2016 (between 3rd and 27th), we captured by noosing
34 adult male lizards of similar body sizes. At this time of the year, lizards had just recently
emerged from hibernation and the mating season had not yet started. For this reason, lizards
had not yet developed fully sexual coloration and had no active femoral secretions. Every day,
captured lizards were transported to "El Ventorrillo" field station, 5 km from the study site, for
being processed. From each individual, we took morphological measures (snout-to-vent length:
SVL, tail length, head size) with a digital caliper to the nearest 0.1 mm and measured body mass

with a digital scale to the nearest 0.01 g.

We challenged the immune system of male lizards using an injection of
lipopolysaccharide (LPS) from the cell wall of the bacteria, E. coli (serotype 0111-B4; Sigma-
Aldrich, St. Louis, MO). We used LPS because it induces an inflammatory immune response by
non-specifically activating B and T lymphocytes and by producing specific anti-LPS antibodies,
which have no pathogenic effects (Janeway et al. 2001). Nevertheless, LPS also induces
immunopathological effects such as fever (Deen and Hutchison 2001; Zamora-Camacho et al.
2016), alters the oxidative state (Tobler et al. 2015) and may reduce reproductive output and
growth (Uller et al. 2006). We randomly assigned male lizards to one of the treatments; 18
experimental males (‘LPS-males’) were injected intraperitoneally with LPS (2.5 ug per g of body
weight) diluted in 0.05 ml of PBS (phosphate buffered saline), while 16 control males (‘C-males’)
were injected with the same volume (0.05 ml) of PBS alone. The serotype was similar, and the
concentration similar or lower than those previously used to stimulate the immune system in
other lizards (Deen and Hutchison 2001; Uller et al. 2006; Lopez et al. 20094, b). There were not
significant differences in SVL of lizards between treatments (C-males: 68 + 1 mm; LPS-males: 70

+ 1 mm; GLM: F1,32:0.60, P:0.44).
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Lizards were marked permanently with a passive transponder microchip (High
Performance 8 mm PIT Tag.; Biomark, Inc., Boise, Idaho, USA) injected subcutaneously. Lizards
were also painted with a four color dorsal spots code for individual temporal identification at
long distance. Subsequently, lizards were released with good condition at their exact capture

points within the same day of capture.

We recaptured every male that we found in the plot or its surroundings at the beginning
of June (between 1st and 10th June), in the middle of the mating season, some days after we
carried out the LPS treatment (time interval between applying the treatment and recapture, C-
males: mean + SE = 18 + 3 days; LPS-males: 17 + 2 days; GLM, F1,19=0.39, P=0.54). We transported
lizards to the field station to weigh them, to measure their now fully developed nuptial
coloration and to take a sample of femoral gland secretions, which was now abundantly

produced (see below). Lizards were thereafter released at their capture points.

Visual signals

We measured reflectance of the coloration (from 300 to 700 nm) of four areas of the
body (the "whitish" to "bluish" throat and submandibular mental region, the "greenish" areas
of the dorsum, and the lateral dark "bluish" ocelli). We used an Ocean Optics USB2000
spectroradiometer with a DT-1000-MINI Deuterium—Halogen light source (Ocean Optics, Inc.,
Dunedin, FL, USA). To exclude ambient light and standardize measuring distance and angle (45°)
to the skin, a cylindrical metallic tube was mounted on the bifurcated fiber optic probe
(Montgomerie 2006). Reflectance was measured always by the same person. At each body part,
we measured coloration on three nearby points. Reflectance (R) was calculated relative to a
white standard (WS-1-SS) with the OOIBase32 software (Ocean Optics, Inc.). Mean reflectance
was summarized over 5 nm steps (‘binned’; Grill and Rush 2000) and we calculated average
values of reflectance for the three measurements of each body part of each individual before

statistical analysis.

We used principal component analyses (PCA) to summarize the reflectance spectra of
the different body parts (Cuthill et al. 1999; Grill and Rush 2000). We used this method because
it makes no assumptions about how reflectance variation is perceived or which aspects of the
spectrum might be important (Cuthill et al. 1999). Typically, in the PCA of spectral data, the PC1
represents variation in intensity of coloration or brightness, and the subsequent PCs represent
combinations of hue and chroma (Cuthill et al. 1999; Grill and Rush 2000). We made four PCA,

one for the spectra of each body part of all males. Then, we used general lineal models (GLMs)
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vs. LPS-males).

Chemical signals

Immediately after recapture in the mating season, we extracted samples of femoral
gland secretion directly into 1.1 mL total recovery glass vials (ref. V2275, Analisis Vinicos S.L.,
Tomelloso, Spain). We closed vials with Teflon-lined stoppers and stored them at -20°C until
analyses. Samples were analysed by gas chromatography (Agilent 7890A) coupled to mass
spectrometry (Agilent 5975C with triple axis detector) equipped with an Agilent HP5-MS column
(for details of chemical analyses see for example Kopena et al. 2017). We identified chemicals
by comparison of mass spectra in the NIST/EPA/NIH 2002 library, and later confirmed them with

authentic standards (from Sigma-Aldrich Chemical Co.).

From the chromatograms we calculated, using the Xcalibur software, the percent of the
total ion current (TIC) to determine the relative amount of each compound. We specifically
examined whether the experimental immune challenge affected the proportion of cholesterol
and ergosterol in femoral secretions of males because previous experiments suggested that
these steroids may be important as secondary sexual signals in this and other lacertid lizard
species (Martin and Lopez 2007; Lopez and Martin 2012; Martin and Lépez 2012, 2014). We
transformed areas of cholesterol and ergosterol in secretions collected after the experimental
treatment following Aitchison’s (1986) formula, and used them as dependent variables in
general lineal models (GLMs) testing the effects of the treatment (between factor, C-males vs.

LPS-males).

Results

Body weight

LPS- and C-males did not significant differ in body weight and both lose weight in a
similar way since the first capture, before starting the mating season, to their recapture in the
middle of the mating season (C-males: from 7.8 + 0.5 gto 7.3 + 0.4 g; LPS-males: from 7.7 + 0.4
g to 7.2 + 0.4 g; repeated measures GLM, time effect: F119=21.98, P<0.0002; treatment:
F1,10=0.09, P=0.77; time x treatment: F1,15=0.31, P=0.58).

Visual signals
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The PCAs on average reflectance data of all spectra made separately for each body part
produced in each case three principal components (PCs) that together accounted in all cases for

more than 92% of the variation in the original spectra (see Table 1). In all cases, PC1 represented

achromatic brightness variation in the original spectra because coefficients relating PC1 to the

original reflectance data were all negative and of similar magnitude. The comparison between

LPS- and C-males and the unmanipulated group (U-males) did not show any significant

differences in brightness of coloration of any body part among treatments (Table 1)

Treatment GLM
C-males LPS-males F1,19 P
Gular:
PC1 \l/ 0.01+0.32 -0.13+0.32 0.03 0.87
(57.7 %) Bri
rightness
445-650 nm
PC2 j:
25.4 %) -0.36+0.28 0.74 +0.28 11.56 0.003
(25.4%)  300-440 nm
655-700 nm
300-580 nm
PC3 $ 0.48 +0.31 -0.01+0.31 1.92 0.16
(10.7 %) 48 + 0. .01+0. . .
585-700 nm
Mental:
PC1 \l/ 0.17 +0.32 -0.03+0.32 0.67 0.73
(63.8 %) .
Brightness
445-650 nm
PC2 j:
(21.8 %) -0.29+0.30 0.66 +0.29 3.21 0.04
) 300-440 nm
655-700 nm
300-575 nm
PC3 $ 0.29+0.31 -0.34+0.31 1.92 0.16
(7.5 %) 29 +0. .34 +0. . .
580-700 nm

Table 1a Mean (+SE) of PC scores describing characteristics of coloration of different body parts of wild
male lizards I. cyreni 17 + 2 days after the injection of control PBS (C-males) or LPS (LPS-males). For each
PC the amount of variance explained was showed below, and the arrows indicate the variable or range of
wavelengths correlated with each PC. Results (F, P) from GLM tests comparing the PCscores among
treatments are shown.
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Treatment GLM

C-males LPS-males F1,19 P
Dorsal:
PCl J 003+032  0.22+032 082 062
(76.0 %) . - -
brightness
300-465 nm
PC2 $ 0.13+0.32 -0.44 + 0.32 1.69 0.21
(12.0 %) 13 +0. 44 + 0. ) )
470-700 nm
435-610 nm
(7P§§/) j: 0.48 +0.31 0.06 +0.31 1.28 0.35
7 300-430 nm
615-700 nm
Ocelli:
PC1 \l/
%) _ 0.25+0.32 -0.24 + 0.32 1.49 0.27
(60.4 % brightness
300-485 nm
PC2 j: 0.26 +0.29 -0.86 +0.29 3.72 0.025
(20.6 %) .26 + 0. .86 + 0. ) .
490-700 nm
395-595 nm
(11PC63(y) $ 0.24 +0.32 0.17 +0.32 1.05 0.47
=1 300-390 nm
600-700 nm

Table 2b Mean (+SE) of PC scores describing characteristics of coloration of different body parts of wild
male lizards I. cyreni 17 + 2 days after the injection of control PBS (C-males) or LPS (LPS-males). For each
PC the amount of variance explained was showed below, and the arrows indicate the variable or range of
wavelengths correlated with each PC. Results (F, P) from GLM tests comparing the PCscores among
treatments are shown.

The second (PC2) and third PCs (PC3) represented, depending on the body part, variation in the
relative amount of short- to long-wavelength reflectance (PC2 for dorsal and ocelli coloration;
PC3 for the rest) or in the relative amounts of medium wavelengths to both very short (i.e. UV)
and very long wavelengths (PC2 for gular and mental coloration; PC3 for the rest) (Table 1).
There were significant differences between treatments in the PC2s of gular and mental
coloration, which indicated that LPS-males showed relatively lower amounts of very short
wavelengths (UV coloration) in the throat in comparison with C-males (Table 1). Similarly,

significant differences in the PC2 of ocelli coloration indicated that the ocelli of LPS-males had
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relatively lower amounts of short wavelengths (i.e. UV and blue) than C-males (Table 1). Finally,

dorsal coloration was not significantly affected by the immune challenge.

Chemical signals

Proportions of ergosterol in femoral gland secretions were significantly higher in C-
males than in LPS-males (2.1 +0.2 % vs. 1.4 + 0.2 %; GLM, F1,10=5.81, P=0.026). In contrast, there
were not significant differences among treatments in relative proportions of cholesterol (49.0 +

5-6 % vs. 56.2 + 5.3 %; GLM, F1,15=0.88, P=0.36).

Discussion

Our experiment made under natural conditions showed that an experimental activation
of the immune system in wild male lizards /. cireni resulted in changes in some, but not others,
characteristics of both their sexual visual and chemical signals. This suggests that, in their natural
environment, there may be a trade-off between activation of the immune system and, at least,
some aspects of the elaboration of visual and chemical sexual signals in this lizard. The effects
in coloration are partly similar to those found in other animals in experiments made under
controlled captivity conditions (birds: Faivre et al. 2003; Alonso-Alvarez et al. 2004; lizards: Lopez
et al. 2009a; turtles: Ibafiez et al. 2014) and also in some wild birds (Torres and Velando 2007).
Similarly, an immune challenge can also change composition of chemical signals in other lizards
and mammals (Lopez et al. 2009a; Kimball et al. 2014). Nevertheless, contrary to expected,
captive male lizards Lacerta schreiberi that suffered an immune challenge, but also received
supplementary vitamin E in the diet, were able to increase saturation of UV-blue throat
coloration and to maintain the characteristics of their chemical signals (Kopena et al. 2017). This
further suggests that optimal captivity conditions may modify the effects of the immune
challenge, and that studies made under natural conditions (which could also reveal interannual
variability) are needed to understand the actual relationships in the wild between the immune

system and the sexual signals.

With respect to visual signals, in our experiment, challenged males decreased (or did not
increase) the relative amount of UV coloration in the throat and the lateral ocelli (i.e. they had
less saturated UV coloration), while the carotenoid dependent dorsal green coloration was not
affected. In contrast, in captive P. hispanica lizards, an immune challenge decreased the
carotenoid dependent yellow component of the ventrolateral coloration, but did not affect UV

and blue-green components of this coloration (Lopez et al. 2009b). Changes in throat UV
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""';—”—"'.é')(;loration might be caused by the combined effects of nanostructural changes in platelet
distances and spacing in the iridophore layer and a decrease in the eumelanin content of the
underneath melanophore layer (Quinn and Hews 2003; Grether et al. 2004; Saenko et al. 2013;
Kopena et al. 2017).

In green lizards Lacerta viridis, the throat UV coloration of males seems to be the visual
signal most preferred by females during mate choice (Bajer et al. 2010, 2012; Molnar et al. 2012).
Also UV-blue throat saturation of male green lizards is linked with dominance behavior (Martin
and Lépez 2009; Bajer et al. 2011). Similarly in I. cyreni, the UV-blue lateral ocelli of males are
important in intrasexual relationships (Lopez et al. 2004), although the role of throat UV
coloration in mate choice has not been explored in this species. Nevertheless, if UV coloration
had similar roles in I. cyreni, the changes in UV coloration induced by the immune challenge may

be important in sexual selection and have reproductive consequences.

In contrast to a previous captivity study where ventrolateral orange coloration of P.
hispanica lizards was affected by an immune challenge (Lopez et al. 2009b), we did not find any
effect in the carotenoid dependent greenish dorsal coloration of wild I. cyreni. In other captivity
studies of birds and turtles, the induced immune activity diverted carotenoids from blood and
decreased carotenoid-based coloration of the skin or beak (Faivre et al. 2003; Alonso-Alvarez et
al. 2004; lbanez et al. 2014) although not of feathers (Navara and Hill 2003; Fitze et al. 2007).
These contrasting results might indicate that, in our field study, the carotenoids needed by
lizards to develop this visual signal might be in enough supply in natural prey to convey both
dorsal coloration and other possible physiological roles induced by the immune activation.
Therefore, natural conditions might allow lizard in the wild to compensate for any detrimental
effect in this signal, at least under favorable conditions. Alternatively, some of these carotenoids
used for ornamentation might not be effective as immunostimulants, as it has been suggested
in other lizards (Kopena et al. 2014b) and birds (Fitze et al. 2007). Therefore, these carotenoids
would not be needed for the immune response and could be allocated to the visual signal, which

would not result affected by the experiment.

An alternative explanation to our results might be that, because at least in female lizards
of other species reproduction is suppressed or reduced after the experimental activation of the
immune system with LPS injections (Uller et al. 2006) or cutaneous wound healing (French et al.
20074, b) it is possible that in our experiment LPS-male lizards simply did not develop nuptial
coloration as control males did because LPS injection suppressed reproduction. However, both

LPS- and control males increased production of femoral gland secretions and showed
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reproductive behaviors (i.e. we observed fights with other males and mating attempts with
females during the field study), This indicated that all males were sexually active irrespective of
the experimental treatment. These data suggest that changes in coloration in LPS-males were

not a simply consequence of decreased reproduction.

The immune challenge also affected notoriously to the “quality” of chemical signals of /.
cyreni lizards; the activation of the immune system resulted in decreased proportions of
ergosterol, but not of cholesterol, in femoral secretions of male lizards. Similarly, proportions of
cholesta-5,7-dien-3-ol in femoral secretions of male lizards P. hispanica decreased after an
experimental immune challenge (Lopez et al. 2009a). Moreover, in several species of lacertid
lizards there is often a natural relationship between proportions of these steroids in secretions
and their immune responses (Lépez and Martin 2005; Lépez et al. 2006; Martin and Ldpez
2006b, 2015). These results indicate that there is a trade off between the immune system and
the elaboration of chemical sexual signals that is also showed in nature. Ergosterol and cholesta-
5,7-dien-3-ol are precursors for vitamin D and, at least in humans and other mammals, the active
form of vitamin D is a potent immune system modulator with a variety of effects on immune
system function that may enhance innate immunity and inhibit the development of
autoimmunity (Fraser 1995; Griffin et al. 2003; Hayes et al. 2003). Therefore, activation of the
immune system might require lizards to allocate larger amounts of systemic provitamin D, later
transformed to vitamin D, to the immune function and, consequently, less provitamin D would
be available to be allocated to femoral secretions. Because female lizards can detect changes in
concentration of these lipids in secretions of males and prefer scent marks of males with high
proportions of them (Lopez and Martin 2005; Martin and Lépez 2006a, 2012), it is likely that
these compounds reliably signal health of a male to females, likely affecting to mate choice
decisions. Similarly, immune activation changes volatile composition of urine in rodents, eliciting
avoidance from conspecifics (Kimball et al. 2014; Boillat et al. 2015), and of sweat in humans

(Olsson et al. 2014) in a way that females do not further prefer the modified pheromone.

Interestingly, in the lizards L. schreiberi and Gallotia galloti, the immune challenge
caused by parasites increased UV saturation of sexual ornaments (Megia-Palma et al. 20164, b),
and an experimental immune challenge with LPS in captivity conditions in L. schreiberi did not
affect UV coloration and even males could increase it if they had supplementary antioxidants in
the diet (Kopena et al. 2017). These contradictory results suggest that the trade-off between the
immune response and the coloration can be context-dependent, being different as a function of

the energetic state of the animal (French et al. 2007a; Ruiz et al. 2011), which in the wild will
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challenged animals might decide to invest in sexual signals, or in reproductive behavior per se,

in spite of being costly for their immune function, as a form of terminal investment in
reproduction, if they considered that their survival probabilities for the next breeding season
are very low due to the immune challenge (Weil et al. 2006; Cote et al. 2010; Kopena et al. 2017).
Therefore, in spite of potential survival costs, the observed reproductive consequences of an
immune challenge might not be as expected considering its apparent detrimental effects for the

sexual signals.
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Improving the attractive of chemical signals to females does not ensure
the males’ mating success: effects on home range, male-male competition
and dominance hierarchy in the Carpetan rock lizard (Iberolacerta cyreni)
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Abstract. Chemical communication exerts a key role in sexual selection and reproduction of
lizards. Males secrete costly semiochemicals that may attract females and enhance their mating
success. However, territorialism, male-male competition, and the population social structure are
also important factors affecting reproductive success. Here we made an experiment to test
whether increasing the attractiveness of chemical signals by males is enough to enhance their
mating success independently of male-male competition. To improve the quality of the chemical
signals, experimental males were supplemented with dietary vitamin D before the mating season.
After that, we released males and females in a semi-natural enclosure and let them to mate freely.
Shelters in the enclosure were distributed uniformly to avoid competition because of differences
in the habitat. During the mating season, we tracked lizards and recorded their mating and
agonistic behaviors. We expected that these higher-quality signals attracted more females to
home ranges of experimental males, but that female presence increased the male-male
competition and had a reflection in the structure of the dominance hierarchy. Contrary to our
expectations, our results suggest that the role of male-male competition and dominance hierarchy
were more important than the quality of the signals in the experiment for obtaining a higher
mating success.

Keywords Chemical communication, Dominance, hierarchy, Male-male competition, Agonistic
encounter, Home-range, Lizard, Signals, Semiochemical.

Introduction

The role of communication in sexual selection has been a widely discussed topic in
behavioral ecology (Ryan 1990, 1998; Hauser 1999). From simple signals as colors (Endler 1983),
acoustic calls (Searcy and Andersson 1986; Ryan and Rand 1993) or chemical signals (Ayasse et al.
2001) until very complex behaviors like sexual displays (Johnstone 1996) and courtships (Mateos
and Carranza 1999), there is a very wide range of traits used to attract and be chosen by a mate.

Typically, within a sexual selection context, the signaler is the male who tries to attract a female
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(receiver) (Jennions and Petrie 1997). Currently there is still a debate about the origin of the signals
(Endler 1993), which might be originated either from sexual selection, in which females would
have chosen those signals that considered more attractive, or from a pre-existing sensory bias in
females that males would have exploited (Endler and Basolo 1998; Fuller et al. 2005; Grether
2010). However, it is clear that the main ecological function of sexual signals is to attract potential
mates (Endler 1992). The attraction of females towards signals could constitute a form of indirect
evaluation of the genetic quality of males (Grafen 1990). As the production of some signals is
costly to males, females should select those males that produce "better" signals, which should be,
at the same time, those that have the best genetic quality (Kotiaho 2001). Chemical signals, such
as scent marks (Alberts 1992), have the advantage of working in absence of the signaler
(Huntingford et al. 1987). In this way, a female that smells a scent mark could decide whether to
stay or leave using the information provided by chemical cues in the mark. A male, indeed, could
use his energy for other activities like foraging, while the information about his quality is available

in scent marks in his territory.

A potential disadvantage of marking a territory with scent is that the information is
available for everybody, not only for females but also for other competitor males (Benadi et al.
2008; Jordan et al. 2010). Thus, if a male wants to increase his fitness by having higher
reproductive success than the other males, he should compete with them and defend his home
range and the females that overlapped with it (Stamps and Krishnan 1995). However, the strategy
followed by a male may vary among individuals. While some males establish and defend a territory
or a more or less stable home range, others could act as floaters or satellites (Brown 1963; Smith
1978). The territorial strategy should be costlier than the floater strategy in terms of marking and

defense but more efficient in increasing mating success.

From a strictly ecological point of view, a territorial male would expulse every male that
enters his territory (Brown 1969; Smith 1978; Maher and Lott 1995); this occurs to a greater or
lesser degree in species of many zoological groups like fish birds or mammals (Adams 1990; Tobias
and Seddon 2000; Jaroensutasinee and Jaroensutasinee 2003; White and Rundle 2015; Koch et al.
2016). But there exists a territorial behavior of “low magnitude” in which the home ranges of
several males overlap, and it is in this flexible borderline where the agonistic encounters take place
(e.g. Ferner 1974). In this system, the fight for a territory is determined by the dominance status
of one male over the others (Stamps and Krishnan 1994). The dominant would defend his

dominion (Brown 1975; cited in Maher, 1995) and the resources contained in it, including females.
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The outcomes of agonistics encounters in the fight for a territory determine the social
structure of the population, establishing a dominance hierarchy among males (Bernstein 1981;
Drews 1993). This ranking of males is mainly based on the victories and defeats in agonistic
encounters (Bayly et al. 2006), but there are several mechanisms operating at the same time in
fights between males. The size of the individuals and the competitive ability could decide who is
the winner in a contest, but males could evaluate their own chances of winning or losing by
assessing the fighting ability of the rival (Mathis and Simons 1994). The esteem of the rival could
be developed by trial-and-error involving in an agonistic encounter with an unfamiliar male and
trying to get the victory (Enquist and Leimar 1983). However, this could be a suboptimal strategy
because the cost, mainly energetic but also of the risk of damage, could be very high. Otherwise,
the esteem of the rival could be done by assessing the traits of the rival before involving in an
agonistic encounter with him (Reichert and Quinn 2017). In this assessment, chemical
communication could have a very important role if a male uses the scent marks of a territory to
assess in advance the competitive ability of the owner or to recognize neighbors as “dear

enemies” minimizing the number of potential agonistic encounters (Jaeger 1981).

Since the dominance hierarchy is established by the males in their competition for access
to females, it is plausible that the hierarchy is also influenced by the number of females inside
each male’s home range. Because females may be attracted by scent marks towards home ranges
of high-quality males, it would be expected that those males were also involved in more agonistic
encounters with other males. Also, if there was a relationship between high-quality signals and
fighting skills, these males would win more confrontations and would be at the top of the
dominance hierarchy. There is a conundrum to resolve which is the main process operating in
males’ mating success: Are males more successful in mating because of their attractiveness to
females or because of their ability to defend a territory in which females are found? A good species
to test this hypothesis is the Carpetan rock lizard Iberolacerta cyreni. In this species, territorial
males scent mark their home ranges with femoral gland secretions (Lopez and Martin 2005) and
feces (Lopez et al. 1998; Aragdn et al. 2000). Territorial males defend their home ranges and try
to enhance their surface area to overlap with the home range of more females (Aragdn et al.
2001c). Usually, this territorial strategy provokes agonistic encounters between males (Martin and
Salvador 1993), being the outcome of these encounters conditioned by the relative head size
which determined the position of a male in the dominance hierarchy (Lopez and Martin 2002;
Lépez et al. 2002). The scent marks that these males use to demarcate the territory can be used
by other males to recognize the identity of the owner of the home range and to assess his fighting

potential or social status in the dominance hierarchy (Aragén et al. 2000, 2001a; Lépez and Martin
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2011). It has been suggested that this rival assessment prior to a fight would reduce the costs of
an agonistic encounter between males of different status (Lopez and Martin 2011). Individual
discrimination and familiar recognition by means of scents (Aragén et al. 2001b) might be based
on the variability in the proportion of different compounds in the femoral secretions, since
allocating some compounds to the secretions could be costly and condition-dependent (Martin
and Ldépez 2015). For example, just males of high quality could divert from metabolism chemicals
like oleic acid that has been shown to be related to a higher body condition (Martin and Ldépez
2010) and low levels of fluctuating asymmetry (Lopez et al. 2006). Similarly, males may assess the
competitive ability of the rival in an agonistic encounter using the proportion of cholesterol in
their secretions, probably because cholesterol production depends on testosterone levels (Martin

and Lépez 2007).

Females may also detect differences in concentration of some compounds in males’ scent
marks and use them to assess the quality of the male that made the signal (Martin and Ldpez
2006a). However, females might not prefer signals from dominant males but from males with, for
example, lower fluctuating asymmetry (Lopez et al. 2002) or a better immune response (Lopez et
al. 2006), which is probably related with a high genetic quality or a high access to resources.
Previous experiments have shown that the quantity of cholesta-5,7-dien-3-ol (provitamin Ds) that
males can allocate in femoral secretions increases when the dietary intake of vitamin D is
enhanced (Martin and Lépez 2006b). This study also showed that females preferred to associate
with areas marked with the scent of males whose secretions had higher amounts of provitamin D.
Another experiment revealed how increasing experimentally the quantity of ergosterol
(provitamin D3) in natural territories of males result in that females modified their home ranges
to inhabit preferentially inside these areas (Martin and Lépez 2012). Because females are the main
resource defended by males, it is expected that a change in female distribution caused by high-
quality chemical signals could also have an effect on agonistic encounters and dominance

hierarchy between males.

Here, we tested whether an experimental increase of the quality of chemical signals of
some males, while maintaining the characteristics of the territories, may provoke changes in the
space use and agonistic and mating behavior of . cyreni lizards. To test this, we increased
experimentally the "quality" of the secretions of a group of males before the mating season by
means of a dietary supplement of vitamin D. This should increase the amount of provitamin D in
the male’s secretions. We hypothesized that, the greater amount of this compound in secretions

should render experimental males more attractive to females, but it would not affect to rival
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assessment or dominance relationships between males, which should depend on males’ fighting
.

skills independently of the experimental treatment. We expected that, if female mate choice, %‘5
rather than male-male competition, was the main process determining mating success, the higher
attractiveness of supplemented males resulted in a higher degree of overlapping with home
ranges of females and a higher frequency of mating interactions with females, despite the position
of a male in the dominance hierarchy. However, if the presence of a higher number of females
also attracted other males and increased competition between males, we expected that

supplemented males would have more agonistic encounters, and, that their home ranges would

be more overlapped by other males than the home ranges of control males.

Material and Methods

Study animals and diet supplementation

In early May 2017, we captured /. cyreni lizards (31 females and 40 males) by noosing at
“Alto del Telégrafo” (Guadarrama Mountains, Madrid Province, Central Spain) at an elevation of
1,900 m. Immediately after capture, lizards were transported to ‘El Ventorrillo’ field station (5 km
from capture site), where they were housed. From each lizard, we measured snout-vent length
(SVL), tail length (TL), head length (HL), head height (HH), head width (HW) and body mass (BM).
All morphological variables were measured with a digital caliper (to the nearest 0.1 mm) except
body mass that was measured with a digital scale (to the nearest 0.01 g). Animals were housed in
individual plastic terraria (40 x 30 x 25 cm) inside a climatic walk-in chamber (lbercex V-450-D;
ASL S.A.) with adequate temperatures (diurnal = 21 °C; nocturnal = 7 °C) and photoperiod (12 h:12
h, light:dark) and with ultraviolet radiation from UV-lamps during 1.5 h a day. Each terrarium was
provided with a layer of coconut fiber as a substrate, a piece of roof tile as a shelter, a hot spot for
thermoregulation that allowed lizards to attain optimal body temperatures. Drinking water and

food (crickets and mealworms) were provided ad libitum.

To avoid differences caused by body size, we ordered the males by snout-to-vent length
and paired them. One male of each pair was randomly assigned to the vitamin D (experimental)
or control treatment. Thus, there were no differences in SVL between treatments (control mean
+ SE =73.48 £ 0.67 mm, experimental mean = SE =72.84 + 0.74 mm; F133=0.42, P=0.52). Every two
days, during two weeks, the experimental group was supplemented with 0.20 ug of vitamin D
(MYPROTEIN, The Hut.com Ltd., UK) dissolved in 0.25 ml of soybean oil (Sigma-Aldrich Chemicals

Co., St. Louis, MO, USA), while males of the control group received 0.25 ml of soybean oil alone.
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Soybean oil does not contain any amount of natural vitamin D. To ensure that all the animals
received the same quantity of supplement, the solution was gently delivered into lizard’s mouth

with a sterile plastic syringe.

Experimental enclosure and observations of lizard behavior

After the two weeks period of diet supplementation, on 19™ May, all the males (SVL, mean
+ SE =73.1 £ 0.5 mm;) and females (SVL= 74.2 + 0.5 mm) were released in a semi-natural outdoor
enclosure (28x12 m) located at ‘El Ventorrillo’ field station facilities, in a grass prairie rounded by
trees. The enclosure walls were made of polyethylene sheet sustained by bamboo sticks every
three meters and in the corners. Although the lizards cannot climb the wall, this had 60 cm of high
to prevent escape. To avoid attacks from predatory birds, the whole enclosure was covered with
an anti-bird net sustained by links crossing all the enclosure. Since this lizard species used to
associate with rocks (Martin and Salvador 1995), we placed forty similar artificial groups of rocks
inside the enclosure for shelter and basking platforms. Every artificial group of rocks consisted of
three concrete bricks (39x19x19 cm length x width x high) with holes and one mud brick buried
under them (24x11x7.5 cm length x width x high), shaping a space with many basking platforms
and shelters. The groups of rocks were placed in four parallel rows (240 cm of separation between
rows) of ten groups each one (280 cm of separation between groups within a row). There were as
many artificial groups of rocks as males were released to ensure that every male could establish
his own territory in the enclosure. The position of groups of rocks in 4 rows and 10 columns

determined an X, Y grid that allows us to reference the position of the lizards in the enclosure.

To ensure an accurate tracking of lizards, all the animals were marked subcutaneously
with a passive transponder microchip (High Performance 8 mm PIT Tag. Biomark, Inc., Boise,
Idaho, USA) and were painted with a code of four color dorsal points for long-distance individual
identification. Males and females were released in the midday of 19" May all together at the
central point of the enclosure. That day we allowed the animals to establish in the groups of rocks,
starting the observations on 20™ May. Lizards stayed at the enclosure for seventeen days, since
19" May until 5™ June, when the mating season had finished. This period was similar to the
correspondent mating season in nature (Elvira and Vigal 1985). Every day between 9:30 and 16:30
h (GMT), during the main period of lizards’ activity, two researchers walked systematically around
the whole enclosure and, from several hidden and advantage points, we observed and recorded
the social behavior of lizards like matings or agonistic encounters between males. In addition to
that, every hour we made a census recording the position of all the observed animals in relation

to the groups of rocks to estimate their individual home ranges (see below) and the activity levels
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of each animal. We used the frequency of observations of each animal during census as an index ‘
of its activity. The census hourly period allowed independence of the observations. When the
frequency of matings and fights between males descended in a meaningful drastic way, we
considered that the mating season had finished (Aragdn et al. 2001c) and all the animals were

extracted from the enclosure and released at their capture sites.

Social interactions

We recorded every social behavior observed during the systematic surveys of the
enclosure. We considered every interaction between two individuals, i.e. when two lizards were
close to each other (less than 50 cm of distance) and both were clearly aware of their mutual
presence eliciting a behavioral response in, at least, one of them. We classified the interactions
into two broad categories: ‘agonistic interactions’ between two males, including when a male
chased another male without physical contact to expel him from the territory and also fights
between males that sometimes included bites. Under the category ‘mating interactions’ between
a male and a female we included when a male followed the female and bite or tried to bite the
proximal zone of the tail to start a copulation, successful copulations, and observations of mate
guarding when the male and female stayed close together basking or sheltered. These behavioral
categories were used to compute the frequencies of mating attempts and copulations, and to
estimate the mating success as the proportion of successful copulations obtained by the male with
respect to the total frequency of mating interactions made by that male. When some of these
behaviors were observed, we noted the time and the location in the enclosure where the
interaction took place, identified the individuals involved and assigned a winner and loser in case

of agonistic interactions.

From the outcomes of males’ agonistic interactions, we examined statistically the
frequency of victories and defeats in agonistic encounters for every male lizard. We constructed
a matrix of dominance relationships to study the hierarchy structure based on agonistic
encounters won and lost. We determined several hierarchy properties such as ‘linearity’ and
‘steepness’ (h’) (De Vries 1995), ‘triangle transitivity’ (Ttri) and proportion of interaction between
individuals (Shizuka and McDonald 2012, 2014). In addition, we computed a dominance index, the
‘Elo-rating’ (ELO) index, which is a widely used rank of dominance used in zoology that attends to
the probability of winning a new agonistic encounter considering the results of prior fights (Albers

and de Vries 2001).
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Home Range

Individual home range (HR) size was determined using the location points of lizards
recorded in the hourly census. These points were transformed into a coordinates system in which
the dimensions of the enclosure (28x12 m) and the distance between groups of rocks (240 cm
between rows and 280 cm between columns) were included to estimate the HR areas in m?with
the package adehabitatHR (Calenge 2006) from the software R (R Development Core Team 2017).
HRs areas were computed using the kernel density estimator (KDE) (Worton 1989) instead of the
most commonly method used in reptiles (Stone and Baird 2002), the minimum convex polygon
(MCP) (Mohr 1947; Rose 1982) because MCP could be problematic in intraspecific comparisons
with little variation in home range size (Nilsen et al. 2008). The smooth parameter (h) for KDE
functions was estimated using the reference bandwidth method (h=2.399) (Silverman 1986;
Calenge 2015). It is important to note that, although we used the term HR to refer to the area
covered by the lizards inside the enclosure, these HR sizes were restricted by the enclosure size.
Therefore, the values of HR provided in this study should not be taken as the actual values of HR
that would result from a field-study of the HR in I. cyreni (See Pérez-Mellado et al. 1988; Aragon
et al. 2001c). HRs sizes and the overlapping area were computed under two different approaches,
first removing the 5% of extreme points (HR KDE95) that were considered as occasional
occurrences (Powell 2000) and, second, removing the 50% of the points (HR KDE50) to use just
the ‘core areas’ or those places with highest intensity of use for an individual (Baker et al. 2017).
We calculated separately the overlap of each male with females and with other males considering
these as indirect measures of attractiveness and dominance respectively. Both overlapped areas
were calculated estimating first the mean area overlapped between males or females for every

individual and, then, computing the percentage overlapped with respect to the individual HR size.

Data analyses

To check whether the vitamin supplementation treatment affected the frequency of
agonistic and mating interactions, the dominance hierarchy, and the home range size and degree
of overlap, general linear (GLM) and generalized linear (GLZ) models with the treatment as the
main factor were fitted. When it was needed, data were log-transformed to ensure normality and,

for count data, Poisson or binomial distributions were used.

As activity and body size of the males were found to be correlated with social status in
previous works (Martin and Lépez 2000) and reproductive success (Salvador et al. 2007), we
computed new models including activity and body size as covariates in all the models. Since it has

been shown that vitamin D dietary supplement causes changes in male’s personality (Horvath et
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al. 2016), we also looked for effects on activity caused by the treatment. To include in the models
the body size effect we computed a Principal Components Analysis (PCA) including SVL, mass and
the measures of the head (height, width, length). The first component (PC1) explained 64,11% of
the variance, it was highly correlated with the five morphological measures and, thus, it was
considered representative of the whole body size. The scores of PC1 were included as a covariate

in statistical models.

To test if dominant males had greater HR that overlapped in greater proportions with HR
of females and in less proportion with HR of other males and the relationship with mating, we
included the dominance variables (frequency of victories and ELO) in space and mating models as
covariates. As the dominance variables reflect different aspects of male’s social relationships but
they are, presumably, pretty correlated between them, we computed different models each one
including one dominance variable. All the analyses were performed with R software (R

Development Core Team 2017).

Results

Activity level and home range size and core area (Table 3 and Fig 2.). Thus,
Supplementation of vitamin D supplementation appeared to have no effect

appeared to have no effect in activity levels in activity level and the HR size appeared to

of males (Table 1) but it was rather be related to male-male competition.

determined by male’s body size such that
larger males  were more active
independently of the experimental
treatment (Fig. 1 and table 2) when size was All- > =

included as a covariate in the model. Home

Activity
\

range size, both considering the whole area
(KDE95) and the core area (KDE50), neither
were explained by the supplement (Tables 1
and 3). However, dominance index and the ]
Male size (PC1)

number of victories were the variables that

explained the HR size both for the complete Figure 1 Scatterplot showing the relationship between

male size (PC1) and activity level.
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Figure 2 Scatterplots with Home range size and ELO index of dominance with the numbers of victories

Males attractiveness

We measured the attractiveness indirectly by means of the degree of overlap in HR between
females and supplemented males; and, directly, through the mating behavior (i.e. frequency of
interactions between males and females, mating attempts, and successful matings). Our results
showed that the supplement treatment appeared to have no effect increasing the attractive of a
male to females. Models with the supplement treatment as the main factor were not significant
both for HR overlapped by females and mating behavior (Table 1). Models with covariates showed
that the HR overlapped by females appeared not to be related to any of the variables measured
(Table 4), while the mating behavior appeared to be highly related to dominance and agonistic
encounters (Table 3). The number of interactions between males and females were related to the
activity and the number of victories in agonistic encounters, but not by the dominance index (ELO).
And, although the mating attempts were related just to the activity and the male’s size, the
frequency of matings was related to dominance and not with the frequency of victories. However,
the mating success (obtained matings t in relation to attempts to mate) was related to size,
victories and ELO index (Table 3). These results revealed that the supplemented males were not
more attractive to females in terms of HR overlapped and mating behavior, while the fighting skills
related to body size, the number of victories and dominance, appeared to be more effective as a

mean to obtain more matings.
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Supplement males  Control males

Variable Mean SD Mean SD df  F.value/Chisq P-value
HR size (KDE95) (m?) 235.84 51.48 235,57 50.89 1,38 0.002 0.96
HR size (KDE50) (m?2) 62.92 20.95 52.14 20.05 1,36 2.77 0.11
HR MM overlap (KDE95) (m?) 67.99 2.79 67.47 2.38 1,38 0.37 0.55
HR MM overlap (KDE50) (m?) 25.94 7.23 25.66 9.88 1,36 0.65 0.42
HR FM overlap (KDE95) (m?) 62.90 2.57 62.35 2.37 1,38 0.48 0.49
HR FM overlap (KDE50) (m2) 21.99 6.72 25.66 9.88 1,36 1.79 0.19
Frequency of M-F interaction 1.26 1.85 1.76 2.51 1,2 0.55 0.46
Frequency of matings 0.42 0.77 0.43 0.75 1,2 0.001 0.97
Frequency of mate attempts 0.63 1.16 0.76 1.04 1,2 0.14 0.71
Mating success (%) 48 47 28 36 1,21 1.28 0.27
Activity 24.11 7.85 24.24 9.11 1,2 0.002 0.96
Frequency of agonistic encounters 4.79 4.95 5.81 6.78 1,2 0.29 0.59
Frequency of victories 2.37 3.47 5.33 1.00 1,2 0.22 0.64
ELO index 1007.00 124.57 990.94 116.42 1,2 2.19 0.14

Table 1 Mean values and results of models with experimental treatment as an explanatory variable (F-M interaction:
interactions between males and females)

Competition for access to females

The results in HR overlapped by males and the frequency of agonistic encounters were
similar to attractiveness results. The supplement had no effect either in these variables in both
main effects models (Table 1) and covariates models (Tables 2 and 4). The frequency of agonistic
encounters was explained by activity level and not by the experimental supplement neither size,

and the proportion overlapped by males were explained by any of the variables used in our
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models. Thus, the supplemented males did not suffer more competition pressure, in terms of HR

overlapped by males and frequency of agonistic encounters, than the control males.

Dominance hierarchy

Our results showed that supplemented males were not the winners of more agonistic
encounters (Tables 1), but were the more active males those that won a higher number of
agonistic interactions (Table 2). The dominance hierarchy based on the matrix of victories in
agonistic encounters appeared as certain linear (h’=0.76) but with very low steepness (proportion
of interaction ratio=3.1) and a very low transitivity (Ttri=0.3). These values indicated that there
was no direct competition (i.e. fights) among all the males and pointed to some kind of esteem of
the rival fighting ability. The dominance index (ELO) was not explained by the treatment in the
main factor model (Table 1) and neither in the covariates model (Table 2) This difference between
variables that explained the victories, activity, and the ELO index, in covariates model, could mean
that the dominance hierarchy at the end of the experiment was not related just to winning more
agonistic encounters. Besides, the trajectories of ELO rating through the study showed a very
unstable changing hierarchy at the beginning of the experiment and a stable hierarchy since the

middle of the experiment until the end (Figure 3).

Model df Chisq P-value Predictors df Chisq P-value
Size 1,2 11.57 0.0007
Activity ~ Supp. + Size 1,2 11.57 0.003
Supplement 1,2 0.03 0.8
Size 1 0.38 0.54
Frequency of agonistic encounters ~ Supp.+ Size + Act. 2,3 18.55 0.0003  Activity 1 21.27 <0.0001

Supplement 1 0.001 0.97

Size 1 0.33 0.57

Victories ~ Supp.+ Size + Act. 23 11.70 0.008 Activity 1 12,92 0.0003

Supplement 1 0.25 0.62

ELO index ~ Supp.+ Size + Act. 2,3 3.89 0.27

Table 2 Results of activity and social relationships among males models. Significant effects are marked in bold.
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F F
Model X P Predictors df 3 P
/Chisq /Chisq
Size 1 195 0.16
Activity 1 5.11 0.024
M-F interaction ~ Supp. + Size + Act. + HR +
2,5 25.52 0.0001 HRsize 1 146 0.23
Victories
Victories 1 10.14 0.001
Supplement 1 0.10 0.75
Size 1 0.98 0.35
Activity 1 8.92 0.003
M-F interaction ~ Supp. + Size + Act. + HR +
2,5 13.12 0.02 HR size 1 0.22 0.64
ELO
ELO 1 0.57 0.45
Supplement 1 0.01 0.92
Matings ~ Supp. + Size + Act. + HR + Victories 2,5 1.14 0.36
Size 1 0.66 0.42
Activity 1 5.85 0.016
Matings ~ Supp. + Size + Act. + HR + ELO 2,5 11.63 0.04 HR size 1 0.25 0.62
ELO 1 8.26 0.004
Supplement 1 0.05 0.82
Size 1 4.17 0.041
Activity 1 3.08 0.08
Mate attempts ~ Supp. + Size + Act. + HR +
2,5 18.73 0.002 HR size 1 0.18 0.67
Victories
Victories 1 3.75 0.053
Supplement 1 0.05 0.83
Size 1 436 0.04
Activity 1 7.99 0.005
Mate attempts ~ Supp. + Size + Act. + HR + ELO 2,5 12.61 0.03 HR size 1 0.16 0.69
ELO 1 0.06 0.80
Supplement 1 0.002 0.97
Size 1,17 10.14 0.005
Activity 1,17 0.37 0.55
Mating success ~ Supp. + Size + Act. + HR +
5,17 3.43 0.025 HR size 1,17 0.27 0.61
Victories
Victories 1,17 4.66 0.046
Supplement 1,17 0.98 0.34
Size 1,17 7.50 0.014
Activity 1,17 0.40 0.54
Mating success ~ Supp. + Size + Act. + HR+ ELO 5,17 4.71 0.007 HR size 1,17 0.0007 0.98
ELO 1,17 8.71 0.009
Supplement 1,17 2.16 0.16

Table 3 Results of social interactions among males and females models (HR size estimated with KDE 95). Significant

effects are marked in bold
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Model df F P Predictors df F P

Size 1,35 01 075
Activity 135 025 0.62

HR size (KDE95) ~ Supp.+ Size + Act. + Victories 435 426 0.006
Victories 1,35 14.92 0.0005
Supplement 1,35 0.06 0.81
Size 1,30 0.76 0.39
Activity 1,30 037 055

HR size (KDE95) ~ Supp. + Size + Activity + ELO 4.30 29 0.04
ELO 1,30  9.93 0.004
Supplement 1,30 0.004 0.95

HR size (KDE50) ~ Supp. + Size + Act. + Victories 433 115 0.35

HR size (KDE50) ~ Supp. + Size + Act. + ELO 428 068 061

HR MM overlap (KDE95) ~ Supp. + Size + Act. + Victories 4,35 2.14 0.10

HR MM overlap (KDE95) ~ Supp. + Size + Act. + ELO 430 206 0.11

HR MM overlap (KDE50) ~ Supp. + Size + Act. + Victories 4,33 1.19 0.30

HR MM overlap (KDE50) ~ Supp. + Size + Act. + ELO 428 134 0.28

HR MF overlap (KDE95) ~ Supp. + Size + Act. + Victories 4,35 241 0.07

HR MF overlap (KDE95) ~ Supp. + Size + Act. + ELO 430 161 0.20

HR MF overlap (KDE50) ~ Supp. + Size + Act. + Victories 4,33 056 0.69

HR MF overlap (KDE50) ~ Supp. + Size + Act. + ELO 428 0.70 0.60

Table 4 Results of space use models. Significant effects are marked in bold

Discussion

The results showed that the supplement of vitamin D treatment did not affect to the
males’ activity. This is consistent with previous findings if we consider that low activity is related
to an increase of shelter use (Horvath et al. 2016). We neither found a relationship of the
treatment with HR size, while the models showed that HR size could be rather related to the
victories in agonistic encounters and dominance. This could point to the existence of a defense of

the territory by the dominant males.

Attractiveness

In terms of the proportion of HR overlapped by females, supplemented males appeared
not to be more attractive to females, but neither were the dominant males. The use of space by
females appeared not to be related to the presumably presence of scent marks of males. Basing
on previous works, we proposed that being more attractive by producing more cholesta-5,7-dien-
3-ol would have effects on the males’ access to females by attracting more females to the areas
scent marked (Martin and Lépez 2012). However, neither the supplement nor the dominance did
have effects on the proportions of the HR of a male overlapped by females. Since the habitat

design in the enclosure was uniform, due to the equal group of rocks, we could suppose that the
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distribution was not caused by differences in the habitat. However, there might be differences
between groups of rocks that were not appreciable to us. Either way, we cannot infer the cause
of the female distribution, just assume that it was not due to supplemented males’ attractiveness

and neither to differences in habitat quality.

The results in mating behavior could support the previous conclusions about the
attractiveness of the supplemented males. The number of matings and the mating success were
not related to the experimental supplement but by the number of victories and the dominance.
We also found a significant relationship of mating success with the number of victories and the
dominance ranking, which had in account the relationship between the number of interactions
with females and the successful copulations obtained. This could suggest that expelling other
males to improve the mating success is a good strategy that, presumably, could only be achieved
by the "best" males. This could indicate that a better access to females is achieved by those males
that have the best fighting skills, including a larger body size, which, probably, render the male-

male competition as the best way to access to females by these males.

Dominance and victories

Since in the main factor models the dominance and the number of victories were not
related to vitamin D supplementation, but the covariates models explained that dominance and
victories were related to the activity level and by body size, which had been reported as the main
fighting skill in other lizards (Vitt and Cooper 1985; Anderson and Vitt 1990). However, the
dominance index was not explained by the same variables as the frequency of victories, which
could indicate that it was related to other reasons and not only by the fighting skills. Since the
value of the dominance index was estimated at the end of the experiment and pondering the
probability of winning or losing an agonistic encounter according to the prior fights, these
differences could indicate the existence of a rival esteem between the males based on traits
different than size. Previous works in I. cyreni have found that there exists individual recognition
between conspecific males (Aragén et al. 2001b) and a esteem of the rival identity (Lopez and
Martin 2011) based on semiochemicals. The evolution of the Elo-rating score (Figure 2) shows a
hierarchy that was conformed through the agonistic encounters, unstable at the beginning and
stable at the end which could mean a esteem of the rival based on trial-and-error in agonistic
encounters. While, if the rival assessment was directly linked with phenotypic traits, we might
expect a more stable hierarchy since the beginning. Either way, the dominance hierarchy is
independent of the treatment, besides the vitamin D could have improved the health of the
treated males (van Etten et al. 2008) and then, probably, gave them more chances to climbing

positions in the hierarchy.
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Conclusions

Our results suggest that there was a sum of factors acting together and that matings would
be mainly the result of male-male competition and not so much of female mate choice. In our
experiment, it seems that the production of cholesta-5,7-dien-3-ol was not so determinant in
mating success as was considered previously (Martin and Lépez 2006b). When male-male
competition is high, it seems to be determinant to mating success although the lack of significance
in the HR overlap and the low value of transitivity in the hierarchy might indicate that the males
did not establish true HRs during the experiment. High transitivity would have been expected in
that case because the fights are more common between neighbors (Martin and Salvador 1997,

Martin and Lépez 2000).

We suggest that male-male competition, through dominance and agonistic encounters, is
an important process that could ensure the mating success of male I. cyreni in spite of female’s
mate choice. However, we cannot ensure that the actual reproductive success corresponds with
the observed mating success because post-copulatory processes of selection could act in the
females (Andersson and Simmons 2006). New experiments incorporating paternity analyses

should be done to trace more accurately the actual female’s choice.
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Supplemental material: ELO index

Elo Rating (Elo 1978): this dominance index uses the sequence and order of the agonistic
encounters; Elo do not use a matrix of encounters to compute the dominance. Every individual
starts the experiment with a predetermined and arbitrary score (e.g. 1000) and, after each
interaction the score is updated. The winner increases their score and the looser decrease it. The
number of points in the score wins or lost depends on the expected result from the prior

interactions to that agonistic encounter

- If win the individual of the higher rank:
New Winner rating = 0ld Winner rating + (1 —p) XK
New Loser rating = 0ld Loser rating — (1 —p) X K

- If win the individual of the lower rank:
New Winner rating = Old Winner rating + p X K

New Loser rating = Old Loser rating —p X K

- P is the victory hope of an individual of higher Rank. It is a function of the absolute
difference in the rating of the two individuals involved in the agonistic encounter before
the interaction.

- Kis a constant that determines the number of score points that an individual win or loss

after the interaction. We used k=100
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Abstract Female Carpetan rock-lizards (/berolacerta cyreni) seem to assess the quality of males
from their chemical signals (femoral secretions) used to scent mark their home ranges. Females
would ensure to mate with high-quality males by selecting those areas marked by males with
secretions that have a high proportion of two forms of provitamin D (cholesta-5,7-dien-3-ol and
ergosterol). An alternative explanation might be that females were not choosing a mate, but that
they had a pre-sensory bias to look for areas with greater availability of vitamin D in the food.
Those males able to obtain enough food rich in vitamin D can increase the concentration of
provitamin D in their secretions and might take advantage of this bias. We experimentally
evaluated the possible benefits of a nutritional supplement of provitamin D and vitamin D in
pregnant females for their laying and offspring. We measured the characteristics of the eggs and
the hatchlings but we did not find great differences between treatments, except, in the lower
body condition of the juveniles of mothers treated with provitamin. We also tested the interest
of supplemented females by males’ femoral secretions. The results showed that the
chemosensory response of the females to males' scents was reduced when the amount of vitamin
D exceeded their needs. This suggests that the potential bias to scents could be related to the
females’ physiological needs or hunger level when acting as signal receivers.

Keywords Sensory bias, Mate choice, Chemical signals, Honest signals, Lizards, Provitamin Ds,
Vitamin Ds, Eggs, Tongue flick.

Introduction

Intraspecific communication within sexual and territorialism contexts is one of the most
studied topics in behavioral ecology (i.e. Garcia-Brull et al. 1993; McGregor 1993; Johansson and
Jones 2007). Communicative signals are highly variable and use different mechanisms throughout
the animal kingdom (Bradbury and Vehrencamp 2011). Signals such as colors, sounds or chemicals
have been developed in many species and combined to send and to interpret messages between
conspecifics. In many cases, signals are used by males to court and attract females to their home
ranges to mate. Signals produced by males may constitute honest signals (Grafen 1990) that

indicate to females the males’ quality and help to decide which is the "best" male to mate.
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Many researchers have asked about the origin and evolution of signaling in intersexual
communication context and about why males’ signals are attractive for females. Against the
classical adaptive approach (Dawkins and Guilford 1996) mainly focused on honestly signaling
male quality (Zahavi 1975), there have been suggested other theories centered in the origin of the
sensorial reception of the signal (Ryan 1990; Endler 1992). The latter postulate that the receiver
has a prior sensory bias by the stimulus that would code the signal posteriorly. These bias could
be generated because the receptor had a previous sensory function not related with sexual
communication but with the environment perception; and this perception might have been used
by the sender to perform the message (Endler and Basolo 1998). Because there is no agreement
about whether the sensory bias is exploited by the sender or if the receiver falls in a sensory trap,
the ‘Sensory bias hypothesis’ has been proposed as a theoretical framework that assembles both

approaches (Fuller et al. 2005).

In a mate-choice context, chemical signaling has, in many species, an important role to
assess traits of potential mates such as quality (Moore 1988), reproductive or health state
(Kavaliers and Colwell 1995), or even genetic compatibility (Penn 2002). Territorial scent-marks
are often used to assess these male traits by conspecifics (Carazo et al. 2011) and to attract
(Campos et al. 2017) or repel them (Byrne and Keogh 2007). The sensory bias hypothesis could
explain the evolution of attractive sexual chemical signals; it might explain how one attractive
stimulus, but not related to sexual functions but to other resources such as food, may become a
sexual signal. If access to a resource is costly for the producer, then, the signal could become also
an honest signal and act not only to attract but also to inform to the receiver. Empirical evidence
of sensory bias for food-chemicals that are also found in sexual chemical signals of males has been
found in several species. For example, in several moth species, females are attracted by males
that impregnate their body with an “herbal essence” from plants that are usually taken as food by

these moths (Krasnoff and Dussourd 1989; Lofstedt et al. 1989).

Lizards and snakes are animals that commonly use scents to assess the characteristics of
their surrounding environment (i.e. Bull et al. 2001) by means of tongue-flicking behavior (Cooper
and Burghardt 1990). Femoral gland secretions of male lizards are a waxy mixture composed of
proteins and many lipophilic compounds characteristic of each species but highly variable
between individuals (Alberts 1993; Martin and Lépez 2014). The production of some of these
compounds and its allocation to secretions is costly and, therefore, condition-dependent (Martin
and Lépez 2015). Frequently, females prefer the scent of males whose have raised large amounts
of these costly compounds in their secretions. This is probably explained because these males are

also those of high quality. Some evidence found in several lizard species could indicate the
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males’ scents (Martin and Lépez 2006b, 2008; Kopena et al. 2011). In these animals, although

courtship has less importance in mate-choice, scent and territorial marks may also shape a key
factor in female mate choice (Calsbeek and Sinervo 2002). But this relationship between food and
male scent chemicals might also allow females to use males’ scent marks as a source of public
information (Valone 1989) about the habitat quality, as it has been reported in the timber
rattlesnake Crotalus horridus (Clark 2007). From this point of view, this sensory bias could be pre-
existing and be just the origin of the current signal or, actually, it could be a current resource of

males to attract females to their home ranges and copulate with them.

For example, females of the Carpetan rock lizard, Iberolacerta cyreni, modify their home
ranges during the breeding season by moving towards areas scent-marked by high-quality males
(Martin and Lopez 2012). Females seem able to assess the quality of males from their femoral
secretions deposited on scent marks, choosing those areas marked by males that, for example,
are heavier (Lopez et al. 2003), more symmetrical (Martin and Lépez 2000; Lépez et al. 2002) or
that have a higher immune response (Lépez et al. 2006). This quality of males appears to be
reflected in femoral secretions composition, and, thus, the signal-production is condition-
dependent (Martin and Lopez 2015). For example, high proportions of oleic acid appear in
secretions of males with higher body condition (Martin and Lépez 2010) and low levels of
fluctuating asymmetry (Lépez et al. 2006), or high proportion of ergosterol (Provitamin D,)
appears in secretions of males with higher immune responses (Martin and Lopez 2010, 2012).
Therefore, this female’s attraction might have a purely sexual component, but it has also been
suggested that the origin of the current attraction of females to these compounds may be due to
a pre-existing sensory bias related to food stimuli and that natural selection would have favored

their evolution towards sexual signals (Martin and Lopez 2008).

The first approach to this hypothesis in . cyreni lizards showed that hungry females
responded more strongly than satiated females to the chemical stimuli of provitamin D; alone and
also to scent marks of males, which also contain this chemical (Martin and Lépez 2008). These
results suggest that the attraction of females to these chemical cues may be related to food needs,

which could be considered as evidence to support the sensory bias hypothesis.

Cholesta-5,7-dien-3-ol (Provitamin Ds), along with ergosterol, seem two of the key lipids
implicated in male selection in I. cyreni and other lacertid lizards such as Podarcis guadarramae
(Lépez and Martin 2005). These lipids attract females according to their proportions in scent marks

of males (Martin and Lépez 20064, b, 2012). Cholesta-5,7-dien-3-ol is also found in the skin, where
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it is transformed by sun UV-B irradiation to Vitamin D3z (Fraser 1995; Holick 1995). This vitamin is
an essential compound in the metabolism of lizards and many other vertebrates (Allen et al. 1999;
Laing and Fraser 1999). For example, vitamin Ds is involved in calcium mobilization, acts as a
modulator of innate immunity, participates in cellular differentiation or stimulates the insulin
secretion among other physiological functions (Holick 2008). There is a relationship between
Provitamin D3 proportions in femoral secretions and vitamin Ds availability in the body of male /.
cyreni lizards; thus, when the needs of dietary vitamin D are overtaken, males can increase the
amount of provitamin D; allocated to secretions (Martin and Lépez 2006b, 2015). Indeed, that
these males become more attractive to females appears an evidence of the relation cost-benefit
of allocating provitamin D3, and other costly molecules, to femoral gland secretions. In this sense,
chemosignals may act as honest signals showing consistency between costs and individual
condition (Martin and Lopez 2015). Females could use the quality of scent marks of males to
consider associating with areas inhabited by males of high quality (Martin and Lopez 2012) and,

thus, enhance the probabilities to mate with them.

However, since the mating system of /. cyreni is polygynandrous (Salvador et al. 2007),
and females prefer areas with a high density of males (Martin and Lépez 2013), another
alternative explanation is that females chose a given area because of the quality of that area and
not because of the quality of the males that live there. This could be explained if the areas chosen
by high-quality males are habitats of good quality, with enough dietary resources to support a
very high density of lizards. One of these resources could be the access to vitamin Ds, either from
the diet, because the habitat should be rich in prey with a high content of vitamin D3 or its
precursors; but also because the habitat has a high availability of good basking sites to combine

thermoregulation activity with sun-synthesis of vitamin Ds.

In addition to the metabolic roles of vitamin D (Henry 2011), the access to vitamin D; could
be especially important for gravid females. This is because, acting as a hormone (Norman 2008),
vitamin Ds is involved in multiple processes very important to gestation, since calcium absorption
in the intestine (Holick 2007) to calcium accumulation in the yolk (Stewart and Ecay 2010). Vitamin
Ds deficiency would probably lead to a calcium deficit, or an inability to use calcium within the
body. Calcium has functions such as blood clotting, maintenance of pressure, intervenes in cellular
communication, brain functions and muscle contraction (Cline 2012). In chicken embryos, a deficit
of vitamin D; lead to thin and soft-shelled eggs and, in the embryo, hypocalcemia and/or
hypophosphatemia, all of which probably explain a decrease in the percentage of births (Narbaitz
and Tsang 1989). Therefore, we could expect that availability of vitamin D3 could also be a relevant

factor for gravid female lizards. It is likely that females need more vitamin D for an optimal
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reproduction or for the optimal growth of the offspring; and, because of that, they prefer
substrates scent marked with higher quantities of provitamin Ds. This alternative hypothesis to
the simple sexual interest for male signals fits with the sensory bias hypothesis, considering that

males could be exploiting the metabolic needs of vitamin D3 of females to attract them.

Here, we made the first approach to test the hypothesis that females could use male scent
marks not only as sexual signals but also as a source of environmental information related to food
resources. Following the sensory bias hypothesis, we looked for benefits of getting a great access
to vitamin D. By addressing the functions of vitamin and calcium in pregnant female lizard body,
we mainly looked for potential benefits in three aspects relative to 1) condition and nutritional
status of females, 2) the characteristics of their clutches and, finally, 3) the condition and growth
rate of their offspring. To test this, we designed an experiment providing in the diet supplementary
provitamin Ds or vitamin Ds to gravid female lizards I. cyreni. Females supplemented with vitamin
Ds; would have unlimited and direct access to vitamin Ds;, while those supplemented with
provitamin D3 would need to spend some time basking under the sun if they want to transform
the dietary provitamin in the active form of vitamin D;. However, from a physiological point of
view, both provitamin D3 and vitamin D; do not have different functions, so we could expect a
similar effect in females, eggs, and offspring. Besides, we measured the interest of supplemented
females in femoral secretions of males by means a tongue-flick bioassay (Cooper and Burghardt
1990) to detect possible a relationship between the needs of vitamin Dz and the female’s interest
in male’s scents. This allowed us to go deeper into the sensory bias theory and to test if it could

be a valid explanation for female preferences using I. cyreni as a species model.

In this paper, we look for evidence of benefits to gravid females, their eggs and their
offspring development of having more access to provitamin Ds; and vitamin D3 during the
pregnancy period. We expected that having more vitamin D available will be better for the health
of females and their offspring. We hypothesized that body condition of females after laying the
eggs would be better in supplemented females. Another potential effect of vitamin
supplementation is the action over the characteristics of the clutch. We expected that
supplemented females would have bigger and heavier eggs due to the nutritional supplement.
Previous studies have found a direct correlation between the egg size and the incubation time
(Sinervo 1990), so we predicted a longer incubation time for clutches from supplemented females.
The quantity of vitamin D available could stimulate calcium mobilization to the egg shell formation
by uterine epithelium (Simkiss 1991; Stinnett et al. 2012), and the use of that calcium by the
embryo at the end of incubation (Packard and Packard 1984; Tuan and Ono 1986; Stewart et al.

2009). Thus, we predicted that egg shells of supplemented females would have higher calcium
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content being thicker and heavier than those of control females and, probably, this extra-
availability of calcium might have an indirect effect increasing hatching rate. Juveniles from
supplemented mothers would have bigger reserves of vitamin D inside their eggs, and for this
reason, we expected juveniles born from supplemented females to be bigger, have a better
condition and higher growth rates than juveniles from control females. About females’ responses
to chemical cues, we predicted a lower chemosensory response of supplemented females to the
males' secretions than the controls because their needs of vitamin D would be covered. We based
this prediction on previous studies showing that hungry females have stronger responses than

satiated ones (Martin and Lopez 2008).

Material and methods

Study animals

We collected thirty-seven live gravid female Iberian rock lizards (Iberolacerta cyreni) by
noosing during June 2016 in a 3 km? area around “Puerto de Navacerrada” over 1800 m asl.
(Guadarrama Mountains, Central Spain). Lizards were transported to El Ventorrillo field station, 5
km from the capture site, and housed in outdoor individual plastic boxes (60x40x44 cm, length x
width x high) until females laid the clutch. The terraria contained coconut fiber as a substrate, a
brick for shelter and water ad libitum. We daily fed lizards crickets (Achaeta domestica) and

mealworms (Tenebrio mollitor) dusted with calcium powder every two days.

Experimental supplementation of the females’ diet

We assigned randomly each female to each of three experimental treatments:
“Provitamin D” (n=13), “Vitamin D” (n=13) and “Control” (n=12). Each female was subjected to a
daily supplementation until they layed the eggs (mean + SE= 21 + 1 days). Females in the
Provitamin treatment and Vitamin treatment were, respectively, daily fed 0.20 ug of Provitamin
Ds (Sigma- Aldrich, St. Louis, MO) or 0.20 ug (= 8IU) of Vitamin D3 (MYPROTEIN, The Hut.com Ltd.,
UK), both dissolved in 0.25 ml of sunflower oil. Females in the control treatment were fed 0.25 ml
of sunflower oil alone, which has not vitamin D content. To ensure that all the lizards ingested the
same amount of the supplement solution, we gently handled females and used sterile plastic

syringes with a cannula to deliver the oil into their mouth.

Characteristics of the clutch and the juveniles
Every day we inspected females to detect changes in their body shape that could indicate

that they had layed eggs. Then, we gently looked for eggs buried in the coconut fiber substrate of
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below) and individually located in plastic containers (170 mL) filled with moistened perlite (1:1 (_‘;\:

proportion of water and perlite) and covered with a lid to keep the humidity. These containers
with eggs were maintained in an incubator (FRIOCELL FC-B2V-M/FC404) at 27.5° C until the hatch.

Females were released at their original sites of capture after laying the eggs.

Each egg (n=156) was weighed using a digital scale (to the nearest 0.001g). Egg length and
width were measured with a digital caliper (to the nearest 0.01 mm). These measurements were
used to calculate an ellipsoid as an estimation of egg volume (V=(4/3)nab?, being a and b the half

of width and length of the egg respectively Mayhew 1963).

To estimate whether the provitamin and vitamin treatments had any effect in females and
in their reproductive parameters, we recorded other potentially relevant variables such as body
mass and body condition of the female after the clutch, clutch size, relative clutch mass (calculated
as the ratio between the fresh clutch mass and the female mass after she laid the eggs; (Brana et
al. 1991)), hatching success, incubation period (number of days between laying the clutch and
hatching), and hatching duration within each litter (i.e. number of days between hatching of the
first and the last egg) as an indicator of synchrony; Marco and Diaz-Paniagua 2008). Once the
juveniles hatched (n=113), we measured the dry mass of the egg shell using a digital scale (to the

nearest 0.001 g) and the thickness of the egg shell with a spessimeter (to the nearest 0.01mm).

At birth, we measured snout-vent length (SVL) and tail length (TL) of juveniles with a digital
caliper (to the nearest 0.01 mm), and body mass with a digital scale (to the nearest 0.001 g). To
estimate body condition, we used the regression residuals of log-transformed body mass and SVL
values. We also estimated growth rate until two weeks after the birth by using the formula
Ln[(final mass/birth mass)/(age in days)] (Iraeta et al. 2006). Newborns lizards were released at

the sites of the capture of their respective mothers when these measures were done.

Female responses to chemical cues of males

To assess whether females supplemented with Provitamin or Vitamin D changed their
chemosensory responses to femoral secretions of males, we used the Tongue-flick (TF) rate, which
is a common bioassay of chemical detection in reptiles (Cooper and Burghardt 1990; Cooper
1994). We compared the number of TFs elicited by female lizards in response to stimuli arising
from cotton applicators bearing (i) dichloromethane (DCM) (Sigma-Aldrich Chromasol V plus for
HPLC, purity >99.9%) as a control, or (ii) a mixture of femoral gland secretions of 20 I. cyreni males
that were being used in another experiment. We collected the secretions in a 2 ml glass vial that

was closed with a Teflon-lined stopper and kept in the freezer (-20°C) until the test. One hour
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before starting the assay, the vial with the secretion was thawed at room temperature and refilled
with DCM to dissolve the secretions (Khannoon et al. 2010). We prepared stimuli by dipping the
cotton swab attached to a long stick (50 cm) inside the corresponding glass vial. Control vials
contained only DCM, while secretion vials contained the same volume of DCM with the femoral
secretions dissolved. A new swab was used in each trial. To begin a trial, one of the experimenters
slowly approached a lizard’s cage and carefully moved the cotton swab to a position 2 cm anterior
to the lizard’s snout. Lizards usually allowed the approach of the swab and the test without fleeing.
We recorded latency to the first TF and, since that time, the number of TFs directed to the swab
for 60 seconds. Trials were conducted in outdoor conditions, on 20th July, at the end of the
experimental supplementation period of females, between 11.00 and 13.00 h (GMT), when lizards
were fully active. Every female was exposed to both stimuli, secretion and DCM, and the order of
presentation was alternated between them. We let to spent one hour and a half between the first
exposition to one stimulus and the second exposition to the other stimuli to allow females to rest

and to avoid habituation.

Data analyses

To analyze morphological variables of eggs and juveniles we used Mixed Models with the
experimental treatment as a fixed factor and the identity of the mother as a random factor, using
the Ime4 package (Bates et al. 2015) from R (R Core Team, 2013). Response variables were log-
transformed to ensure normal distributions except for count or binomial data where Poisson or
Binomial distributions were fixed. Some covariates such as treatment duration or incubation time
were included in the models when needed. The best models were chosen following the protocol
of Zuur et al. (2009) from a beyond optimal model and based on the Akaike Information Criteria
(AIC). In order to evaluate the significance of the models, we compared them with the null models
using the Likelihood Ratio Test (Imtest R-package v0.9-36; Zeileis and Hothorn 2002) and only if
the model was significant, the parameters for each descriptor variable were computed. Fixed
effects significance was tested using ANOVA, and Tukey tests for pairwise comparisons. In those
cases, in which canonical assumptions could have been violated, a parametric bootstrap approach
was performed and the confidence interval computed to ensure significance. The proportion of
variance explained by the effects in each model was calculated using marginal and conditional R?
(MuMIn R-package; Barton 2018). Variables related to mothers and reproductive biology were
analyzed with linear models or generalized models. The model with the lowest AIC was chosen,
its explanatory power was evaluated with R? and its significance with an F test. In case of statistical

significance in the treatment, Tukey's tests were used for pairwise comparisons.
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For the chemosensory tests, the experiment design was not orthogonal but of repeated
measures. Thus, differences in the number of TFs elicited between treatments were tested using
a Repeated Measures Mixed Model (Wang and Goonewardene 2004) with treatment and stimuli
as fixed factors and female identity as a random factor. To ensure normality, data were log-

transformed.
Results

Reproductive biology and morphometric measures

Relative clutch mass differed significantly among experimental groups (Table 1) being of
relatively lesser weight those clutches from the provitamin group (Tukey test: control vs.
provitamin: P=0.027; control vs. vitamin: P=0.52; provitamin vs. vitamin: P=0.17) (Fig. 2). We did
not find any significant differences among treatments in hatching duration and other mother-
related variables such as clutch size, body condition after clutch and clutch hatching success;
neither female body mass after laying the clutch, which appeared to be rather explained by the

covariate clutch size (Table 1).
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Figure 1 Body condition of juveniles

Figure 2 Relative clutch mass

We did not find any significant effect of treatment on morphology of eggs and juveniles
(Table 2) but for body condition of juveniles, which was significantly affected by the treatment
(Table 2) having worst condition the juveniles born from females in the provitamin group (Tukey
test: control vs. provitamin: P=0.056; control vs. vitamin: P=0.97; provitamin vs. vitamin: P=0.033)
(Fig.1). Hatching success (x?=5.33 df=2, P=0.07) and juveniles’ survivorship (x*=2.56, df=2, P=0.28)

did not differ among treatments. As we included in the models other potential relevant covariates,
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some of them explained quite a high proportion of the variance. Covariates such as clutch size,

incubation time and mother traits like snout-vent length or body mass appeared to be important

because their contributions to some models were significant (Tables 1 and 2).

Model LRT Test

Predictors F test

Response df Chisq P-value Predictors df F.value P-value
Egg weight 5,2 0.48 0.79
Mother mass 1,18.4 0.65 043
Treatment days 1,22.8 1.18 0.29
Clutch size 1,15.6 2.88 0.11
Egg length 12,7 25,12 0.0007
Mother mass*Clutch size 1,22.5 5.31 0.031
T. days*Clutch size 1,7.61 6.33 0.037
Treatment 2,22.45 0.18 0.84
Egg width 7,2 8.82 0.012 Treatment 2,7.07 3.00 0.11
Egg volume 8,5 6.83 0.23
Egg Shell thickness 7,4 5,22 0.027
Treatment days 1,18 2.98 0.101
Egg Shell dry mass 7,4 0.90 0.042 Egg mass 1,25 7.58 0.011
Treatment 2,18.8 0.06 0.94
Treatment days 1,20.3 0.16 0.69
Mother SVL 1,22.8 0.24 0.63
Egg mass 1,71.3 0.0001 0.99
Incubation time 10,7 14.51 0.043
T. days*Egg mass 1,47 0.13 0.72
Mother SVL* Egg mass 1,46.9 6.99 0.011
Treatment 2,19.5 1.43 0.26
Mother mass 1,21.5 4.71 0.041
Snout-vent length 7,4 15.74 0.0034 Incubation time 1,102 6.96 0.009
Treatment 2,23.1 230 0.12
Tail length 5,2 0.74 0.69
Body mass 5,2 0.30 0.86
Mother SVL 1,19.2 7.49 0.013
Incubation time 1,101 6.39 0.013
Body condition 8,5 19.13 0.0018
Mother SVL*Incub, Time 1,98.7 3.12 0.080
Treatment 2,20.7 2.85 0.081
Growth rate 5,2 4.73 0.094

Table 1 Results of statistical analysis of egg and juveniles traits. All Linear Mixed Models with mother as a random

factor
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Model F Test F test

Response df F.value P-value Predictors df F.value P-value
Clutch size 1,17 10.01 0.006
Body mass after clutch 517 2.99 0.040 Treatment 2,17 2.67 0.098

Clutch Size*Treat. 2,17 1.65 0.222

Body condition after clutch 2,20 0.27 0.77

Clutch size 2,22 0.32 0.73
Relative clutch mass 4,20 4.04 0.034 Treatment 2,20 4.04 0.034
Hatching duration 2,22 1.90 0.18

Clutch hatching success 2,20 1.89 0.18
Table 2 Results of statistical analysis of reproductive biology and female's state. All with F test for LM except Clutch
size and Hatching duration that were analyzed with Wald test to GLM

Responses to chemical cues

We did not find any significant difference in latency to the first TF (F test to Repeated Measures
Linear Mixed Model: Fg365=0.97, P=0.17). Thus, females started tongue-flicking at similar times

independently of the type of stimulus and the type of dietary supplementation that had received.

However, we found significant differences in TFs directed to the stimuli (F test to Repeated
Measures Linear Mixed Model: Fs362=0.97, P=0.011). Significance was found in the treatment
factor and its interaction with the stimuli (treatment: F,25=4.87, P=0.016; stimuli: F125=0,39,
P=0,54; treatment x stimuli: F,25=4.11, P=0.029). Pairwise tests revealed that the total number of
TFs elicited by the control group to both treatments was higher than in the other experimental
groups (control vs. provitamin: P=0.013; control vs. vitamin: P=0.05; provitamin vs. vitamin:
P=0.81) (Fig.3). Despite the significant interaction between treatment and stimuli, post-hoc
comparisons between stimuli inside the treatment revealed no significant differences in each
treatment (control DCM vs. secretion: P=0.67; vitamin DCM vs. secretion: P=1.00; provitamin DCM

vs. secretion: P=0.17).

135




o _] —
N I
2 o E — \ TREATHIEMT
—  CONTROL
—-  PROWTGMIN
o ] —
- - WTRMIN
w - —
o | _] I I
[}
w | —
STIMLILLES
—a— DCM
o | %_——% --o—- EECRETION
w - —

T T T T T
COMTROL PROVITAMIM  WITARIMN DMl SECRETIONS

TREATRAEMNT ETIMLILLE

Figure 3 Number of tongue flicks in response to dichloromethane (DCM) as control and male’s femoral secretion as
stimuli

Discussion:

Overall, our results suggest that there are no benefits from the vitamin D supplement
treatment for pregnant females. The lack of significant differences in body condition of mothers
after laying the eggs suggests that vitamin D has no effect on mothers’ health. In other lizards, it
has been shown a clear relationship between egg size and clutch size and incubation time (Sinervo
1990; Sinervo and Licht 1991). As we expected bigger eggs in supplemented females, we
compared clutch size and incubation time too, but no significant differences were found.
Provitamin D; and vitamin D; do not seem to participate in the determination of egg shape nor
egg size. We just found significant differences in relative clutch mass (RCM), which was lower in
the provitamin group. The lack of differences in the other egg variables and maternal body
condition does not allow us to speak about differences in maternal investment. We do not know
the cause of lower RCM, neither if it implies some kind of disadvantage, nor the relationships with
other physiological aspects. New studies should be done to explore the consequences of having a

diet "too rich" in provitamin D3 and the benefit or harmful effects produced because of it.
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Due to the vitamin D function in calcium mobilization and egg shell formation, we studied
its potential repercussion on egg shell thickness and dry weight but the characteristics of the egg
shell were similar across the treatments. If there had been effects on egg shell shape, we would

expect correlated effects on hatching rate but the absence of significance was patent too here.

Offspring of the vitamin D group were expected to be bigger, with better body condition
and faster growth rates than the controls, but there were no differences between these two
groups. However, offspring from mothers in the provitamin treatment had lower body condition
than juveniles born from control and vitamin females. Although we cannot show any kind of
relationship between the lower RCM and the lower body condition of juveniles, this variable
seems to show that too much provitamin Ds could be disadvantageous. Despite their lower body
condition, juveniles from the provitamin D group had similar growth rates than control and
vitamin ones. Therefore, growth does not seem to be affected by body condition and energetic
reserves. However, new experiments should be made to go deeper into the knowledge about the

role of provitamin Ds in the energy storage in the eggs, the embryos and the juveniles.

Given these results, none of our predictions were correct. Vitamin D does not appear to
be a very important resource that requires a supplementary access. On the contrary, it seems that
it could be damaging in a certain manner. We could suppose that vitamin D needs of the control
females were already naturally covered and because of that, a supplementary contribution was
unnecessary and the predicted effects did not appear. The absence of chemosensory responses
to the males’ secretions by the females could support this idea. Based on previous studies where
hungry females responded with higher intensity to males’ scents than satiated females (Martin
and Lépez 2008), we expected lower responses of supplemented females. Nevertheless, similar
responses to male secretion were elicited by all females. However, it was noted a significant
difference in the total number of TFs elicited to both stimuli; being lower in supplemented females
than in the control females. This could suggest that the exploratory behavior is lower when
vitamin D3 needs are satisfied. The lack of interest in male’s scent could be interpreted in the same
way of the absence of needs but, it would be also explained because the assay was performed out

of the mating season when sexual signals might have no interest for the already pregnant females.

Our results in the chemosensory tests are consistent with previous studies that related
hunger with intensity in the response to the scent of male, food and provitamin D3 (Martin and
Lépez 2008). Maybe, the response is dependent on provitamin-vitamin needs or hunger level and,
if that is the case, it might explain that /. cyreni females prefer those areas marked by males which

have higher proportions of provitamin Ds in their secretions.
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The sensory bias hypothesis argues that males could exploit females’ requirements or
preferences to attract them (Fuller et al. 2005). Males may produce signals attractive to females
because, in their origin, that stimuli-signal would have been important to females as, for example,
dietary resources (Endler and Basolo 1998). In /. cyreni, males supplemented with vitamin D can
allocate more provitamin D in their secretions and are preferred by females (Martin and Lépez
2006b). This has been interpreted as an honest signal (Grafen 1990; Kotiaho 2001) because only
males of high quality could produce secretions with high proportions of provitamin D (Martin and
Lépez 2006b). But, considering the higher response of hunger females to male secretions, it had
been suggested that the origin of the signal in this species may be a preexisting sensory bias
(Martin and Lépez 2008). That female could set their home ranges according to scent marks left
by males of high-quality support this idea (Martin and Lépez 2000; Lépez et al. 2003; Martin and
Lépez 2008, 2012). We proposed here that it would be possible that females were not only
searching for males but also, or mainly, for food. If this was the case, females would be using scent
marks of males as sources of information about the environment. Then, females should benefit
from both getting information about resources available and of copulating with high-quality

males.

This experiment cannot provide evidence about the signals use of females in the field, but
the results suggest that the response to male’s secretions could be dependent on the needs of
vitamin D; taking on account that supplemented females, whose needs in vitamin D were probably
surplus, elicited lower tongue flicks. In addition, we did not find benefits of having an extra access
to vitamin D. We assumed a natural deficit of vitamin D represented by control females but,
probably, in nature is easy to get enough vitamin D under normal or optimal environmental
conditions. Vitamin D might be usually available in enough amounts in the environment and,
contrary to our first thinking, it might not be usual that females had a certain deficit of this
resource. New studies should be developed to know the actual needs of vitamin D in gravid

females.

However, our findings do not discard a pre-existing sensory bias as the origin of the sexual
signal. We cannot either ensure that the signal is, current, just sexual and discard a food-bias,
considering the results of the previous works. A relevant suggestion that we could extract from
our results is that, if the food is enough and the needs of vitamin D are covered, the male signal
might be ignored by females. This could mean that the signal might be only effective when the
receptor of the signal is able to receive it; being this capability dependent on the physiological
utility or need of the chemical at the moment of sending the message. In fact, this could be the

reason for the lack of response in tongue flick tests, because the assay was done in July, while the
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since just a few weeks of activity had passed after winter (Pérez-Mellado 1982) and the sun

synthesis could be difficult.

We conclude that these results allow considering the signal coded by provitamin Ds just a
sexual signal. Despite this, new experiments must be developed to deeper in the knowledge about
the origin of the signal and the relationship between receiver-female needs and the potential
production of the chemical by producer-males. The question about the pre-existing sensory bias

of the females and the exploitation strategy of the males still remains unresolved.
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CONCLUSIONES

1-

En los machos de Iberolacerta cyreni existe un comprom\iso entre la produccién de alta
calidad de sefiales visuales, con alta proporcidn de ultravioleta, y sefiales quimicas, con
alta proporcion de ergosterol, y el mantenimiento del sistema inmune. Solo los machos
con un sistema inmune lo suficientemente fuerte podrian asumir el coste de expresar
estas sefiales de manera intensa. Esta circunstancia hace de la coloracién ultravioleta y
de la produccion quimica de ergosterol sefiales honestas dependientes de la condicién

del sistema inmune del macho.

La reduccién experimental de la calidad de las sefiales sexuales de los machos mediante
un desafio inmune no tiene consecuencias aparentes sobre el éxito reproductivo medio
de los machos de I. cyreni. De manera general, el mayor éxito reproductivo parece ser
alcanzado por aquellos machos mds grandes. Sin embargo, la existencia de un estado
patoldgico aparente en los machos experimentales parece ser interpretado como un
descenso en sus probabilidades de supervivencia, lo que desencadena el desarrollo de
una estrategia reproductiva alternativa de “inversion terminal” en la que dedicarian

todos sus recursos a la reproduccion.

El incremento de la calidad de las sefiales sexuales en los machos de I. cyreni no asegura
por si solo la obtencion de un mayor nimero de cépulas con las hembras. La
competicion entre machos y la jerarquia de dominancia juega un papel muy importante
en el acceso a las hembras, en la determinacidn del éxito de copulay, por lo tanto, en la

seleccion sexual.

La disponibilidad de provitamina D3 y de vitamina Ds en las hembras gravidas de /. cyreni
no parece ser un factor limitante para el correcto desarrollo de los huevos y las crias, ni
para el éxito de eclosidon. Dado que el interés de las hembras por las sefiales quimicas
desciende cuando las necesidades de provitamina y de vitamina estan cubiertas, el
potencial sesgo quimiosensorial que habria originado la respuesta de las hembras por
las sefiales quimicas de los machos podria haber estado determinado por la existencia

de necesidades fisioldgicas o cierto nivel de desnutricion.
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La provitamina Ds y la vitamina D3 que las madres transmiten a las crias a través del
huevo podrian actuar como moléculas informativas acerca de la calidad del ambiente
postnatal. En este sentido, la cantidad de provitamina y vitamina que las madres
contienen en sus cuerpos es determinante para inducir efectos maternos anticipadores
en las crias que condicionarian su capacidad locomotora y su comportamiento de

dispersion.

La existencia de coherencia comportamental y la personalidad de los juveniles de I
cyreni podria estar determinada por la informacién recopilada del ambiente maternoy
del ambiente postnatal. La generacién de una situacién de estrés tras la eclosidon
provoca la aparicidn de diferencias individuales y la variacion de comportamientos en la
actividad, el uso de refugio y la asuncidn de riesgos. La coherencia entre la informacién
proporcionada por el ambiente materno y el ambiente postnatal podria determinar el

surgimiento de personalidades o de comportamientos repetibles en los juveniles.
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