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Introduccion

Esta tesis se enmarca en el campo de la Ecologia Evolutiva y su objetivo general es el
de aumentar el conocimiento sobre las sefales quimicas en reptiles y especificamente en
lagartijas. En concreto, intenté estudiar el papel de la comunicacién quimica dentro del
complejo de especies de la lagartija Ibérica, Podarcis hispanica, para ampliar la informacién
sobre este tipo de sefiales y examinar si juegan un papel importante en la evolucion y en los

procesos adaptativos.

«Les chemins de la découverte sont ouverts, c’est le propre de I’homme de les
parcourir et il n’en aura jamais terminé. » F. Comte (2009)

La ciencia ha demostrado mdas alld de la duda razonable que los organismos vivos
evolucionan y se diversifican a lo largo del tiempo, y que sus rasgos son frutos de un proceso,
la seleccién natural, que explica este «disefio» (Ayala 2007). Darwin y otros bidlogos del
siglo XIX hallaron pruebas contundentes de la evolucién bioldgica en el estudio comparado
de los organismos vivos, en la distribucidén geogréfica, y en los restos fosiles de organismos

extintos.

Segun Lamarck, las especies animales se transforman fundamentalmente a todos los niveles y
logran ser especies mds o menos evolucionadas; se adaptan. Esta transformacién explicaria la
diversidad de las especies vivas; las especies serian sdlo relativas y temporales. El tiempo de
vida de un hombre es demasiado corto para poder entrever las mutaciones considerables
establecidas después de mucho tiempo. Es un hecho importante que el hilo conductor de toda
la evolucién y su efecto no se determina con una sola generacion sino con todas las siguientes
y esto casi hasta el infinito; unos millones de generaciones, con modificacion lenta, muy lenta,
de las especies y tal vez con mucho tiempo, la creacién de nuevas variaciones, y después
quizds de especies nuevas. No se sabe, ni se puede medir el nimero de variaciones que han
existido, unas desde la aparicion del individuo, otras durante el desarrollo y el contacto con el
medio ambiente, y unas tultimas con la desaparicion de las especies que las tenian. Lo que es
importante es que algunas fueron mantenidas, mejoradas hasta un 6ptimo, y que los
individuos que las poseian pudieron multiplicarse. Lamarck ha apostado sobre la
transformacion interna de los seres vivos, adaptdndose a las condiciones de la vida; Darwin
habla de irreductibilidad de situaciones que descartan, eliminan sin remordimiento todo lo que

no estd ajustado: la seleccion natural como una eliminacién del no apto.
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SELECCION NATURAL - lucha por la existencia

“;Se puede, entonces, considerar improbable, al ver que variaciones iitiles
en cierto modo a cada ser en la gran 'y compleja batalla de la vida, debian
a veces producirse en el curso de miles de generaciones? Si tal cosa
sucede, ;Podemos dudar (recordando que nacen mds individuos de los que

= tienen posibilidad de sobrevivir) que los individuos que poseen alguna

i ventaja sobre otros, por leve que sea, tendrian la mayor probabilidad de

; sobrevivir y procrear entre los de su clase? Por otra parte, podriamos estar

!! seguros de que cualquier variacion que fuese perjudicial en menor grado

TS S seria inflexiblemente destruida. A esta preservacion de las variaciones
-

- . favorables y al rechazo de las variaciones perjudiciales, yo lo Illamo
L Seleccion Natural.” Darwin (1859)

Los elementos de la teoria de Darwin sobre la seleccion natural son (1) la existencia de una
variacion considerable entre los individuos de una misma especie de cualquier poblacion, (2)
una gran parte de esta variacion es heredada (por via genética) y (3) en cada generacion, la

supervivencia y fertilidad aumentan (o se estabilizan).

Se podria concluir que diferentes individuos no tienen la misma supervivencia. Los que tienen
caracteristicas mas adaptadas al medio ambiente son los mds susceptibles de sobrevivir y
transmitir sus caracteres favorables a la generacién siguiente. A través de sucesivas
generaciones, las variaciones beneficiosas se conservan, se multiplicaran y se unirdn; las
variaciones perjudiciales o menos beneficiosas serdn eliminadas (Ayala 2007). Darwin se
daba cuenta de que las similitudes entre las especies eran a veces (no siempre) debidas a un
ancestro comun, mientras que las diferencias entre especies vecinas eran debidas a la

adaptacién por evolucion a medios ambientes distintos.

Los principales tipos de interacciones entre los animales de diferentes especies son la
depredacion y la competicién. Alimentdndose cada especie ocupa un nicho propio. Las
especies que tienen nichos parecidos en el mismo habitat entran en competicién por la comida
y quizds por otros recursos. Dos especies no pueden ocupar el mismo nicho de un mismo
habitat. La comparaciéon de especies muy cercanas viviendo en hdbitats diferentes revelaria
aspectos del comportamiento que son importantes para la adaptacion de los individuos al
ambiente. La teoria de la seleccion natural fue mejorada y afinada con la ayuda de la genética,
la cual permitié poner en evidencia la posibilidad de mutaciones o saltos ademds de la

seleccion de caracteres hereditarios.
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Cuando Darwin se referia a herencia ligada al sexo o a las condiciones de vida, estaba en
realidad tratando la expresion de caracteres y no su transmision, y cuando se referia a “accion
directa de las condiciones de vida” o a “uso y desuso” no estaba tratando la herencia
lamarckista, sino lo que ahora se llama plasticidad fenotipica. Es la propiedad de un genotipo
determinado para producir distintos fenotipos en respuesta a distintas condiciones

ambientales.

La evolucién de nuevos fenotipos se explicaria por ejemplo con la hipétesis de adaptaciéon y
asimilacién genética de West-Eberhard (1983) o con la idea de la existencia de variacion
genética criptica de Caroll (2005) o con la propuesta de Kirschner y Gerhart (2005), las cuales
exponen que la flexibilidad de los procesos claves conservados permitiria mantener mucha
variaciéon genética que apenas afecta al fenotipo, pero que sin dicha flexibilidad se
determinaria cambios letales. Estos modelos describiendo la plasticidad fenotipica presuponen
una gran cantidad de variaciéon genética mantenida en poblaciones y que conmoveria a
cualquier rasgo fenotipico, sin depender de nuevas mutaciones para determinar cambios
fenotipicos. Otra forma de crear novedad seria mediante la determinacién por factores

ambientales de fenotipos alternativos simultaneos.

La variacién en los miultiples genes que intervienen en el desarrollo de cualquier rasgo
permite, por asimilaciéon o acomodacién genética, la facilitacion creciente de la adaptacion a
los cambios. Un factor ambiental puede inmediatamente afectar a muchos individuos de una

poblacién de una sola vez, mientras que una mutacion afecta inicialmente s6lo a un individuo.

La seleccion natural tendria varios efectos sobre la distribucién de frecuencias de fenotipos en
una poblacién. Resultado de una mutacién, de una recombinacion, o de una deriva genética, la
variacion tiende a aumentar de una generacion a la siguiente. Esta tendencia estd controlada
por la seleccion estabilizadora, la cual actda relativamente mdas severamente en los extremos
de una distribucion de frecuencias. Cuando hay presion selectiva diferencial a lo largo de un
gradiente fenotipico, la selecciéon direccional interviene, y resultaria de una desviacion de la
media de distribucién de frecuencias o en una distribucién distorsionada sin alterar la media.
También se hallaria una presion selectiva sobre los caracteres tipicos de una poblacion, es
decir que la seleccion es mds fuerte con los animales cerca de la media que con los que estdn
en los extremos, es una seleccion disruptiva, pero es muy rara. En este caso, se tiende a

obtener una distribucién binomial y a obtener dos especies a partir de una (Fig. 1).
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Seleccion estabilizadora Seleccién direccional Seleccion disruptiva

Niimero de individuos con
un genotipo
Niimero de individuos con
unh genotipo
Niimero de individuos con
un genotipo
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Fig. 1: Tipos de seleccion natural

- Seleccidn direccional: se favorece un fenotipo extremo.

- Seleccidn estabilizadora: se favorece un fenotipo intermedio.

- Seleccién disruptiva: se favorecen los dos fenotipos extremos, que con el tiempo se separard en dos subpoblaciones.
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ESPECIACION - CONCEPTO DE ESPECIE

Los seres vivos estdn en perpetua competicion para mejorar su situacion, pero también para
permitir la reproduccién de sus genes, su patrimonio genético. Cuando se habla de
transformacion dentro de una especie se trataria de microevolucion, al nivel de especiacion,
seria la macroevolucion. Ahi se encuentra todo un conflicto entre los que optan a favor de la
evolucién por saltos y los que opinan que la evolucion es gradual. La polémica se amplia

cuando la misma definicién de especie es cuestionada.

“La coleccion de todos los cuerpos organizados, nacidos los unos de los otros, o con

padres comunes, y los que se aparean entre ellos pueden llamarse especie.” Cuvier
(1778)

“Lo que se denomina especie en zoologia y botdnica, es la reunion de individuos que
emparentan y coinciden en muchos indices y difieren entre ellos sélo en algunas
modificaciones accidentales.” Brongniart (1837)

“La especie es una serie de variedades encerradas en un circulo, y que empezando

en un punto dado, se terminard en este mismo punto, después de haber seguido la
circunferencia.” Brongniart (1837)

Finalmente Ernst Mayr (1942) tuvo la dltima palabra con la definicién siguiente:

“Defino las especies bioldogicas como grupos naturales de poblaciones que se cruzan
y estdn aisladas reproductivamente (genéticamente) de otros grupos parecidos.”

Mecanismos de aislamiento

Se definen dos tipos de aislamiento segiin el momento de formacién de un cigoto: las barreras precigéticas por una parte, con
por ejemplo un aislamiento de los hdbitats (parejas potenciales habitan el mismo lugar pero no se encuentran) o un
aislamiento temporal (parejas potenciales se encuentran pero escogen no aparearse), también cuando las parejas copulan pero
los gametos masculinos no son transferidos o cuando los gametos masculinos son transferidos, pero no hay fertilizacidén; y
por otra parte las barreras postcigéticas cuando el cigoto se muere temprano en la embriogénesis, o produce hibridos F1
inviables, o hibridos F1 que sobreviven pero son estériles o con hibridos F2 inviables o estériles.

Mecanismos precigoticos

- Aislamiento ecoldgico: las poblaciones que ocupan el mismo territorio viven en hdbitats distintos y no entran en contacto.

- Aislamiento estacional: la fecundacién tiene lugar en momentos distintos del afio o del dfa.

- Aislamiento etolégico: la atraccion sexual entre machos y hembras es débil o no existe.

- Aislamiento mecdnico: impide la cépula entre los animales o la polinizacién en las plantas, al poseer estructuras
reproductoras incompatibles.

- Aislamiento gamético: los gametos masculinos y femeninos no se atraen.
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El concepto bioldgico de especie, desarrollado por Dobzhansky y Mayr, se refiere a conjuntos
de poblaciones con capacidad de intercambio reproductivo entre si, pero con ausencia de
intercambio con otros conjuntos. Sin aislamiento genético, la mezcla de caracteristicas entre
variedades impediria la especiacion. El aislamiento genético se deberia a una separacién
geografica o a cualquier impedimento para el movimiento de los individuos. Este es el modelo

de la especiacion en alopatria o alopatrida (Fig. 2).

Alopatrida Peripatrida Parapatrida Simpatrida

s S O OO
noee . D @& @ O

Formacion . . . ,
Polimorfism
de barrera Nuevonicho Nuevonicho ggnlétict:l:ols 0
- Evolucién O C? 9
 del &)
. aislamiento
reproductivo  En aislamiento zlilsclggo ?Aﬁ'ﬁguo Egglggigﬁ °

Fig. 2: Diferentes mecanismos de especiacién y los resultados con una poblacién inicial

Ademas de la especiacion alopatrida existe la controvertida alternativa de la especiacion
simpatrida, la cual sugiere que el aislamiento reproductivo se puede producir dentro de
una poblacion sin barreras geograficas (Fig. 2). A diferencia de otros modelos, la especiacion
simpatrida no exige que la distancia geografica a gran escala reduzca el flujo de genes entre
las partes de una poblacién. La explotacion de un nuevo nicho podria automaticamente
reducir el flujo de genes como en el caso de los insectos herbivoros que prueban una nueva

planta hospedadora.

Por ejemplo, hace 200 afios, los antepasados de las moscas del espino (Rhagoletis pomonella)
ponian sus huevos solamente sobre espinos blancos; pero hoy, estas moscas depositan los
huevos sobre espinos blancos (que es nativa de América) y sobre manzanos domésticos (que
han sido introducidas en América por los inmigrantes). Las hembras generalmente prefieren

poner sus huevos sobre el tipo de fruto donde crecieron y los machos tienden a buscar pareja
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sobre el tipo de fruto en el cual crecieron. De este modo, las moscas del espino blanco
generalmente acaban copulando con otras moscas del espino blanco y las moscas del manzano
generalmente con otras moscas del manzano. En consecuencia, la posibilidad de reproduccion
entre individuos de diferentes frutales se ve reducida. Pero, esta especiacion simpatrida esta
muy debatida, desde la negacion de Coyne y Orr (2004) hasta su defensa por Schilthuizen
(2001).

Sin embargo, se han formulado otros modelos para explicar la aparicién de especies como por
ejemplo el modelo de especiacion parapatrida (Fig. 2). Se caracteriza por la no
existencia de barrera extrinseca al flujo génico con una poblacién continua donde los
individuos se reproducen aleatoriamente. La reproduccion es mds probable con los vecinos
geograficos. Este modelo de especiacion puede ocurrir por cambios cromosomales que aislan
las poblaciones o por fuerte adaptacion local. Recientemente, se hablé de radiacion
adaptativa. Se define por la evolucion de la diversidad ecoldgica en un linaje con rapida
multiplicacion. Es la diferenciacion de un ancestro en una serie de especies que habitan una
variedad de ambientes y que difieren en los caracteres usados para explotar tales ambientes.
La radiacion adaptativa es el resultado de la seleccion natural divergente impuesta por el

ambiente y de la competencia interespecifica

En el caso de que nuevas especies surjan por el mismo proceso mediante el cual ocurre la
diferenciacion de fenotipos, esto es, bajo el proceso de seleccion natural divergente por
efectos ambientales y competencia por los recursos: se trata de especiacion ecologica.
Es un mecanismo de especiacion competitiva en el que el aislamiento reproductivo es

colateralmente favorecido por la seleccion.

No es necesariamente una seleccion disruptiva, ni tiene por qué producirse en simpatria.
Simplemente requiere que la adaptacién de variedades fenotipicas a distintas condiciones
ambientales (geograficamente separadas o juntas) conlleve una divergencia genética que,
irremediablemente, induzca aislamiento antes o después del apareamiento. La especiacion
alopétrida sélo es ecoldgica si la seleccion natural, no la sexual, determina los cambios que

acaban produciendo aislamiento.

Finalmente, la especiacion adaptativa es el resultado de la adaptacion a distintos nichos

ecoldgicos que no existian previamente, sino que son creados por la propia divergencia; mejor
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dicho, los nichos creados formaban parte de un nicho mayor que los englobaba. Este es el
modelo de divergencia de caracteres de Darwin, remozado y basado en ecuaciones y nuevos

conocimientos.

De momento se aceptaria el hecho de que la especiacion sea en gran parte de tipo alopéatrida
ecoldgica. Pero nuevos ejemplos de especiacion simpdtrida lo ponen en duda, o por lo menos
recelan de su supremacia en los fendémenos de especiacion (por ej., moscas frugivoras de
Norteamérica, salménidos de Islandia, los espinosos, ciclidos de los lagos del Camertin o el
Rift africano; Schiltzhuzen 2001; Dieckmann et al. 2004).

Los cambios serian determinados fundamentalmente por adaptaciéon a las diferentes
condiciones ambientales reinantes a ambos lados de la barrera, aunque se deberian también a

la seleccion sexual por divergencia en los caracteres atractivos en poblaciones separadas.
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SELECCION SEXUAL - lucha por la reproduccién

Nocion de seleccion sexual

Darwin (1859) defini6 la seleccidon natural como los procesos que permiten preservar los
caracteres, supuestamente adaptados, ttiles para la lucha por la supervivencia con el objetivo
de reproducirse. Estas estructuras como el plumaje vistoso de algunos péjaros o un canto
elaborado, son a menudo energéticamente costosas de desarrollar y mantener, pero también,
en términos de supervivencia; sobre todo hacen parecer a los machos més débiles. En este
sentido, la seleccién sexual tendria la capacidad de producir y mantener caracteres

aparentemente mal adaptados.

A pesar de su efecto negativo sobre la viabilidad de los individuos estos caracteres han
evolucionado y siguen presentes. Estas observaciones condujeron a Darwin a proponer la
teoria de la seleccion sexual (“The descent of man, and selection in relation to sex” 1871).
Esta teoria sugiere que estos caracteres aparentemente superfluos o costosos para la
supervivencia, tendrian un beneficio a nivel de la reproduccién, aumentando el éxito
reproductor del individuo. La seleccion sexual no implicaria una lucha por la supervivencia,
sino una lucha entre individuos del mismo sexo por el acceso a la reproduccién con
individuos del otro sexo (i.e. los individuos que tienen una ventaja sobre los otros para

reproducirse, tendrdan una descendencia mayor a la cual se transmite este beneficio).
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La seleccion sexual actia para afinar el cardcter secundario sexual de los morfotipos hasta
tener diferencias entre machos y hembras o entre los tipos de machos (en la mayoria de los
casos). Los caracteres sexuales primarios se reflejan en la diferencia bésica entre un macho y
una hembra al nivel del sistema reproductivo, genitales y las glandulas asociadas. Los
caracteres sexuales secundarios son los rasgos formado por la accién de la seleccion sexual.
Estos rasgos secundarios son a menudo utiles para ayudar en la competicion intrasexual para
reproducirse, o para atraer a la pareja. Los colores vistosos serian sefiales de estrategias
agresivas para los otros machos, o un plumaje elaborado seria una sefial para atraer las
hembras. La seleccion sexual seguiria los mismos tres modelos que la seleccién natural:
direccion, estabilizacion y perturbacidn; pero la mayoria de la accién de la seleccion sexual
promueve una seleccion direccional aumentando por ejemplo el tamafio del rasgo o la

intensidad de la sefial.

Se caracteriza por un lado la seleccion intrasexual: relacionada con la evolucién y
mantenimiento de fenotipos que permiten competir por el sexo opuesto (competencia entre
individuos de mismo sexo), y por otro lado la seleccion intersexual, la evolucion y

mantenimiento de fenotipos que permiten atraer al sexo opuesto (eleccion de pareja).

La probabilidad de que ocurra selecciéon sexual surge de la variacién en el éxito de
apareamiento entre los individuos: el éxito reproductivo de un sexo estd usualmente limitado
por los recursos, en tanto que el del otro sexo estd limitado por las oportunidades de
apareamiento. A base de las observaciones de Bateman (1948), Trivers afina la teoria de
Darwin (1972). Las hembras serian el sexo limitante e invertirian mds en la descendencia que
los machos. Muchas hembras no son fértiles porque estin criando o desarrollando crias.
Entonces, los machos se encontrarian en superioridad numérica, y se podrian desarrollar unos
caracteres u ornamentos con el fin de competir entre ellos o atraer las hembras. Esto explica la
seleccién sexual como una funcién de la seleccion intersexual donde las hembras elegirian a
los machos basdndose en ornamentos elaborados o comportamientos por parte de los machos.
Alternativamente existe la seleccion intrasexual donde los machos competirian para el acceso
a las hembras o al territorio. La competicion macho-macho puede ser muy peligrosa con
combates con armas elaboradas con el objetivo de ganar acceso a las hembras para

reproducirse (por €j., cuernos en ungulados).
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¢Por qué existen los rasgos vistosos y por qué las hembras los

prefieren?

La seleccion intersexual puede verse involucrada porque estos caracteres secundarios
aportarian ventajas directas a las hembras. Si las preferencias de las hembras no implican
costes, se favorecerdan hembras cada vez mads selectivas y rasgos de los machos cada vez mas
exagerados. El reconocimiento de especies, el cuidado parental, la defensa territorial, proveer
alimento, o una mayor fertilidad por parte del macho son posibles beneficios directos de

la seleccion sexual para las hembras.

Pero también se plantea la posibilidad de beneficios indirectos. Fisher fue el primero en
exponer una hipétesis: coevolucion de rasgos exagerados/preferencia. La preferencia de las
hembras evoluciona inicialmente debido a que el rasgo de los machos seria favorecido por
seleccion natural o la preferencia evoluciona por deriva génica y se espera que la
descendencia lleve el cardcter. Una vez que la preferencia de las hembras existe, los machos
con el rasgo serdn ain mds exitosos (ventaja en seleccion natural y sexual). Habra por lo
tanto, una creciente fuerza selectiva apoyando preferencias fuertes y rasgos extremos
(“proceso runaway”). El proceso se detendrd cuando no exista variacion genética para la
preferencia o exageracion del cardcter, o cuando los costes de viabilidad del rasgo compensen

a los beneficios de la seleccion sexual.

La seleccion sexual dentro de las poblaciones llegaria indirectamente a un aislamiento sexual
entre poblaciones, sin ningin enlace o relacion con el ambiente u otra especie; el modelo de
Runaway de Fisher en el que se observa coevolucion y divergencia entre los ornamentos o
sefales de los machos y las preferencias de pareja de las hembras, inspiré otros modelos
recientes como los de Kirkpatrick (1982) y Lande (1981); modelos similares pero con base de
genética y matemdtica. Lande demostr6é que si hay variaciones genéticas al nivel del rasgo del
macho y también al nivel de las preferencias de las hembras, se podria generar una covarianza
genética positiva de los dos con una reproduccién asortativa (Lande 1981; 1982). Esta claro
que si la distribucion de los rasgos y preferencias no se solapan entre las poblaciones, se
esperaria un aislamiento. Los modelos de Lande se interpretan como modelos de especiacion.
También Wilkinson y Reillo (1994) aportaron pruebas experimentales apoyando la hipdtesis
del Runaway con la mosca de ojos pedunculados y la correlacién genética entre

preferencia/ancho de los ojos.
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Modelo del Handicap

Uno de los beneficios indirectos seria que la preferencia de las hembras se vea beneficiada al
producir descendencia de alta calidad genética: “modelos de buenos genes” Zahavi (1975;
1977). Supone que algunos machos en una poblacién poseen un rasgo que reduce su
supervivencia. Estos rasgos de los machos serian indicadores de alta calidad genética ya que a
pesar de tener un rasgo tan ‘“desventajoso” son capaces de sobrevivir. Estos modelos se
llaman también modelo del ‘“handicap” por el hecho de que se refiere al coste de

supervivencia de los rasgos de los machos.

Sin embargo, para impedir que los machos de baja calidad mintieran, se supone que el coste
del rasgo desventajoso debe ser menor para los machos de alta calidad; sélo ellos pueden
costearlo. El rasgo exagerado llega a ser una sefial honesta para la calidad de los machos

(prueba experimental en golondrinas Safran et al. 2005).

Hamilton y Zuk (1982) afinaron la hipdtesis con predicciones intraespecificas: (1) Las
hembras basan su eleccion de pareja en la expresion del cardcter vistoso, el que se relaciona
con la expresiéon de buenos genes frente al parasitismo; (2) el nivel de desarrollo del rasgo
deberia relacionarse inversamente con la intensidad de la infeccion; (3) la resistencia al

parasitismo deberia ser heredable.

Los rasgos evolucionan debido a su utilidad como indicadores de resistencia heredable a
parasitos y enfermedades. S6lo los machos resistentes con bajas cargas parasitarias, pueden
producir ornamentos sexuales exagerados. Los machos con altas cargas de parasitos y de baja
calidad presentan una expresion reducida de sus ornamentos sexuales. Al escoger aparearse
con un macho con una condicién vistosa, la hembra recibiera beneficios para su descendencia

en forma de genes para la resistencia contra los parasitos.

La eleccion continia de machos desventajosos eliminard a los machos de baja calidad del
fondo génico. Luego de unas pocas generaciones habra s6lo machos de alta calidad genética y
la selectividad de las hembras serd inutil. ;Qué mantiene la variacién genética en la calidad
(fitness) de los machos? Habria s6lo machos de alta calidad en la poblacién y cualquier

variacion genética remanente serd no-heredable; las hembras no ganaran nada de su eleccion.
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Finalmente, una posibilidad alternativa es que la preferencia de las hembras sea un simple
efecto colateral (pleiotrépico) de evolucidén sensorial que ya ha evolucionado por otras
razones: sesgo sensorial o atraccion pasiva. Por ejemplo, las crestas artificiales aumentan el
éxito reproductivo de algunas especies de pinzones de distintos géneros. También, en las
hembras de ranas endémicas de Ecuador, Physalaemus coloradorum al agregar una frecuencia
a los sonidos, prefirieron las llamadas experimentales a las normales de su propia especie
(Kirkpatrick y Ryan 1991; Ryan y Rand 1993; Ryan 1998). Los caracteres seleccionados son
simplemente mds conspicuos y captarian la atencion de una hembra a mayor distancia que las
seflales menos intensas. La evoluciéon de los caracteres masculinos, entonces, no tendria

ninguna relacién con las teorias de hdndicaps o con los modelos de buenos genes.

Seleccion sexual y especiacion

(Influye la seleccion sexual en la especiacién? La discusion de este punto es reciente. Con las
sintesis modernas, los procesos de eleccion de pareja para la reproducciéon y del
reconocimiento entre especies son diferentes, sin embargo, nuevos andlisis reconocen que
forman parte de un continuo: las hembras podrian discriminar entre algunos machos porque
son de menor calidad o menos estimulantes para las hembras, pero cuando este proceso llegue
a la discriminaciéon de grupos geograficos, después contribuiria al reconocimiento entre
especies (Ryan y Rand 1993). El reconocimiento de especies predomina en los debates
actuales sobre comportamientos sexuales, con la concomitante asuncién de que los cambios
en el sistema de reconocimiento entre especies, con la selecciéon sexual, llevarian a una

hibridacion deletérea o a una confusion entre las especies.

Si hubiese suficiente variacion al nivel de preferencia de pareja, los distintos fenotipos
evolucionarian por diferentes caminos, credndose un aislamiento reproductivo efectivo y una

especiacion ripida (Fig. 3).

West-Eberhard (1983) argument6 que la evolucién social incluyendo la seleccién intra- e
intersexual, causaria especiacion. Coyne y Orr (2004) subrayan que ahora parece obvio el
enlace entre la seleccién sexual y la especiacion a pesar de que siguen algunas criticas como
la de Paterson (1985). La adaptacion ambiental de las sefiales y las preferencias para el
apareamiento son una potente fuente de la seleccion sobre la comunicacién sexual y podria

indirectamente provocar un aislamiento sexual.
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Al contrario, modelos anti-coevolucién predicen a partir de fuentes alternativas de variacién
en los rasgos y preferencias actuando en contra de la covarianza en las poblaciones, que los
rasgos y sefiales estarian fuera de los cambios evolutivos. Los rasgos de los machos
evolucionarian sin la influencia de las hembras o preferencias de ellas, pero dentro de otro
contexto, como por ejemplo los comportamientos de buisqueda de alimento (Ryan 1990;

Macias Garcia y Ramirez 2005).

Estos rasgos, llamativos en su mayoria, sirven para la comunicacién entre individuos de la
misma especie o no, en especial en las relaciones sociales y sexuales. Algunos de estos rasgos
se calificarian de sefiales. Las sefales intervienen directamente en la seleccion sexual y en la
reproduccion e indirectamente en la supervivencia de los individuos, lo que lleva a pensar que

influyen en la eficacia biol6gica o més en general que intervienen en los procesos evolutivos.
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COMUNICACION

“La comunicacion incluye necesariamente la interaccion de dos sistemas distintos
dentro de la misma especie, un emisor y un receptor, que pueden estar sometidos a
muy diferentes presiones y restricciones evolutivas.” Endler (1993)

Regnier y Wilson en 1971 definieron la comunicacién como la emisién por un individuo de
un estimulo que provoca una reaccién en otro individuo, la reaccién puede ser beneficiosa
para el emisor, o para el receptor o para los dos. Este estimulo es el vector de una
informacion. La huida, o camuflaje (desde la percepcién de un depredador), la deteccion y
localizaciéon de una fuente de alimento adecuada, de la pareja sexual receptiva, del sitio de
puesta o refugio adecuado, el reclutamiento de congéneres, su rango social, la apreciacion de
la densidad de la poblacién para limitar la sobreexplotacion del habitat, son manifestaciones
de la adaptacién de la comunicacién de los organismos a los ecosistemas. Estdn todas
fundadas sobre la informacién, consciente o inconsciente y suponen la solicitud casi constante

de un material sensorial omnipresente.

Al igual que la especiacién o nocién de especie, la definicion de comunicacion y sefiales no
estd clara (Bradbury y Vehrencamp 1998; Maynard-Smith y Harper 2003). Se encuentran

varias propuestas de definiciones:

“La comunicacion es un proceso en el cual los animales usan sus organos
sensoriales para enviary recibir informacion sobre el mundo; es consecuencia de un
proceso de seleccion natural, siendo influenciada por miiltiples factores, de forma
compleja y diferente en cada especie.” Darwin (1872)

“La comunicacion como cualquier alteracion de un individuo por mediacion de una
sefial que altere el comportamiento de otro en un contexto adaptativo.” Regnier y
Wilson (1971)

“La comunicacion se puede separar entre “comunicacion verdadera”, “informacion
robada” y “coaccion”, dependiendo de si la transferencia de informacion beneficia
a ambos, emisor y receptor, solo al primero, o solo al segundo.” Marler y Peters

(1977)

“La honestidad de la informacion transferida, que dependerd de si los intereses del
emisor y receptor divergen o coinciden, generando diferentes escenarios evolutivos
de favorecimiento mutuo de transferencia de la informacion o de “carreras de
armamentos” que aseguran la honestidad de esa informacion.” Maynard-Smith y
Harper (2003)

“La provision de informacion por parte de un emisor a un receptor y el subsiguiente
uso de esa informacion por parte de éste iltimo para decidir su respuesta.”
Bradbury y Vehrencamp (1998)
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“Se produce comunicacion cuando se puede demostrar que el comportamiento de un
animal tiene un efecto en el comportamiento de otro.” Dawkins (1995)

Tocar, ver, sentir, gustar, oir, situarse en el espacio y en el tiempo, es informarse para decidir
la mejor eleccion. La sensibilidad es una de las caracteristicas fundamentales de la vida. Para
sobrevivir y evolucionar, todos los seres vivos deben percibir, localizar, y a veces identificar
las informaciones que vienen de los organismos de la biocenosis, pertenezcan o no a la misma
especie. Todos los seres vivos, desde los mds simples hasta los mds complejos son capaces de
recibir indicaciones del mundo alrededor y reaccionar a ellas. Las sefiales mds comunes son
las que advierten del peligro (alarma), las sefiales sexuales, aparéntales y las sefiales sociales.
La informacion varia segin su aspecto, segin el medio en el que se propaga (agua, aire) y

segtn la complejidad de los organismos.

Existen una gran variedad de sefales: unimodales (llamadas sexuales por ejemplo) o
multimodales (cortejo sexual) que implica estudiar todas las sefiales en su conjunto para
explicar funciones bioldgicas. Todas las sefiales tienen un significado y son el producto en su
mayoria de la seleccion natural y sexual. Las sefiales pueden ser simples y estereotipadas en
los mensajes simples, pero también variables para reforzar el mensaje. Las funciones de las
sefales se resumirian en tres principales: (1) sefializacién de la identidad, (2) del estado

motivacional, (3) comunicacién sobre el medio.

La sefnalizacion de la identidad (1) se caracteriza por la capacidad de diferenciar las
especies cercanas a nivel morfolégico, quimico, sonoro, etc. Permite también el
reconocimiento entre individuos de la misma especie, para evitar por ejemplo la reproduccion
interespecifica o con individuos emparentados. Ademads las sefiales de identidad se utilizarian
para el reconocimiento de grupo social, como en muchos insectos sociales. Uno de las

funciones seria el mantenimiento de la cohesion social mediante moléculas quimicas.

El estado de motivacion (2) se define con dos puntos: el comportamiento agonistico
para defender recursos y el comportamiento sexual para reproducirse. Las sefiales de
comportamientos agonisticos, ocurren por ejemplo durante la defensa de territorio, del
alimento, de la pareja sexual, o del acceso a la reproduccién. Son en su mayoria visuales
como posturas o huidas. Las sefiales sexuales se encontrarian durante las llamadas sexuales,

para atraer y encontrar al sexo opuesto e informar de su estado de celo. También durante el




Introduccion

cortejo los organismos aportan informacién con sefiales visuales, sonoras, quimicas o

comportamentales.

La comunicacion sobre el medio ambiente (3) se podria explicar con dos
ejemplos: los gritos de alarma en presencia de un depredador, y la informacién de la
localizacion de la fuente de recursos alimenticios (baile de las abejas). En los cercopitecos
verdes existen varios gritos de alarma segun el tipo de peligro que se acerca. Por ejemplo un
ruido especifico para las serpientes, otro para los leopardos, y otro para las dguilas. Esta
variedad de gritos se interpretaria con la respuesta adecuada correspondiente a cada peligro.
Si es la serpiente se quedan de pie y buscan al animal; si es el leopardo se suben a un arbol; y

si es un aguila se esconden en la vegetacion.

Senales Sexuales

Esta forma de comunicacion sexual se encuentra en numerosos organismos desde las bacterias
hasta los humanos (Bernstein C y H 1997). Los caracteres secundarios sexuales permiten una
comunicacion entre machos y hembras, aumentando o modulando la probabilidad de
interacciones sexuales entre individuos.

Las sefiales favorecidas por la seleccion sexual tienen también un importante papel en el
reconocimiento y la divergencia entre especies (Darwin 1871; Anderson 1994). Los
mecanismos de reconocimiento sexual utilizan sefales visuales, olfativas, auditivas y/o

tactiles.

La mayor parte de los trabajos se han centrado especialmente en sefiales visuales y sus
relaciones con los procesos evolutivos (Maynard-Smith y Harper 2003). Los otros tipos de
sefalizacion como la actstica y, sobre todo, la quimica han recibido, en general, menos

atencion (Alberts 1992; Wyatt 2003).
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COMUNICACION QUIMICA

La percepcion de calidades quimicas ambientales o quimiorrecepcion esta presente en muchos
organismos. El sentido de recepcion de las sefiales quimicas es uno de los sentidos mads

antiguos, mas diversificados y complejo.

Desde hace mucho tiempo el papel de los olores en los insectos ha interesado a los
investigadores. En el siglo XVIII, los coleccionistas utilizaban las hembras virgenes de las
mariposas para atraer a los machos. J.H. Fabre fue el primero que hizo experimentos de
atraccion entre machos y hembras de Saturnia pyri en 1879. Pero el cientifico no sabia como
explicar lo que observaba: “si es el olor el responsable de la atraccion de los machos, ellos
deberian tener nariz, pero no se observa ninguna”. Mas tarde el mismo suponia que “el
organo (de la olfaccion) estd en las antenas. Es admisible, pero es complicado de entender

que un palo de circulos de cornea articulado pueda ser la nariz”.

En 1919, K von Frish demostré el papel de las antenas en la percepcion de los olores en las
abejas. No fue hasta 1959 que A. Butenandt y Karlson lograron caracterizar la primera
feromona: bombykol, extraida de las hembras de Bombix mori para atraer a los machos. El
siguiente afio, M. Barbier (1982) aislaron e identificaron la sustancia real de la gldndula

mandibular de la reina de las abejas que inhibe el desarrollo de los ovarios de las obreras.
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A partir de ahi naci6 una nueva disciplina: la Ecologia Quimica, ciencia de las relaciones
quimicas entre los seres vivos o entre el mundo mineral y el vivo. Las moléculas activas son
de tipo atractivo como las feromonas, o los mensajes intraespecificos utilizados en las
relaciones sexuales, o la diferenciacion de castas en insectos. Otras, como las defensas
quimicas de tipo repulsivo son mds mensajeros interespecificos de especies en competicién
(Barbier 1982). Pioneros como E. Sondheimer y J. Simeone y la utilizaciéon de la
cromatografia de gases acoplada a la espectrometria de masas ayudaron a la progresion de
esta nueva disciplina y a un mejor conocimiento de los mediadores quimicos de los animales

y plantas.
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QUIMIORRECEPCION

La quimiorrecepcion permite al animal detectar y reconocer las sefiales quimicas de su
entorno. Depende de la conformacién fisicoquimica de la energia contenida en productos
quimicos de peso molecular bajo que son a menudo liposolubles; son los olores. La
quimiorrecepcién implica que las substancias informativas volatiles (medio terrestre) o
disueltas (medio acudtico) no tengan valor nutritivo. Todas las substancias comprometidas en
la comunicacién quimica se calificaron de metabolitos secundarios, es decir productos
derivados del metabolismo general y que no juegan ningtn papel vital, pero que son propios
de cada especie; y podrian expresar la diversidad del mundo vivo. De los insectos a los
mamiferos todos los animales utilizan en diferentes grados sefiales para comunicarse entre
ellos, localizar las fuentes de comida o enterarse de un peligro. La caracteristica principal de
la comunicacién quimica es la especificidad. El animal es capaz de extraer y reconocer un
numero de moléculas bioldgicas significativas a partir de un ruido de fondo quimico. Estas
moléculas provocan después comportamientos especificos. Las capacidades de discriminacién

serian muy altas.

El termino de feromona propuesto en 1959 por Karlson, Luscher y Butenanlt, fue objeto de
polémica. En las relaciones entre individuos, el sistema de comunicacion se descompondria
en tres elementos: la emision de una sefial quimica por un individuo, la recepcion y el
reconocimiento de esta sefial por otro individuo, y la reaccién del individuo receptor en
funcién de la informacién traducida. Si los individuos emisor y receptor son de la misma
especie, se hablaria de comunicacién intraespecifica y las moléculas serian feromonas. Si los
individuos son de especies diferentes, se trata entonces de comunicacion interespecifica con
sustancias aleloquimicas (Whittaker y Feeny 1971) (Fig. 4). La comunicacion intraespecifica
juega un papel importante en el comportamiento sexual y la vida social. La interespecifica

interviene mds en la relacion con los depredadores, presas, parasitos, y hospedadores.




Introduccion

Ectomonas
Seriales quimicas emitidas por un organismo y que modifican el
comportamiento o fisiologia de otros organismos

Compuestos aleloquimicos Feromonas
Accion interespecifica Accion intraespecifica
Alomonas Feromonas incitativas
(Secreciones repulsivas, (Sexuales, alarmas, pistas, sociales,
defensivas, veneno...) agregacion...)
Accion benéfica para el individuo Seiial quimica que provoca una
que emite la serial modificacion inmediata del

comportamiento del individuo que la
recibe. Efectos reversibles

Kairomonas .
L . Feromonas modificantes
(Atraccién alimenticia, alarma de Y
. (Castas, gregarizacion...)
peligro)

Sefial quimica que provoca
importantes modificaciones de la
fisiologia de los individuos que la
perciben. Efectos irreversibles

Accion beneficiosa para el
individuo que recibe la sefial

Fig.4: Clasificacion de las sefiales quimicas.

Muchas feromonas (incluyendo las feromonas sexuales de las moscas) no son un Unico
compuesto sino una composicién de varios tipos de moléculas en una proporcién especifica
(Wyatt 2003). La omnipresencia y la variedad de feromonas se explicarian por la seleccion
natural. El desarrollo evolutivo de las feromonas sexuales en un pez, por ejemplo, podria
haber comenzado con un pez macho que detectara las hormonas sexuales de las hembras en
fase de reproduccion. Los machos mas sensibles llegarian alli primero. Después de varias

generaciones, habria una seleccion para que la sensibilidad de detecciéon aumente.

La composicion y proporcion relativa de los componentes de las feromonas son altamente
especificas de cada especie. Existe una enorme diversificaciéon de la composicién de las
feromonas en relacion con las especies. Como cualquier sefial, las feromonas estdn sometidas
a las presiones selectivas naturales y sexuales (Greenfield 2002). La distincién entre las
modalidades de las feromonas y otras sefiales ayuda a entender como han evolucionado. Si se
aflade, o se transforma o se quita s6lo una molécula, se cambia totalmente la marca, lo que
también permite tener una diversidad importante de este tipo de sefal. Las sustancias
quimicas son importantes para el reconocimiento entre individuos, los indices de dominancia,
el marcaje territorial (Howard y Blomquist 2005; Brennan y Kendrick 2006), y la eleccion de

pareja (Johansson y Jones 2007). También, la composicion de las feromonas y de los grupos
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de compuestos, estarian bajo el control de unos pocos genes (Lofstedt 1990). Estudios
genéticos han demostrado que un simple “desliz” genético generaria nuevas feromonas con
s6lo cambiar las vias de elaboracion de las enzimas que fabrican los compuestos quimicos

(Xue et al. 2007).

El concepto de feromona hizo frente a los periodos claves de controversia respecto a las feromonas de mamiferos, como con
el ejemplo del 1émur de cola anillada, que agita la cola cubierta de sustancias quimicas para sefializar su estatus de
dominancia. En los afios 70, un grupo de investigadores que estudiaba mamiferos sostuvo que el término de feromona no
deberia ser usado para las sefiales quimicas de los mamiferos, citando en particular el complejo de olores variables que los
mamiferos utilizan para distinguir a los congéneres durante la eleccién de pareja o el altruismo. Estos olores individuales no
parecian adaptarse a la definicién de feromona de Karlson y Liischer.

Las pequefias moléculas especificas de cada especie que verdaderamente se adaptan a la definicién de feromona cldsica han
sido identificadas en mamiferos ahora. El mds espectacular fue el descubrimiento en 1996 de que la feromona sexual de las
hembras de elefante asidtico es una pequefia molécula (Z)-7-acetato dodecen-1-il, que también se encuentra en 140 especies
de polillas como un componente de las feromonas del 6rgano sexual femenino (Wyatt 2003).

Otro grupo de investigadores - bidlogos principalmente moleculares - acepté la idea de que en los mamiferos se hablara de
feromonas, pero que éstas son exclusivamente detectadas por un sistema sensorial especializado, el 6rgano vomeronasal
(VNO), mds bien que por el epitelio olfativo principal de la nariz. Finalmente, en 2005, una serie de estudios moleculares en
ratones, utilizando las combinaciones de marcadores genéticos y de los “knockouts”, confirmé que las feromonas podian
estimular ambos sistemas sensoriales, que eran integrados en el cerebro (Wyatt 2003). Por tanto los individuos no
necesitarian un VNO para recibir las sefiales de las feromonas después de todo.
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QUIMIORRECEPCION EN REPTILES

Stop whispering in my ear, it tickles!

La quimiorrecepcién es utilizada en una multitud de contextos (Wyatt 2003). En muchos
animales, las sefiales quimicas son importantes para el reconocimiento de especies y tendrian
consecuencias para la especiacién, como en algunas moscas (Roberts y Uetz 2004; Symonds
y Elgar 2004; Mas y Jallon 2005; revisado en Smadja y Butlin 2009). Johnston (2000, 2001)
define las "sefiales quimicas" como compuestos quimicos o mezclas secretadas por un
individuo que afectan a un segundo individuo de la misma especie y sugiere que este término

debe ser utilizado como un nombre genérico para olores implicados en la comunicacion.

Fig. 5: Sistema vomeronasal de una serpiente (HG=Gldndula Harderiana, LC=canal lagrimal, NC=cavidad nasal,
LD=conducto lacrimal, VNO=6rgano vomeronasal)

El estudio del sistema vomeronasal de los reptiles (VNO) permitié algunas de las primeras
demostraciones del papel del VNO en comportamientos como el reproductivo o los relativos a
la alimentacién (Fig. 5). En muchas serpientes y lagartijas, los estimulos quimicos son una
fuente importante de informacién relativa al entorno, y al medio ambiente, eso tendria

importantes consecuencias para el fitness (Halpern 1992; Mason 1992; Schwenk 1995). Ha
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sido demostrado en serpientes que este VNO es critico en varios tipos de comunicacion
(Halpern 1987; Wysocki y Meredith 1987; Graves et al. 1991). La mayoria de las serpientes
tendrian la habilidad de seguir el rastro de olores en el sustrato; estos olores poseerian una
funcién en la localizacion de la pareja sexual, de la agregacion durante la hibernacién, del
seguimiento de una presa, o al contrario, de avisar de la presencia de un depredador o

conespecifico al que evitar (Ford y Low 1984; Ford 1986; Constanzo 1989; Mason 1992;

Greene et al. 2001; LeMaster y Mason 2001).
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Fig. 6: Diversidad Taxonémica en la investigacion de las feromonas (Symonds y Elgar 2009).
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Fig. 7: Ilustraciones de extracciones linguales en lagartijas (Podarcis hispanica) y serpientes (Boa constrictor
constrictor) (arriba), ademds de poros femorales en lagartijas (Podarcis hispanica — Uta sp) (abajo).

Las serpientes se orientan utilizando solamente informacién quimica que estd en el entorno, y
esto tiene consecuencias en su éxito reproductivo (Shine et al. 2005). Las hembras de
serpientes de al menos cinco familias, producen rastros de feromonas para que los machos las
localicen durante la reproduccion (e.g., Ford y Low 1984; LeMaster y Mason 2001; LeMaster
et al. 2001). Estas feromonas depositadas por las hembras informan sobre la especie, el sexo,
el atractivo sexual, el estado reproductor y sobre el camino que seguir para llegar al emisor

(Ford 1982; Ford y Schofield 1984; O’Donnell et al. 2004).

La comunicacién sexual ha sido, en general, menos explorada en reptiles, con respecto a otros
grupos (Fig. 6). Sin embargo, los reptiles son un grupo muy diversificado, con variados
sistemas de selecciéon sexual, con complejas interacciones ecolégicas y una fuerte
dependencia del medio (Pleguezuelos 1997; Zug et al. 2001). Al igual que en los
invertebrados, en los reptiles las sefales quimicas juegan un papel muy importante en los
procesos evolutivos en especial en la reproduccion. Es el caso de las lagartijas y las

serpientes, que poseen un sistema sensorial quimico muy bien desarrollado, donde los
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estimulos quimicos serian la base de un reconocimiento intra-especifico y contribuir a
procesos de especiacion (Shine et al. 2002; LeMaster y Mason 2003). Los compuestos
quimicos secretados y depositados durante la reproduccion podrian ser también la base de un
identificacién entre especies y servir para evitar las cépulas entre individuos de distintas
especies o de especies simpatridas (Cooper y Vitt 1986; Mason 1992; Shine et al. 2002) o

entre individuos de la misma especie pero de poblaciones distintas (LeMaster y Mason 2003).

Muchas especies de lagartijas disponen, en posiciéon ventral, de estructuras epidérmicas
similares a poros por medio de los cuales secretan sustancias quimicas (Fig. 7). Se trata de
una secrecion holocrina, producida por las glandulas femorales; especialmente abundantes en
los machos durante el periodo reproductivo (Mason 1992; Alberts 1993). Estas substancias
informarian sobre el estatus de dominancia del macho y su habilidad competitiva (Aragén et
al. 2001; Lopez y Martin 2002). También estas secreciones femorales transmitirian a las
hembras informacién sobre la calidad del macho (Lopez et al. 2002; Olsson et al. 2003), o
servirian como una herramienta para el reconocimiento entre especies (Gomez et al. 1993;
Cooper y Pérez-Mellado 2002). Por su implicacién en la seleccidn sexual, estas secreciones y

su evolucion llevarian a procesos de especiacion.

Ademas, el tipo de sefiales utilizadas en comunicacién intraespecifica estaria sometido a
seleccidn, selecciondndose aquellas sefiales que estimulen el sistema sensorial del receptor de
manera mas efectiva, dependiendo a veces del medio ambiente (Hipdtesis del sesgo sensorial
o “sensory drive”’: Boughman 2002). La divergencia en las sefiales utilizadas en seleccion
sexual se deberia a que las condiciones ambientales locales imponen seleccidn variable sobre
estas sefiales o sobre los sistemas sensoriales que las detectan; especies o poblaciones distintas
ocupan hdbitats con diferentes condiciones que favorecen el uso de uno u otro tipo de sefial.
Las diferentes propiedades de las sefales emitidas por los individuos afectan a su
conspicuidad y facilidad de deteccién por coespecificos, pero otros factores como la
capacidad de transmisién o persistencia en el hdbitat también son importantes (Boughman
2002; Leal y Fleishman 2002; Fox y Shipman 2003). Se ha examinado esta idea respecto a
sefales visuales que muestran variacion en diferentes hébitats (Leal y Fleishman 2004), y a
como estas sefiales han divergido entre poblaciones alopdtricas que ocupan distintos hébitats
(Endler 1980) llevando a procesos de especiacion (Boughman 2001). Aunque la

quimiorrecepcién modula una gran variedad de comportamientos reproductivos en reptiles, se
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desconoce practicamente si la variabilidad interpoblacional en el uso de sefales quimicas y

visuales implicadas en seleccidn sexual elucidarian los procesos evolutivos de especiacion.

En este contexto, en esta tesis se pretende examinar con observaciones y mediante
experimentos si existen variaciones poblacionales en el tipo y caracteristicas de las sefiales
quimicas utilizadas en seleccion sexual, debido a la distinta efectividad de cada tipo de sefial
en hébitats con condiciones ambientales diferentes. Asi como si este uso diferencial en el tipo
de sefiales empleado puede conducir a procesos de divergencia, aislamiento reproductivo y

especiacion mediados por seleccion sexual.
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EL GENERO PODARCIS Y EL COMPLEJO DE ESPECIES DE
PODARCIS HISPANICA

El género Podarcis (Wagler, 1830) es un grupo de lagartijas amplio y diverso que se
encuentra en el drea mediterrdnea (Arnold 1973, 1989; Arnold et al. 2007) (Fig. 8). El género
Podarcis se localiza desde Europa central hasta al desierto del Sahara. Algunas de estas
especies estan en peligro de extincion (Capula et al. 2002) mientras que otras tienen una
capacidad de colonizacién elevada, en especial con la ayuda del transporte humano (Corti et

al. 1999).

Fig. 8: Distribucion geogréfica del género Podarcis en Europa

Datos taxonomicos

Desde que fue descrita por Arnold (1973), la taxonomia de Podarcis es muy controvertida y
polémica, por su inestabilidad y variabilidad. Se han creado muchos debates alrededor de este
género y dentro del género (Béhme 1997; Arnold 2000; Lanza y Boscherini 2000; Bohme
2004; Speybroek y Crochet 2007).

Entre las lagartijas de este género que ocupan la Peninsula Ibérica, la primera distincion
dentro del género fue la de P. muralis de Centro Europa y el norte de la Peninsula Ibérica,
después se describieron P. bocagei 'y P. carbonelli que se distribuyen s6lo en la parte oeste de
la Peninsula Ibérica (Arnold y Burton 1978; Pérez-Mellado 1981a,b). El resto fue llamado P.
hispanica (Steindachner, 1870). Ademads, una forma endémica, nominada P. atrata (Bosca

1916) se situd en las Islas Columbretes, Valencia (Castilla et al. 1998a,b).
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Pero se admiti6 también que P. hispanica (Ph) tiene un polimorfismo alto y se podria
distinguir del tipo del norte de Africa (Pérez-Mellado y Galindo-Villardén 1986). En 1987,
Guillaume sugirié que se encuentran 8 formas o subespecies de Ph. En 2001, Sa-Sousa
describié 4 formas sélo en Portugal: P. bocagei ss, P. carbonelli, y dos morfotipos (1 y 2) de
Ph. Recientemente, Geniez (2001) afadié mas formas o subespecies pero de momento no

estan confirmadas.

Actualmente, se acepta que P. vaucheri, P. bocagei y P. carbonelli sean consideradas a nivel
de especies, pero al respecto de Ph se habla mas de un grupo artificial (Montori et al. 2005).
Finalmente aparte de los dos morfotipos de Ph se conoce un tercer morfotipo que también se
encuentra bajo el nombre de P. liolepis que se sitia en el noreste de la Peninsula Ibérica y en

el area mediterrdnea de Francia (Harris y Sa-Sousa 2002; Speybroek y Crochet 2007).

En resumen, los estudios de taxonomia clasificaron dentro del género Podarcis la existencia
claras de especies distintas como P. muralis. Sin embargo, alrededor de P. hispanica, no esta
tan claro. Se acepta la posibilidad de subespecies, morfotipos, pero nada definido a nivel de

especie.

Ayuda de las herramientas moleculares

Se han realizado numerosos andlisis moleculares utilizando varias técnicas como las
aloenzimas (Bea et al. 1986; Guillaume 1987), los patrones de filogeografia (Mayer y
Tiedemann 1980; Busack 1986; Copula 1994a,b; 1997) o el ADN mitocondrial para poder
identificar la posible filogenia de este género (Fu 1998; 2000; Harris et al. 1998; 2005; Arnold
et al. 2007). Primero los trabajos mostraron que el mismo género se clasificaria en clados
monofiléticos (Arnold 1973; 1989). Se caracterizan 4 clados geogrificamente coherentes:
Balcanico, Italiano, Tirreno-Balear e Ibero-Magrebi (Harris y Arnold 1999; Carretero 2008).
La posicion de algunas especies o subespecies es todavia objeto de debate, pero el clado
Ibero-Magrebi es considerado como monofilético, a pesar de las mds que probables relaciones

internas (Harris et al. 2005; Poulakatis et al. 2005; Arnold et al. 2007).

Recientemente, se han estudiado las relaciones internas y el numero de linajes en este clado,
encontrandose 12 linajes evolutivos distintos (Harris y Sa-Sousa 2002; Sa-Sousa y Harris

2002; Pinho et al. 2006) (Fig. 9 y 10). Unicamente P. hispanica es valorada como parafilética;
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con dos “taxones hermanos” P. bocagei y P. carbonelli (Pinho et al. 2006); el resto de las
especies definidas claramente son monofiléticas. Ademds nuevos andlisis con marcadores
nucleares, que permiten estudiar el flujo genético entre las formas de este género, han
afirmado que sélo existe una barrera de flujo entre P. bocagei y P. carbonelli. Sin embargo,
de momento no se sabe mucho sobre el resto de las formas que estarian en contacto; s6lo que

a lo mejor el flujo sigue (Pinho et al. 2007, 2008).

Una combinacién de alta divergencia genética dentro del clado y su aparentemente parafilia
sugiere que P. hispanica forma un complejo de especies, donde los morfotipos descritos
(dos subespecies, P. bocagei, P. carbonelli y los tipos de P. hispanica) corresponden a los
linajes definidos con los andlisis de ADN mitocondrial. Se caracterizarian por un grupo de
varios morfotipos, tipos, o subespecies que tendrian caracteristicas distintas (a nivel de
coloracién, morfologia, etc.) y que viven en sitios similares hasta en el mismo tipo de habitat.
Pero establecer el nivel de separacion taxondémico entre ellas es mds complicado; estos
morfotipos estdn muy cerca a nivel genético (con algunas diferencias) pero quedan muchas

dudas como para poder definirlas como especies propiamente.

Actualmente se observa una distribucion enredada de los linajes del complejo en la
Peninsula Ibérica y el norte de Africa. En el noreste se encuentra el tipo 3 o linaje P. liolepis.
En el sur y centro se localiza el morfotipo 2. El morfotipo 1 estd situado en el noroeste. Pero
este linaje estd ahora en cuestion, con la nominacién de dos morfotipos la y 1b. En el sur de
la Peninsula se caracterizan varios grupos como P. hispanica s.s., P. hispanica “Sierra
Nevada” y P. vaucheri. Esta dltima se encuentra también en el norte de Africa; ademas se
diferencié un tipo de P. hispanica en Tunez. Algunos de estos grupos de Ph estin en

simpatria con otros linajes como P. bocagei con Ph 1, o Ph 2 con P. carbonelli.

Los andlisis moleculares reforzaron el conocimiento de las especies bien definidas del género,
y la clasificacién del complejo de Podarcis pero este aun sigue “turbio”. No se conoce si estos
morfotipos cercanamente emparentados son especies distintas o mds bien una sola especie

ampliamente distribuida con caracteristicas diferentes segtin el medio.
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Fig. 9: Diferentes fotos del complejo de Podarcis: P. bocagei, P. carbonelli, P. hispanica 1 &
2. P. vaucheri. P. liolepis. v P. hispanica ss.
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Fig. 10: Distribucion estimada del género Podarcis en la zona Ibérica y las relaciones filogenéticas posibles entre los
diferentes tipos de Podarcis en Africa del Norte y la Peninsula Ibérica basada en andlisis mitocondrial y de ADN
(Pinho et al. 2006; Sa-Sousa 2000, 2001; Pinho et al. 2008).
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Fig. 11: Escenario paleo geografico de la evolucién de Podarcis en la Peninsula Ibérica y norte de
Africa basada en analisis de citocromo b (Pinho et al. 2006; Carretero 2008).

Escenario filo-paleo-geologico

Con todas estas caracteristicas distintas de este género, cabria preguntarse sobre cdmo se ha
llegado a este patrén con tantas formas/subespecies/especies; jcon qué escenario
paleogeoldgico? Pinho en 2006 propuso uno (Fig. 11). Hace 10 millones de afios (ma.), en el
mioceno medio-superior, los Pirinéos estaban formédndose y el clima era humedo, subtropical;
lo que permitié la dispersion y diversificacion de los grupos hacia la Peninsula Ibérica.
Después, se junté el archipiélago del Estrecho Bético (7.2 ma.). A la transformacion gradual
del archipiélago se anadi6 una crisis de aumento de la salinidad que coincidié con una sequia
global del clima (Krijgsman et al. 2000). Esto pudo tener un efecto de aislamiento de los
clados presentes en el oeste y este (Krijgsman et al. 2000). Ademds Podarcis es un género que

depende de la humedad del entorno, entonces los cambios climédticos les debieron afectar
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bastante y provocar cambios importantes, influyendo sobre su diversificaciéon (Sa-Sousa
2001b; Kaliontzopoulou et al. 2008). La evolucién de la vegetacion y geografia, ademds del
clima arido del momento, hizo que los grupos de Podarcis se dispersaran y aislaran unos de

otros (Favre et al. 2007; Pinho et al. 2006).

Cuando se formo el Estrecho de Gibraltar de la Peninsula, se produjo el aislamiento de las
Podarcis del norte de Africa que tendrian una evolucién separada de las de la Peninsula (Hsii
et al. 1977; Duggen et al. 2003). Durante el plioceno (3 ma.) el clima era mas frio, seco y
estacional (van Dam 2006). Lo que provocé una separacion de las partes oeste y este del norte
(Pinho et al. 2006). También fue en este momento cuando se sugiere que ocurrid la separacion
del tipo de norte de Africa con el tipo de la peninsula (Pinho et al. 2006). Durante el periodo
de glaciacion, las sierras del norte y las centrales fueron cubiertas por la tundra con las estepas
y la taiga (Tarroso 2008). Podarcis tuvo como refugio unos pocos territorios costeros (Gomez
y Lunt 2007). Sin embargo la glaciacion no implicé necesariamente una separacion de todos
los linajes, algunos han podido compartir refugios glaciales (Gomez y Lunt 2007). En Africa,
la glaciacién correspondié a un periodo himedo (Prentice y Jolly 2000), lo que permitié una
expansion de los grupos. Finalmente, el periodo interglaciar llegd y permitié la interconexion
e introgresion entre los linajes. Pudieron dispersarse por toda la peninsula e invadir nuevos

habitats.

En resumen, se han definido varios linajes, grupos, formas, subespecies, y especies del
genero Podarcis, distribuidos por toda la Peninsula Ibérica y el norte de Africa. Pero quedan
dudas sobre el establecimiento de los linajes del complejo Podarcis hispanica, y sobre lo que
ocurre en los sitios de contacto. ;Hay flujo de genes en estos puntos? ;La especiacién y
divergencia han sido suficientemente importantes para que estos linajes se comporten como
especies distintas? ;Sigue existiendo un proceso de evolucion que va en la direccién de crear
un aislamiento fuerte entre los linajes? ;O al contrario, un flujo de material genético impide
este proceso de separacion? ;Estas formas distintas tienen también un comportamiento
diferente? ;La comunicacién entre las formas dentro del grupo se caracteriza como
interespecifica o intraespecifica? Con estas preguntas, hemos reflexionado en esta tesis sobre
lo que pasaria en las zonas de contacto entre varios tipos del complejo de especies de
Podarcis hispanica a nivel de la comunicacién quimica: (Existird un aislamiento
precopulatorio entre individuos de distintos tipos dentro de este complejo que permitiria una

posible especiacion?
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MODELO DE ESTUDIO

- Podarcis hispanica en la region de Madrid -
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Fig. 12: Fotografias de las lagartijas Podarcis hispanica en varias zonas de las region de Madrid.

La lagartija Ibérica, Podarcis hispanica, es una pequefia lagartija comun (50-70 mm) que vive
en hdébitats rocosos pero en distintos entornos ambientales y geogréficos de la Peninsula
Ibérica. Esta lagartija ha desarrollado una habilidad a nivel del reconocimiento quimico, y es
capaz de discriminar quimiosensorialmente entre coespecificos y heteroespecificos
(Psammodromus algirus, Gémez et al. 1993 - Podarcis carbonelli, Cooper y Pérez-Mellado
2002; Barbosa et al. 2006) y entre sexos (Gémez et al. 1993; Lopez y Martin 2001b; Lopez et
al. 2002). Las sefiales quimicas de los machos son importantes en las interacciones macho-
macho (Lépez y Martin 2002a,b; Carazo et al. 2007). Ademas, en por lo menos una poblacién
de Ph, las hembras prefieren estar en dreas marcadas con olores o marcas quimicas de machos
que tienen altas proporciones de unos esteroides determinados en sus secreciones femorales
(Lopez y Martin 2005¢c; Lopez et al. 2008). Las hembras parecen utilizar las secreciones de

los machos como fuente de informacién decisiva en su eleccion de pareja. Si la preferencia de
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la hembra por las secreciones del macho evolucionase de forma diferente a éstas se podria dar

el caso de aislamiento reproductivo.

Estudios recientes morfologicos y de biologia molecular han sugerido la existencia de
procesos de especiacion en marcha en poblaciones de lo que tradicionalmente ha sido
reconocida como una sola especie, la lagartija Ibérica (Podarcis hispanica). Se considera
ahora como una especie parafilética que forma un “complejo de especies” con al menos cinco
lineas monofiléticas (Guillaume 1987; Harris y Sa-Sousa 2001, 2002; Sa-Sousa et al. 2002;
Pinho et al. 2007), que ocupan distintas condiciones ambientales, pero cuyas poblaciones

estdn en contacto en diversas partes, especialmente en el Centro de la Peninsula Ibérica.

De modo que esta lagartija es una buena candidata para estudiar si la selecciéon sexual
mediada por sefales quimicas puede explicar procesos de aislamiento reproductivo y

especiacion.

Se han identificado dos tipos alopétricos en el suroeste y la parte central de la Peninsula
Ibérica. P. hispanica de tipo 1 se encuentra en sitios elevados del Noroeste, donde las
condiciones ambientales son himedas, mientras que el tipo 2 ocupa el centro y sur de la
Peninsula con clima mediterrdneo (Sa-Sousa 2000; Sa-Sousa et al. 2002). Sin embargo, estos
dos tipos podrian estar en contacto geograficamente sin producirse aislamiento. Por ejemplo,
en la sierra de Guadarrama (al norte de Madrid), viven poblaciones separadas pero sin
aislamiento geografico, es decir, los individuos de la poblacion tipo 1 pueden encontrarse con

los individuos de la poblacién tipo 2 (Mellado y Olmedo 1981; Garcia-Paris et al. 1989).

Zona de estudio

Esta zona de contacto entre morfotipos de Podarcis hispanica se localiza en gran parte en la
comunidad auténoma de Madrid (Espafia Central) que tiene una superficie de 8.000 Km. (Fig.
13). Sus limites describen un tridngulo aproximado, en el que su base estd en la linde con la
provincia de Toledo, al sur, y su vértice superior en el puerto de Somosierra, al norte. La
region estd situada en el centro de la Meseta Central, en la parte septentrional de la Submeseta
Sur, entre el Sistema Central (al norte y noroeste) y el rio Tajo (al sur y sureste), limitando al
norte y al oeste con Castilla y Leén (provincias de Segovia y Avila) y al este y al sur con

Castilla-La Mancha (provincias de Toledo, Guadalajara y Cuenca).
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El relieve de la regién de Madrid estd definido por tres grandes unidades: la sierra y la llanura

del rio Tajo, separadas entre si por el piedemonte.

Fig. 13: Mapa de Espaiia y del centro Ibérico con la regién de Madrid.

La Sierra madrilefia estd estructurada en falla. Las Sierras de Guadarrama, Ayllén (la parte
mds occidental de ésta, conocida como Sierra de Somosierra) y Gredos (la parte mds oriental
de ésta) conforman un paisaje tipico de montaiia, con altitudes maximas de 2.428 m (Pefalara,
el pico mads alto de la region), 2.129 m (Pefia Cebollera o Pico de las Tres Provincias) y 1.770
m (Alto del Mirlo), respectivamente. Otros picos importantes son La Maliciosa (2.227 m) y
Siete Picos (2.138 m), ambos en la Sierra de Guadarrama. En lo que respecta a su litologia, el
granito y el gneiss son las rocas dominantes en la dos primeras sierras, mientras que la pizarra
y las cuarcitas lo son en la de Ayllén (este macizo presenta los materiales rocosos mds
antiguos de la zona de Madrid, formados hace 450 millones de afios). Las montafias de
Madrid que tienen mds de 2.200 m de altitud pertenecen a la Sierra de Guadarrama. Estos
picos, ordenados segtin altura, son los siguientes: Pefialara, 2.428 m, Risco de los Claveles,
2.387 m, Cabezas de Hierro, 2.383 m, Risco de los P4jaros, 2.334 m, Dos Hermanas, 2.285 m,
Cerro de Valdemartin, 2.280 m, Bola del Mundo, 2.265 m, La Maliciosa, 2.227 m, y El
Nevero, 2.209 m.

Las campifias, pdramos y vegas configuran geomorfoldgicamente la segunda unidad de
relieve, articulada alrededor de la cuenca del rio Tajo. Aqui se encuentran las minimas

altitudes de la comunidad auténoma: 430 m en el cauce del rio Alberche y 467 m en
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Fuentiduefia de Tajo. Esta unidad presenta una composicién del terreno menos uniforme que
la de la Sierra. Las calizas, arcillas, yesos y margas son abundantes en los pdramos, mientras
que las arenas, margas arenosas, margas yesiferas y arcillas dan forma a las campifias. Las

vegas, por ultimo, quedan perfiladas por las arenas, gravas y limos.

A modo de transicion entre la Sierra y las llanuras arenosas del rio Tajo, aparece la llamada
Rampa de la Sierra o piedemonte, que se extiende desde la confluencia de los rios Jarama y
Lozoya, al norte de la provincia, hasta el suroeste de la comunidad, formando una franja
paralela a la Sierra. No se trata exactamente de una unidad de relieve, aunque si cabe definirla
asi desde un punto de vista geomorfolégico. Se compone fundamentalmente de arenas,

arcillas, margas y otros materiales detriticos.

Entre la méxima y minima altitud de la regiéon (Pefalara y Villa del Prado), se origina un
desnivel de unos 2.000 m, que se salvan a lo largo de poco mas de 100 Km. (la altura media
de la provincia es de 650 m, aproximadamente). Este complejo relieve convierte a Madrid en
una zona de contrastes medioambientales con una variedad de habitats para colonizar y
adaptarse. En ella se puede encontrar la mayor parte de los pisos bioclimaticos de la Peninsula
Ibérica (crioromediterraneo, oromediterrdneo, supramediterrdneo y mesomediterraneo),

ademas de una rica variedad de ecosistemas.

A pesar de su reducida superficie (8000 Km.), la Comunidad de Madrid presenta dos climas
diferenciados, consecuencia de su ubicacion entre el Sistema Central y el valle del Tajo. Las
zonas mas altas de las Sierras de Guadarrama y Ayllon tienen clima de montafia, con
temperaturas frias o muy frias en invierno y suaves en verano. Aqui las precipitaciones son
abundantes: pueden superar los 1500 mm al afio y son en forma de nieve durante el invierno y

parte de la primavera.

El resto del territorio madrilefio posee un clima mediterrdneo continental, de carécter
atenuado en el piedemonte y extremado en la llanura mesetaria, en la que se sitda la capital.
En estas zonas los inviernos son frescos, con temperaturas inferiores a los 8°C, heladas
nocturnas muy frecuentes y nevadas ocasionales (tres o cuatro al afio). Por el contrario, los
veranos son calurosos, con temperaturas medias superiores a los 24°C en julio y agosto y con

maximas que muchas veces superan los 35°C. La oscilacion diaria es de aproximadamente de
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10°C. Las precipitaciones no suelen superar los 700 mm al afio y se concentran especialmente

en la primavera, seguida del otofio.

Background Podarcis hispanica, el area de Madrid y la comunicacion

quimica

Recientemente se ha demostrado, mediante andlisis quimicos, que los machos de dos
poblaciones de la Sierra de Guadarrama, situados en condiciones ambientales diferentes
(altitud y clima), poseen variaciones en la composicion y proporciéon de las secreciones
femorales (Martin y Lépez 2006a). Los machos de la poblacién situada mads al norte (i.e. en el
Valle de la Fuenfria) se parecerian a los del tipo 1. Los individuos viven en un microclima
mas himedo, tienen en las secreciones femorales més ésteres céreos y una abundancia mayor
de 4cidos grasos de cadena larga que los de la poblacién del monte de Golondrina (un poco
mads al sur, cerca del pueblo de Cercedilla); los cuales se asemejan a los del tipo 2 y estdn en
un medio mas seco (Martin y Lopez 2006a). Estas diferencias permitirian una mayor
persistencia y eficiencia de las sefiales quimicas en el ambiente himedo. Este andlisis
caracteriz0 la presencia y abundancia de algunos compuestos como el colesterol, el
dehidrocolesterol (=provitamina Dj3), el 4dcido hexadecanoico, hexadecanol, y octadecanol en
las dos poblaciones y como estos compuestos se distribuyen en diferentes proporciones.
Ademas, los machos de cada tipo (poblaciones de Fuenfria y Golondrina) se discriminaron
entre ellos por medio de las sefiales quimicas (Martin y Lopez 2006a). Los machos tuvieron
un mayor “interés” por los olores de individuos de su poblacién que por los de la otra. Esto
significaria que los machos ademds de discriminar tendrian tendencia a sociabilizarse con

individuos de su misma poblacion.

Sin embargo, esto no estd tan claro en el caso de las hembras. Unos experimentos de
reconocimiento quimiosensorial demostraron que las hembras tuvieron el mismo interés
quimico por olores procedentes de los machos de su poblaciéon que por los de la otra
poblacién. Esto no implica que ellas no discriminen los dos tipos de secreciones, tampoco que
no las diferencien, pero la variaciéon quimica interpoblacional podria no tener importancia

para ellas a la hora de preferir el olor de un macho.

El grado de diferencia morfoldgica de P. hispanica ha sido mucho tiempo polémico, pero

ahora se aceptaria la alta variabilidad de formas en la Peninsula (Barbadillo et al. 1999). La
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lagartijas del género Podarcis son muy variables en tamafio, formas, y colores, y la variacién
ocurre no solamente entre especies reconocidas, sino también entre poblaciones e individuos
(Arnold y Ovenden 2002) (Fig. 10). Sabiendo ésto, entender el camino de la historia evolutiva
a partir del efecto de adaptaciones locales o de la plasticidad fenotipica (o encontrando un
fenotipo cohesivo) parece muy complicado. La distincién entre los morfotipos de Podarcis no
puede ser concedida ni tampoco necesariamente atribuida a la evolucién de la separacion.
Madrid (Central Espafia) esta entre dos dreas de distribucion descritas por Pinho et al. (2006),
donde se encuentra por lo menos dos de los morfotipos (1 y 2). Se consideraria que Madrid o
el centro de Espafa es una zona de contacto de varias formas de Podarcis y en especial de Ph.
En efecto, en esta zona de contacto se localizo en el campo mds de dos tipos del complejo de
especies de Podarcis hispanica; se observaron varias poblaciones que viven en distintos

habitats con diferencias a nivel morfol6gico, de coloracién o de sefiales quimicas (Fig. 12).

Poblaciones estudiadas

Durante el desarrollo de la tesis, se ha capturado

7. }i‘_}é/ machos y hembras de Podarcis hispanica en
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varias localidades del drea de Madrid (Fig. 14).

Valle de Fuenfria ..
Pedrgzuela Tres de estos sitios se encuentran en la zona

) montafiosa del centro de la peninsula (Fuenfria,
Golondrina

Golondrina y Pedrezuela) y otros dos se sitian
en la parte més baja, en el Sur de la comunidad

MADRID
Belmonte del (Belmonte del Tajo y Aranjuez). Estas

® . .
poblaciones fueron elegidas porque muestran
caracteristicas distintas a primera vista con

respecto a la morfologia y coloracion.

Fig. 14: Localizacién de las poblaciones estudiadas de
Podarcis hispanica en la zona de contacto (Madrid).

En el norte, hemos capturado lagartijas de una poblacién que ocupa un hébitat con rocas y
paredes de granito al borde de un bosque de pinos de la reserva natural del Valle de la
Fuenfria (40° 47° N, 4° 03° W; 1750 m altitud). Ademads, capturamos individuos de unas
poblaciones que se encuentran en rocas dentro de un bosque de robles de un monte llamado

“La Golondrina”. Debajo de este monte estd el pueblo de Cercedilla (40° 44’ N, 4° 02° W;
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1250 m altitud), como a unos 10 Km. La tercera poblacion del norte se localiza en viejos
muros que separan parcelas de cultivo o casas viejas en ruinas en el pueblo de Pedrezuela (40°

44'N, 3° 36' W; 800 m altitud).

En el sur, hemos capturado individuos cerca de construcciones humanas, como en un jardin
publico en el pueblo de Belmonte del Tajo (40° 8' N, 3° 20' W; 735 m altitud) y en rocas de
caliza y yeso en zonas sin vegetacion arborea, cerca de campos de cultivos de olivos alrededor

de Aranjuez (40° 2’ N, 3° 37" W; 494 m altitud).

Para la dltima parte de este trabajo hemos estudiado también las lagartijas de las Islas
Columbretes Podarcis atrata, cerca de la costa valenciana (39° 55' N, 0° 40" E; 65m altitud),
Esta lagartija endémica forma parte del complejo de especies de Podarcis hispanica pero se

distingue de P. hispanica continental a nivel genético (Castilla 1998a,b).

En esta tesis se propone estudiar y conocer si existe reconocimiento intraespecifico a nivel
quimico entre las poblaciones consideradas de Podarcis hispanica, y, si existen, cudles son
los mecanismos de aislamiento reproductivo que podrian dar lugar a un proceso de

especiacion dentro de este complejo de especies en un drea de contacto: la zona de Madrid.
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PROCEDIMIENTO

- Parte 1 - Morfologia y sefiales quimicas de las lagartijas

En un primer paso, se estudiaron las diferentes poblaciones a nivel morfolégico y quimico
(Capitulo 1). Pesamos a los individuos, y medimos el tamafo corporal y la condicién
corporal, ademds del tamafio de la cabeza (largo, ancho y alto). La condicién corporal se
utilizé como un indice de las reservas de grasa y una estimacién de la condicién fisica o
estado nutricional de los individuos (Bonnet y Naulleau 1994). Finalmente, anotamos el
nimero de poros femorales de cada pata posterior de cada individuo y contamos el nimero de
los pequefios pero distintivos ocelos azules laterales. En general estas manchas se encuentran
en la parte lateral de los machos y son muy vistosas. Los puntos azules (ocelos) tendrian un
papel en el reconocimiento entre sexos y en las relaciones entre machos (Lépez et al. 2004).
Asi que medir estos dos caracteres (poros y ocelos) nos daria una idea del desarrollo de las

sefiales visuales y quimicas de los individuos de P. hispanica en diferentes poblaciones.

Después, extrajimos las secreciones de las glandulas femorales de los machos, presionando
alrededor de los poros femorales, que fueron inmediatamente guardadas en viales de cristal
con tapas de teflon. Los viales se conservaron a -20°C hasta su andlisis. Las secreciones
fueron mezcladas con 250 ul de n-hexano y analizadas con un cromatdgrafo de gases
acoplado a un espectrometro de masas (Finnigan-ThermoQuest Trace 2000 GC-MS)

(Capitulo 1).

Con estos datos de morfologia y quimica, intentamos ver si los individuos de diferentes
poblaciones muestran variaciones en morfologia o en la composicién y proporcién de
compuestos quimicos en las secreciones femorales de los machos, segiin su localizacion

geografica o habitat (Capitulo 1).
- Parte 2 - Comunicacion quimica y comportamiento interpoblacional
En un segundo paso, estudiamos el comportamiento pre-reproductivo y copulatorio de las

lagartijas de varias poblaciones de P. hispanica y su reconocimiento interpoblacional a base

de senales quimicas (Capitulos 2 y 3). Para eso disefiamos experimentos de reconocimiento
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quimiosensorial basados en las tasas de protusiones linguales frente a diferentes olores,
realizamos pruebas de eleccion de olores por parte de las hembras y finalmente hicimos

cruces reproductivos inter e intrapoblacionales.

a. Reconocimiento quimico

Se ha demostrado que las lagartijas reaccionan frente a una variedad de estimulos quimicos,
aumentando o variando su nimero de protusiones linguales (Cooper y Burghardt 1990). La
tasa de protusiones linguales (“fongue-flicks”; TFs) se utiliza como un indice cuantitativo para

demostrar la deteccion de sefiales quimicas (Cooper y Pérez-Mellado 2002).

Para examinar las diferentes respuestas o deteccion por parte de los machos y hembras, les
presentamos olores procedentes de varios individuos de diferentes poblaciones y sexos.
Comparamos el nimero de protusiones linguales segtin el tipo de olor presentado como
estimulo impregnado en un bastoncillo de algodén (Cooper y Burghardt 1990). Probamos
olores de las secreciones femorales de los machos y de la parte cloacal de las hembras, pues
estas dreas son frecuentemente investigadas mediante protusiones linguales durante la
reproduccién o en los encuentros sociales (Lépez y Martin 2001a,b, 2002a; Lopez et al.

2002).

También los individuos fueron confrontados con compuestos quimicos (estdndares
comerciales) que se encuentran de forma natural en las secreciones femorales, como algunos
esteroides o alcoholes (Capitulos 4 y 5), para ver como reaccionan, si muestran un interés y si

estos comportamientos difieren segtin las poblaciones o sexos estudiados.

b. Preferencia de olores por parte de las hembras

Las hembras se sometieron a pruebas en las que se les ofrecian sustratos marcados con olores
de machos, de su misma poblacién o de otra, en un mismo terrario (Capitulos 2 y 3). Si las
hembras se situaban en un lado con un olor determinado se consideraba que habian elegido
temporalmente estar en ese lado con este olor (Martin y Lépez 2000, 2006c; Olsson et al.
2003). Para eso, contamos el nimero de veces que cada hembra fue observada en el lado de
cada olor y analizamos las diferencias de respuesta segin los estimulos y segin las

poblaciones estudiadas. También se analiz6 la eleccién o preferencia de olores de otra forma.




Supusimos que las hembras estarian interesadas en un compuesto quimico especial de las
secreciones femorales de los machos. Asi que en vez de comparar los olores entre
poblaciones, miramos en cada par de olores presentado cuales eran las proporciones del

compuesto en cuestion (Capitulo 3).

c. Copulas inter e intrapoblacionales

Hicimos encuentros entre machos y hembras de la misma o distinta poblacion para examinar
el éxito de copulas intra e interpoblacién (Capitulo 3). Cada macho se cruzé y pudo copular
con hembras de su poblacién y de otra. Apuntamos si habia o no cépulas, la duracién de la
copula, el tiempo de latencia, el nimero de intentos, el comportamiento de la hembra, etc.
Para obtener una idea de la barrera pre-reproductiva entre las poblaciones de esta zona de

contacto.

- Parte 3 - Reconocimiento de compuestos de las sefiales quimicas

En un tercer paso, intentamos definir la capacidad de reconocimiento de algunos compuestos
quimicos por parte de las lagartijas (Capitulos 4 y 5). Las secreciones femorales de los
machos de P. hispanica estin compuestas de varios tipos de moléculas quimicas, pero en
especial de esteroides, acidos carboxilicos y alcoholes (Martin y Lopez 2006a). Partiendo de
la hipétesis que las secreciones femorales de los machos difieren en composicién y
proporcién de los compuestos entre las poblaciones estudiadas (Capitulo 1), y que los
compuestos quimicos podrian informar sobre la salud, estatus, etc. de los emisores (Lépez y
Martin 2007), comparemos la respuesta de los individuos frente a compuestos quimicos tales
como los esteroides y los alcoholes. Al igual que anteriormente, hicimos experimentos de
reconocimiento quimiosensorial y comparamos el nimero de veces que las lagartijas sacaban
la lengua en direccion al estimulo quimico entre las diferentes poblaciones estudiadas.
Primero analizamos si las lagartijas de todas las poblaciones tienen el mismo interés por lo
esteroides (Capitulo 4). Se ha visto en otras especies de lagartijas que algunos esteroides
como el colesterol o el colesta-5,7-dien-3-o0l podrian ser una sefial honesta (Martin y Lopez
2006a, 2007). Ademds suponemos que estos compuestos varian en las secreciones segun la
poblacién (Capitulo 1). Asi que queriamos ver si las lagartijas de distintas poblaciones
también reaccionaban o tenian una atraccion diferente por algunos esteroides. Finalmente, nos

interesamos por los alcoholes y su posible interés quimico por parte de las lagartijas.

Introduccion
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Preguntdndonos, si los individuos de P. hispanica ademds de discriminar los esteroides,
reconocian los alcoholes (presentes en las secreciones) y tenian un cierto interés por estos

compuestos (Capitulo 5).

- Parte 4 - Relacion entre el sistema inmune y las sefiales quimicas

En la cuarta parte, nos cuestionamos por la relacién entre la calidad del sistema inmune y las
sefiales quimicas (Capitulo 6). Las sefiales quimicas informarian de manera honesta sobre el
estado de salud de los individuos, y las hembras utilizarian estas sefiales quimicas como
indice de calidad de los machos. Entonces, activamos el sistema inmune de los machos y
observamos los que ocurria en las sefales quimicas Para eso, utilizamos dos grupos de
machos de P. hispanica: uno control y un experimental. Los experimentales fueron tratados
con una inyeccion de paredes de bacterias (E. coli) para inducir la respuesta inmune activando
los anticuerpos de las lagartijas, pero sin producir efectos patégenos. De la misma manera que
en los otros capitulos, comparamos la composicion y proporciéon de los compuestos quimicos
de las secreciones femorales antes y después del tratamiento y entre los machos controles y
experimentales. L.os compuestos que varian con la activacion del sistema inmune indicarian a

las hembras el estado de salud de los machos.

- Parte 5 - Comunicacion quimica entre dos especies muy cercanas

Finalmente en la quinta parte, estudiamos la respuesta de las lagartijas Ibéricas con otra
especie, pero del mismo complejo de especies: P. atrata (Capitulos 7 y 8). Al mismo tiempo
de observar la comunicacién quimica entre estas dos especies, se estudiaron las consecuencias
(i.e. riesgo de hibridacién) de una posible introduccion de la lagartija peninsular en las Islas
Columbretes donde vive P. atrata. Por una parte, comparamos las secreciones femorales a
nivel de la composicioén y de la proporcién de compuestos (Capitulo 8). También examinamos
el reconocimiento quimiosensorial entre los individuos endémicos de las Islas y los
continentales para ver como responden frente a olores de individuos de su poblacién, en
comparacion a los olores de la otra “especie” (Capitulo 7). Segun si los individuos son
capaces de reconocerse quimiosensorialmente como especies o poblaciones muy distintas, se
podria estimar cudl es el riesgo de hibridacion resultante de la introducciéon de una especie
invasora en las islas, aunque el riesgo de hibridacion no es el tnico que ocurriria después de

una invasion.
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e Describir y comparar la morfologia y la composicion de las sefiales quimicas de los
individuos de lagartija Ibérica (Podarcis hispanica) de las distintas poblaciones
estudiadas en la region de Madrid; discutiendo la posible relaciéon de la variacion

encontrada con sus hébitats y localizaciones geogréficas (Capitulo 1).

e Examinar la capacidad de las lagartijas para reconocer quimicamente los olores de
otras lagartijas de las otras poblaciones estudiadas. Analizar si existe discriminacion y
un mayor interés por los olores de individuos de su propia poblacién, y si las hembras
prefieren sustratos marcados con olores de machos de su poblacién, o si, por el
contrario, no existe una diferencia interpoblacional a nivel de comunicacién quimica

(Capitulos 2 y 3).

e Las secreciones femorales estdn compuestas de esteroides, acidos carboxilicos y
alcoholes entre otros compuestos. Se propone examinar las variaciones
interpoblacionales en el reconocimiento quimiosensorial de unos esteroides de las
secreciones de los machos que parecen importantes en los procesos de seleccion sexual
de P. hispanica, y estimar la importancia relativa de estos esteroides segun las
poblaciones (Capitulo 4). Ademds de los esteroides, comprobar si las lagartijas
discriminan y muestran un interés significativo por los alcoholes presentes en las

secreciones, y si existen variaciones entre las poblaciones (Capitulo 5).

e Segun el principio del Handicap, las sefnales honestas, deben ser costosas. El coste
puede venir de la existencia de un compromiso entre la expresion de las sefiales
sexuales y el mantenimiento del sistema inmunitario. Por eso se pretende estudiar la
posible relacion entre el sistema inmune y las sefiales quimicas de los machos. Para
ello se van a examinar los cambios en la composicion de las secreciones femorales de
los machos después de un tratamiento experimental con LPS para activar su sistema

inmune sin producir efectos patégenos (Capitulo 6).

e Se va a examinar la composicion de las sefiales quimicas y el reconocimiento
quimiosensorial entre dos “especies” del género Podarcis que son genéticamente

proximas: una (P. atrata) es endémica de las Islas Columbretes y la otra (P. hispanica)




de la Peninsula Ibérica (Capitulos 7 y 8). Se quiere comprobar si las diferencias
encontradas entre estas especies en base a andlisis genéticos, se reflejan también a nivel
de sus sefiales quimicas (secreciones femorales de los machos), y si ésto afecta a la

comunicacion quimica y al reconocimiento interspecifico.
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Las variaciones morfologicas y de seiales quimicas entre poblaciones de la
lagartija Ibérica, Podarcis hispanica, reflejarian un proceso de especiacion
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CAPITULO 1 Morfologia y sefiales quimicas de las lagartijas




Morfologia y sefiales quimicas de las lagartijas CAPITULO 1

La lagartija Ibérica, Podarcis hispanica, parece formar un complejo de especies con varios
tipos monofiléticos. Las comparaciones genéticas y morfoldgicas entre tipos sugieren la
existencia de procesos de aislamiento reproductivo en marcha. En esta lagartija, las feromonas
sexuales son importantes para la eleccion de pareja y también para el reconocimiento entre
especies, de modo que diferencias en las secreciones quimicas de lagartijas de poblaciones
diferentes dentro del mismo complejo de especies podrian llevar a un aislamiento
reproductivo. En el centro de Espafia, se encuentran por lo menos dos tipos de esta lagartija en
areas sin barreras geograficas aparentes. En este trabajo, estudiamos la morfologia y las
caracteristicas quimicas de las secreciones femorales de cinco poblaciones de P. hispanica de
esta zona de contacto. Planteamos la hipétesis de que las diferencias interpoblacionales en la
composicion y proporciones de compuestos quimicos de las secreciones femorales podrian
tener implicaciones en los procesos evolutivos de estas lagartijas. Los resultados mostraron
diferencias morfoldgicas y quimicas entre las poblaciones. Con respecto a la morfologia,
observamos dos morfotipos: las lagartijas de las poblaciones del Norte son mds robustas,
pesadas, grandes, y tienen mds poros femorales pero menos ocelos laterales azules que los
individuos de las poblaciones del Sur. Ademds, existen diferencias en la composicién quimica
de las secreciones femorales de los machos entre poblaciones. La mayor parte de esta
variacién se explicaria por adaptacion local al hdbitat ocupado por cada poblacion, con el
objetivo de maximizar la eficacia de las marcas quimicas en el substrato, y/o podria ser el
resultado de dietas diferentes segun el sitio. Finalmente, encontramos una correlacion entre la
clasificaciéon Norte vs. Sur y la variacién de algunos compuestos quimicos, en especial el
colesta-5,7-dien-3-ol. Los machos de las poblaciones del Norte tuvieron una proporcién mas
alta de este esteroide en las secreciones que los del Sur. Todos estos resultados sugieren que
en estas poblaciones distintas podrian haber evolucionado diferentes tipos de senales (Norte
vs. Sur), lo que ayudaria a entender los procesos evolutivos en esta zona de contacto del
complejo de especies P. hispanica, y las posibles causas que explicarian los mecanismos de

especiacion criptica en marcha en estas lagartijas.
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Interpopulational differences in morphology and chemical signals of
Iberian wall lizards, Podarcis hispanica, could reflect cryptic speciation

processes within this species complex

Marianne Gabirot, Pilar Lopez, José Martin

Abstract The Iberian wall lizard, Podarcis hispanica, seems to form a “species complex”
with several monophyletic types. Genetic and morphological comparisons between types
suggest the existence of ongoing reproductive isolation processes. In this lizard, sex
pheromones are important for mate choice and species recognition and, thus, differences in
chemical secretions between lizard populations within the species complex could lead to
reproductive isolation. In Central Spain, at least two types of this lizard could be found living
in areas without geographic isolation. In this paper, we studied morphology of lizards and
chemical characteristics of femoral secretions of five populations of P. hispanica from this
contact zone. We hypothesized that interpopulational differences in composition and
proportion of chemical compounds in femoral gland secretions may have implications for the
evolutive processes of these lizards. The results showed morphological and chemical
differences between populations. With respect to morphology, we observed two morphotypes
of lizards: lizards from Northern populations were more robust, heavier and larger, and had
more femoral pores, but less blue ocelli, than lizards from the Southern populations.
Moreover, there were differences in chemical composition of femoral secretions between
populations. Most of this variation could be explained by local adaptation to the habitat
occupied by each population, in order to maximize efficiency of substrate scent marks, and/or
could result from different diets in different areas. Finally, we found a correlation between the
classification North vs. South and variations of some chemical components, especially for
cholesta-5,7-dien-3-ol. Males from the North had higher proportions of this steroid in
secretions than Southern males. All these results suggest that different types of signals might
have evolved in these populations (North vs. South), which could help understanding the
evolutive processes in this contact zone of the P. hispanica species complex, and the possible
causes that could explain ongoing cryptic speciation processes in these lizards.

Résumé Le 1ézard ibérique Podarcis hispania semble former un complexe d’especes avec
plusieurs types monophylétiques. Les comparaisons génétiques et morphologiques entre les
types ont suggéré I’existence de processus d’isolation reproductif en évolution. Chez ce 1ézard
les phéromones sexuelles sont importantes pour le choix de partenaire reproductif et pour la
reconnaissance inter especes ; par conséquent des différences dans les secrétions chimiques
entre les populations de 1ézards dans un méme complexe d’especes pourraient provoquer une
isolation sexuelle. Au centre de 1I’Espagne, se trouvent au moins deux morphotypes, sans
barriere géographique observable. Dans ce travail, nous avons étudié la morphologie et les
caractéristiques chimiques des sécrétions des glandes fémorales de cinq populations du 1ézard
Podarcis hispanica de cette zone de contact. Nous supposons que les différences de
composition et proportion des substances chimiques entre les populations pourraient avoir des
implications dans les processus évolutifs de ces animaux. Les résultats ont montré des
variations au niveau morphologique et chimique entre les populations. Pour ce qui se rapporte
a la morphologie, nous avons observé deux types de lézards: ceux qui viennent des
populations du Nord de la zone étudiée, qui sont plus robustes, gros et larges, avec un nombre
de pores fémoraux plus important mais moins de points bleus latéraux que les animaux des
populations du Sud de Madrid. De plus, nous avons noté des différences au niveau de la
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composition des substances fémorales entre les populations. La plupart des variations est dii
aux adaptations locales des habitats occupés par les populations, dans le but de maximiser
I’efficacité des marques chimiques Sur les substrats, ou bien elles pourraient aussi venir des
différentes sources alimentaires des distinctes zones. Finalement, nous avons trouvé, une
corrélation entre la classification Nord vs. Sud et la variation de certains composés chimiques,
spécifiquement le cholesta-5,7-dien-3-ol. Les males du Nord ont une proportion plus
importante de ce stéroide dans ces secrétions que les males du Sud. Tous ces résultats
suggerent que différents types de signaux pourraient avoir évolué chez ces populations (Nord
vs. Sud), et ceci pourrait aider a comprendre les processus évolutifs dans cette zone de contact
du complexe d’especes P. hispanica, et les possibles causes qui expliqueraient ces cette
spéciation cryptique en marchent chez ce 1ézard.

Manuscrito en preparacion
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INTRODUCTION

Male mating ornaments and female
preferences when choosing male partners
could evolve in different ways in different
populations and this could facilitate
speciation mechanisms (Boughman 2001;
Panhuis et al. 2001). Reproductive
isolation might occur between individuals
that display distinct sexual signals, and
once that interpopulation recognition and
isolation are effective, they may result in
ongoing processes of speciation (e.g.,
Shaw and Parsons 2002; Shine et al. 2002).
Among the different types of signals,
specific chemical compounds released by
one individual could or could not affect a
second individual, depending very often of
whether both individuals are or are not
conspecifics. Therefore, these chemical
signals could be a very good way to inform
about the species identity of individuals
(Johnston 2000, 2001). Chemical signals
are important for mate and species
recognition and may result in premating
reproductive isolation and speciation in
many animals (Smadja and Butlin 2009).
Especially in  lizards, intraspecific
communication is often based on chemical
substances deposited passively on the
substrate as lizards move through their
home ranges. These chemicals are often
produced by femoral glands, which are

epidermal structures on the ventral Surface

of the thigh connected to glands that
produce copious amounts of holocrine
secretion, especially in males and during
the mating season (reviewed in Mason
1992; Alberts 1993). Behavioral
experiments with several Lacertid lizard
species demonstrated that lizards (both
sexes) explore the substrate scent-marks by
tongue flicking. Also when lizards meet a
congener, such as during social encounters,
lizards investigated each other by tongue-
flicking the cloacal and femoral regions.
Femoral secretions of males could inform
during intrasexual communication about
the social status or competitive ability to
other males (Aragén et al. 2001; Lépez and
Martin  2002; Martin et al. 2007).
Moreover, females could use some
chemical cues from femoral glands of
males as signals of a male’s individual
quality in order to chose their mate partner
(Martin and Loépez 2000, 2006; Lépez et
al. 2002; Olsson et al. 2003). Thus,
because femoral gland secretions are
involved in sexual selection, it is likely that
they may also lead to speciation processes.
For example, chemical cues prevented
heterospecific mating between closely
related species of skinks of the genus
Eumeces (Cooper and Vitt 1987).

Podarcis hispanica, a small lacertid
lizard common in Iberian Peninsula, has
well developed chemical recognition

abilities, and is able to discriminate
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between conspecifics and heterospecifics
(Cooper and Pérez-Mellado 2002; Barbosa
et al. 2006), and between sexes by
chemical cues alone (Gomez et al. 1993;
Lopez and Martin 2001; Lépez et al
2002). Chemical cues of males are
important in male-male interactions (Lépez
and Martin, 2002; Carazo et al. 2007).
Moreover, in at least one population,
females prefer to stay on areas scent
marked by males with high proportions of
cholesta-5,7-dien-3-ol (=provitamin D3) in
their femoral secretions, which may signal
a better immune response of those males
(Lépez and Martin 2005; Loépez et al.
2009). Therefore, it seems that female
mate choice decisions are partially based
on characteristics of chemical signals of
males.

Previous studies suggested the
existence of ongoing speciation processes
between populations of P. hispanica within
taxa previously considered to be
Molecular works have

conspecifics

provided relationships and  genetic
distances between populations. Genetics
and morphological comparisons suggest
that the Iberian wall lizard, P. hispanica, is
paraphyletic, and forms a species complex
with at least five monophyletic lineages
(Guillaume 1987; Harris and Sa-Sousa
2001, 2002; Sa-Sousa et al. 2002; Pinho et
al. 2007). This common lizard is

widespread at rocky habitats inside many

different environments of the Iberian
Peninsula. In the western and central parts
of the Iberian Peninsula two allopatric
types have been  identified. In
Northwestern Iberia, P. hispanica type 1
occurs, mainly in highlands and where
Atlantic humid environmental conditions
prevail, while P. hispanica type 2 occurs in
Central and Southern Iberia, where
Mediterranean dry conditions are typical
(S4-Sousa 2000; Séa-Sousa et al. 2002).
Although their populations are mainly
allopatric, both types have been reported
from the Madrid province (Central Spain).
In this area, two populations live close
together without geographical isolation,
and individuals of both types may find
each other easily (Mellado and Olmedo
1981; Garcia-Paris et al. 1989).

Recently, analyses showed that
closed populations of P. hispanica from
the Guadarrama Mountains (Central
Spain), inhabiting different altitudes and
environmental conditions, differ in the
chemical composition of femoral gland
secretions of males (Martin and Lopez
2006a) and have also morphological and
coloration differences (Gabirot et al.
unpublished data). Males of the population
inhabiting more humid microclimates have
secretions with higher proportion of
compounds (e.g., long chain alcohols) that
may favor persistency and efficiency of

chemical signals in humid environments.
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Moreover, different rates of chemosensory
exploration  between  these  closed
populations showed that males can
discriminate by chemical cues alone
between males of their own and the other
population (Martin and Lépez 2006a, b). In
contrast, females detect scent of males, but
do not seem able to discriminate between
scents of males of the two populations
(Martin and Lépez 2006a, b). Similarly,
males of P. bocagei and P. hispanica from
the North of Portugal are able to
discriminate chemically between
conspecifics and heterospecifics, but
females are not (Barbosa et al. 2006).
These results suggest that despite of clear
differences in morphology and chemical
signals between populations of P.
hispanica lizards, there is not clear
interpopulational discrimination at the
level of chemical recognition and
premating reproductive isolation. These
results support that reproductive isolation
and speciation between these populations
of P. hispanica is not clear, or that
speciation is still incomplete.

Podarcis lizards are highly variable
in size, shape, escalation and color
patterns, not only between currently
recognized species (Arnold and Ovenden
2002), but also between populations and
individuals. Given this, disentangling the

track of evolutionary history from the

effects of local adaptation or phenotypic

plasticity (or finding a cohesive phenotype)
can be a difficult task. Morphological
distinction between Podarcis forms can
neither be taken for neither granted nor
necessarily attributed to separate evolution.
Madrid is an area where at least two types
(1 and 2) of P. hispanica could be found.
This area could be considered as a contact
zone, where perhaps more than two types
could be found. Several populations very
distinct at different levels, such as
morphology or chemical signals, seem to
live in this zone. Observations in the field
around Madrid showed that there are more
than two different populations of P.
hispanica  with clear variations in
coloration and morphology (Gabirot et al.
unpublished data).

In this paper, we captured lizards
from five populations of this contact area,
occupying different geography
localizations. We studied three populations
from the Northern area of Madrid, one
from the North and two from the
Northwest, one from the mountains and
two from the mountain basin at low
altitude. In the South, we studied two
isolated populations located at similar low
altitude. All these populations showed
morphological and coloration differences
(Gabirot et al. unpublished data). We first
compared the morphological
characteristics of these populations, and

then analyzed interpopulational differences
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in composition and proportions of
chemical compounds in femoral gland
secretions of males. We hypothesized that
interpopulational differences in chemical
signals of male lizards P. hispanica,
probably resulting from local adaptation to
the habitat occupied for each population,
could be leading to different evolutions of
chemical signals and, thus, it is possible
that in the future, these differences lead to

reproductive isolation processes between

populations within this species complex.

MATERIALS AND METHODS

Study populations

During February-March 2008, we captured
by noosing male and female P. hispanica
lizards at five localities within the Madrid
Province (Central Spain) (Fig. 1). Three of
these were localized in the mountain
Northern area (‘Fuenfria’, ‘Golondrina’
and ‘Pedrezuela’), and the two other were
situated in the plain Southern area
(‘Belmonte’ and ‘Aranjuez’). We chose
these populations because they show
distinct morphological and coloration
characteristics (Gabirot et al., unpubl.
data). In the North, we captured lizards
from a population occupying different
granite rock-cliffs at the edge of a pine
forest in the upper part of ‘Fuenfria’ Valley
(40°47° N, 4°03> W; 1750 m altitude) (21

Valle de Fyenfria

Pedrgzuela

Golondrina

Belmonte del

@

Fig.1: Localization of the five populations of Podarcis
hispanica studied in the center of Spain.

males and 26 females), on granite rocky
outcrops in a large oak forest
(‘Golondrina’) near Cercedilla village
(40°44° N, 4°02° W; 1250 m altitude) (29
males and 27 females), and from old stone
walls near to cultivate fields in the
‘Pedrezuela’ village (40°44' N, 3°36' W;
800 m altitude) (19 males and 16 females).
In the South, we captured 22 males and 17
females on human constructions in a public
garden in the ‘Belmonte del Tajo’ village
(40°8' N, 3°20" W; 735 m altitude) and
other lizards on chalk and gypsum rocks in
deforested bushy hills near ‘Aranjuez’
(40°2° N, 3°37° W; 494 m altitude) (21
males; and 32 females).

All  lizards were individually
housed at “El Ventorrillo” Field Station
(Cercedilla, Madrid) about 5 Km from the
capture sites of the Northern populations,
in indoor 60 x 40 cm PVC terraria
containing sand substratum and rocks for

cover. Cages were heated with 40 W
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spotlights during 6 h/day, and overhead
lighted (36 W full-spectrum daylight tubes)
on a 10:14 light/dark cycle, and were
screened from each other using cardboard.
Every day, lizards were fed mealworm
larvae (Tenebrio molitor) dusted with
multivitamin powder for reptiles, and
water was provided ad libitum. Lizards
were returned to their exact capture sites
with good health condition at the end of
experiments. Captures and observations
were performed under license from the
Environmental =~ Agency of Madrid
Government (“Consejeria del Medio

Ambiente de la Comunidad de Madrid”,
Spain).

Morphological characteristics

For each population, we made the
following morphological measures of each
individual: body mass (or weight) (with a
digital balance to the nearest 0.01 g) and
body size (snout-to-vent length, SVL with
a ruler to the nearest 1 mm). We calculated
the ‘body condition’ as the body mass
divided by the SVL. Also, we used the
residuals of the regression of weight on
SVL, both In (r=0.86;
F1208=677.77; P<0.0001) as a ‘body

corrected

condition index’ (BCI), which may
represent an index of the relative amount

of fat stored, and hence an estimation of

individual physical condition or nutritional
status (Bonnet and Naulleau 1994).

We also made morphological
measurements of the head using digital
calipers (to the nearest 0.05 mm). Head
length was the distance between the tip of
the snout and the posterior side of the
parietal scales. Head width was the greatest
distance between the external sides of the
parietal scales. Head depth was the greatest
distance from the highest portion of the
head to the bottom of the lower jaw. We
transformed the head size measurements
by using the residuals of the regression of
head size on SVL, both In corrected
(regression: ~ head  length: r=0.79,
F123=394.79, P<0.0001; head width:
r=0.71, F;28=239.23, P<0.0001; head
depth: r=0.67, F 28=185.86, P<0.0001).

We also counted under a
magnifying glass the number of femoral
pores on the right and left hindlimbs of
lizards and calculated an average number
for both sides. Finally, we noted the
number of small but distinctive and
conspicuous blue ocelli that runs along
each of the body sides on the outer margin
of the belly of males, and calculated an
average number for both sides. These
ocelli seem to have a role in sex
recognition  and  intrasexual  social
relationships between males (Ldopez et al.

2002).
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We used GLM models to analyze
differences in morphological variables
between populations and between sexes,
including the interaction between sexes

and populations in the models.

Analyses of femoral gland secretions

Immediately after capture in the field, we
extracted femoral gland secretion of males
by gently pressing with forceps around the
femoral pores, and collected secretion
directly in glass vials with Teflon-lined
stoppers. Vials were stored at —20 °C until
analyses. We also used the same procedure
on each sampling occasion but without
collecting secretion, to obtain blank control
vials that were treated in the same manner
to compare with the lizard samples. Before
the analyses we added 250 pl of n-hexane
(Sigma, capillary GC grade) to each vial,
We analyzed lipophilic compounds in
samples by using a Finnigan-ThermoQuest
Trace 2000 gas chromatograph (GC) fitted
with a poly (5 % diphenyl / 95 %
dimethylsiloxane) column (Thermo Fisher,
Trace TR-5, 30 m length x 0.25 mm ID,
0.25-mm film thickness) and a Finnigan-
ThermoQuest Trace mass spectrometer
(MS) as detector. Sample injections (2 pl
of each sample dissolved in n-hexane)
were performed in splitless mode using
helium as the carrier gas at 30 cm/sec, with

injector temperature at 250 °C. The oven

temperature program was as follows: 50 °C
isothermal for 5 min, then increased to 270
°C at a rate of 10 °C/min, isothermal for 1
min, then increased to 315 °C at rate of 15
°C/min, and finally isothermal (315 °C) for
10 min. Ionization by electron impact (70
eV) was carried out at 250°C. Mass
spectral fragments below m/z=39 were not
recorded. Impurities identified in the
solvent and/or the control vial samples are
not reported. Initial tentative identification
of secretion components was done by
comparison of mass spectra in the
NIST/EPA/NIH 1998 computerized mass
spectral library. Identifications were
confirmed by comparison of spectra and
retention times with those of authentic
standards from Sigma-Aldrich Chemical
Co. For unidentified or unconfirmed
compounds we report here their
characteristic ions, which we used together
with retention times and characteristic m/z
ratios to confirm whether these compounds
were present in a given individual.

For the statistical analyses of
femoral secretions, the relative amount of
each component was determined as the
percent of the total ion current (TIC). The
relative areas of the peaks were
transformed following Aitchison’s
formula: Zij=In (Yij/g(Yj), where Zij is the
standardized peak area i for individual j,
Yij is the peak area i for individual j, and

g(Yj) is the geometric mean of all peaks for
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individual j (Aitchison 1986; Dietemann et
al. 2003). The homogeneity of variance of
these variables was tested with Levene’s
test, and Bonferroni’s correction was
applied. The transformed areas were used
as variables in a principal component
analysis. The eight principal components
(PC) extracted (all eigenvalues >1; which
explained 73.30 % of variance) were used
as independent variables in a multivariate
analysis of variance (MANOVA) to
determine whether the five populations of
male P. hispanica differed in the relative
abundances of compounds.

In addition, we used these eight
extracted PCs as covariates in a subsequent
discriminant analysis. We used this test to
verify whether chemical compounds in
femoral secretions could be used to predict

the population of origin of a male lizard.

RESULTS
Interpopulational differences in

morphology

Weight, SVL, body condition and BCI
were significantly different between sexes
(MANOVA: Wilks’ A=0.52, F,219=99.80,
P<0.0001) and between populations
(Wilks” A=0.52, Fg433=20.80, P<0.0001),
and the interaction between population and
sexes was also significant (Wilks” A=0.83,

Fs433=5.40, P<0.0001). Males were

significantly greater than females in all
variables (ANOV As: weight, F3=87.46,
P<0.0001; SVL, Fj2s=17.10, P<0.0001;
body condition, Fj2s=17.15, P=0.00005;
BCI, F25=123.90, P<0.0001).

For males, we found significant
differences between populations in weight
(F4.107=35.89, P<0.0001), SVL
(F4.107=38.80, P<0.0001) and body
condition (F4,107=38.75, P<0.0001, but not
for the BCI (F4107=1.53, P=0.19) (Table
1). Males from Fuenfria and Golondrina
populations were heavier and larger than
individuals from Aranjuez and Belmonte
(Tukey’s  tests, P<0.001 for all
comparisons). Males from Pedrezuela were
intermediate in size between all other
populations, with a weight similar to males
from Aranjuez (P=0.17) but with a SVL
similar to that of Golondrina males
(P=0.11) (Table 1).

In females, there were significant
differences between populations in weight
(F4.113=3.20, P=0.015), SVL (F4,113=11.43,
P<0.0001), body condition (F4;13=11.43,
P<0.0001) and BCI (F4;113=12.94,
P<0.0001) (Table 1). Females from
Fuenfria and Golondrina were significantly
greater than individuals from Belmonte
and Aranjuez (Tukey’s tests, P<0.05 for
all). Golondrina and Fuenfria females were
similar in size between them (P>0.50 for
all), as were similar Aranjuez and

Belmonte females (P>0.50 for all).
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Pedrezuela females were half way between
Fuenfria and Aranjuez females, with a size,
weight and body condition closed to
females from Golondrina and Belmonte
(P>0.10 for all).

For the weight measures, only one
significant difference was found; Belmonte
females were significant less heavy than
Fuenfria females (Tukey’s test, P=0.006);
the rest of comparisons were not
significant (P>0.10). Finally for the BCI,
females from Aranjuez had positive values,
differing significantly from all other
populations that had negative BCI values
(P<0.006 for all).

Respect to head size (length, width,
depth), we find overall
differences between sexes (MANOVA,

Wilks’” A=0.24, F3,,7=227.75, P<0.0001)

significant

F12574=2.28, P=0.007) (Table 1). Separated
analyses for each sex showed that males’
head size differed significantly between
populations (MANOVA, Wilks’ A=0.77,
Fi2278=2.32, P=0.007), also
differed significantly in head size
(MANOVA, Wilks” A=0.72, Fi2291=3.17,
P=0.0002). However, differences between

females

populations of males were only significant
for head depth (ANOVA, F4;07=5.68,
P=0.0003), but not for head Ilength
(F4,107=0.93,  P=0.44) and  width
(F4107=2.29, P=0.064) (Table 1). Males
from Fuenfria had significantly deeper
heads than males from Belmonte (Tukey’s
test, P=0.001) or Pedrezuela (P=0.043) but
did not significantly differ from males
from Aranjuez (P=0.99) and Golondrina
(P=0.32).

and between populations (Wilks” A=0.85,
F1.554=2.96, P=0.0004), also the
interaction was significant (Wilks’ A=0.88,

Table 1: Morphological characteristics

Morphological Populations (mean * SE) of P. hispanica lizards
measures Aranjuez Belmonte Golondrina Fuenfria Pedrezuela (males and females) from five distinct
Females populations of the Madrid area
Weight (g) 2.88+£0.13 246+0.17 293+0.14 326+0.14 2.78 £0.18 (Aranjuez, Belmonte,  Golondrina,
SVL (cm) 5.0+0.1 5.0+0.1 5.5+0.1 5.6+0.1 52+0.1 Fuenfria and Pedrezuela)_
Body condition (g) 276 £0.15 2.74 +£0.15 3.53+0.12 3.89+0.14 3.05+0.14
BCI 0.03 £0.02 -0.07 £ 0.02 -0.14 £0.02 -0.13£0.02 -0.08 £0.02
Head length (mm) 11.03 £0.12 11.13+£0.17 11.83 £0.14 12.00 £0.13 11.51 £0.17
Head width (mm) 6.56 +0.07 6.50 £0.10 6.74 £ 0.08 6.91 £0.08 6.59+£0.11
Head depth (mm) 4.82 £0.06 4.79 £0.08 498 £0.07 5.09 £0.07 4.75 £0.09
Femoral pores 13.7+£0.2 164+0.3 156+0.2 16.0£0.2 153+0.3
Males
Weight (g) 3.35+0.17 3.06 £0.17 4.66 £0.17 546 +£0.15 3.84+0.18
SVL (cm) 5.1+0.1 5.0+0.1 5.8+0.1 6.2+0.1 5.5+0.1
Body condition (g) 297 +£0.15 2.76 £0.12 418 £0.14 485+0.13 3.64+0.17
BCI 0.08 £0.02 0.07 £0.02 0.08 £0.02 0.09 £0.01 0.04 £0.02
Head length (mm) 12.67 £0.20 12.41 £0.19 14.23 £0.20 14.87 £0.17 13.77 £0.21
Head width (mm) 7.26 £0.13 747+0.13 8.17+0.13 8.52+0.11 797 £0.14
Head depth (mm) 5.32+0.10 5.60 £0.10 6.06 +£0.10 6.11 £0.08 591+0.10
Femoral pores 162+0.3 17.5+£0.3 18.3+0.3 17.7+£0.2 172+0.3
Blue ocelli 4.5+0.5 4.9 +0.5 1.9+0.5 1.7+0.4 59+0.5
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With respect to the number of
femoral pores, males had significantly
more pores than females (two-way
ANOVA, F20=131.80, P<0.0001) (Table
1), the population had a significant effect
on the number of femoral pores without
(F4220=23.05,

P<0.0001), and the interaction between

sex consideration

populations and sexes was significant
(F420=2.84, P=0.025). Lizards from
Aranjuez had significantly less femoral
pores than lizards from Golondrina
(Tukey’s tests, P=0.0001 for males and
females), Fuenfria (P=0.001 for males, and
P=0.0001 for females), or Belmonte
(P=0.017 for males, and P=0.0001 for
females). Pedrezuela males had a similar
number of femoral pores than Aranjuez
males (P=0.11), but Pedrezuela females
had significantly more pores than Aranjuez
females (P=0.02). Both males and females,
from Golondrina, Fuenfria and Belmonte
had a similar number of femoral pores
(P>0.50 for all).

With respect to the number of blue
ocelli of males, there were significant
differences between populations (ANOVA,
Fa107=15.13, P<0.0001) (Table 1).
Aranjuez, Belmonte and Pedrezuela males
had significantly more blue ocelli than
males from Fuenfria and Golondrina
(Tukey’s tests, P>0.05 for all
comparisons); while there were not

significant differences between males from

Belmonte, Aranjuez and Pedrezuela
(P>0.50 for all), nor between Fuenfria and
Golondrina (P =0.99).
Interpopulational differences in
chemical composition of femoral

secretions

We found 53 lipophilic compounds in
femoral gland secretions of male P.
hispanica (Table 2). The lipophilic fraction
of femoral gland secretions of males is a
mixture of steroids (83.69 % of TIC), and
carboxylic acids ranged between n-C;4 and
n-Cy, and their esters (10.30 %), but we
found also five alcohols between n-C;¢ and
n-Cyy (3.53 %), a furanone (1.18 %), four
waxy esters (1.10 %), squalene (0.60 %),
and two terpenoids (0.28 %) (Table 2). On
average, the five most abundant chemicals
were cholesterol (63.24 % of TIC),
followed by cholesta-5,7-dien-3-ol (5.16
%), hexadecanoic acid (3.73 %),
campesterol (3.66 %), octadecenoic acid
(2.46 %) and octadecanoic acid (1.77 %)
(Table 2).

There were 34 chemical
compounds presented in all populations,
but we encountered differences between
populations in the presence/absence of 19
compounds in femoral secretions. With
respect to steroids, we observed nine
differences in

presence/absence  of

chemicals between populations (Table 2).
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Compounds (E;) Fuenfria Pedrezuela Golondrina Belmonte Aranjuez
Steroids:

Un.steroid.(145,213,248,353,368,387) 29.92  0.01 £0.01 - 0.17+0.05 1.49+0.56 -
Cholesta-2-4-diene 30.58  0.68+0.11 2.66 +0.44 044 +£0.08 2.59+0.46 0.96 £0.35
Cholesta-3.5-diene 30.81 0.42+0.10 0.23 £0.04 0.30+£0.07 0.13+£0.03 0.25+£0.07
Un.steroid (155,197,251,350,365) 3096 1.32+0.16 1.00 £0.14 0.55+0 0.45 +0.06 0.45+0.17
Cholesta-5,7,9(11)-trien-3-ol 31.06 1.62+0.18 1.07 £0.24 094+£0.11 0.65+0.11 0.29 £0.07
Un.steroid (207,251,350,365) 31.13  0.40+0.08 0.16 £0.02 0.18+£0.02 0.18+£0.07 0.08 £0.04
Un.steroid (143,195,207,351,366) 31.20 0.19+0.02 0.08 £0.01 0.15+0.04 0.18+0.05 0.22 £ 0.06
Un. steroid (141,156,209,350,365) 31.37  0.37+0.05 0.03 £0.01 030+£0.06 2.47+042 -

Un. steroid (155,197,251,365,379) 31.64 0.06 £0.01 0.21 £0.02 0.08+£0.02 043+0.07 045 +£0.18
Un.steroid (195,209,251,365,379) 31.84 - 0.07 £0.01 0.27+0.07 0.51+0.08 0.32+0.12
Cholesterol 3243 59.74+279 6233+1.68 66.61 £2.00 53.03+2.51 74.51+2.04
Cholestanol 3247 140+0.14 0.53 £0.08 090+£0.11  0.60 £0.06 0.55+£0.12
Cholesta-5.7-dien-3-ol. 32.65 1341+£1.85 2.68 £0.54 8.02+133 1.16+£0.19 0.54 £0.17
Un.steroid (105,213,255,353,368,386,415) 3275  0.02+0.01 0.03 £0.02 0.35+£0.11 0.09+£0.03 0.39+£0.16
Ergosterol 33.00 - 0.05 £0.02 - 0.17+£0.11 -
Campesterol 33.17  1.61+0.22 3.76 £0.28 327+036 546+0.28 4.22 +0.57
Cholest-4-en-3-one 3341 0.17+£0.03 0.53+£0.17 0.19+£0.05 0.20+£0.02 0.92 £0.38
Ergosta-5,8-dien-3-o0l 33.50 2.43+0.30 1.58 £0.22 238+0.37 1.31+0.24 0.56 £0.14
Cholesta-4,6-dien-3-one 33.69 0.24 £0.06 0.53 +0.08 0.29+0.06 0.40+0.06 -
Sitosterol 33.92  0.65+0.10 0.74 £0.16 094+£0.15 1.18+0.11 1.13+£0.23
Ergostanol 3402 0.07+0.01 0.08 £0.03 0.10£0.02 0.11+0.02 0.33+0.11
Stigmasterol 34.13  0.31+0.06 0.27 £0.13 0.28+0.04 1.22+0.22 0.44 £0.26
Un.steroid (221,253,281,355,380,430) 3430 2.23+032 0.70+£0.18 1.01+£0.16 - -
Cholest-5-en-3-one 34.38 - - - 1.33+0.24 091 +0.28
Ergosta-5.22-dien-3-ol 34.47 - 0.13+0.07 0.12+0.03 0.15+0.04 -
Un.steroid (214,267,395) 3530 0.12+0.04 0.21 £0.11 - 0.56 +0.44 0.22 £ 0.09
Carboxylic acids and their esters:

Tetradecanoic acid 20.64 0.16 £0.04 0.38+0.13 0.22+0.06 0.24+0.05 0.85+0.55
Pentadecanoic acid 21.68 0.13+0.02 0.15+0.12 0.10+0.03 0.18+0.05 041+£0.19
Hexadecanoic acid. methyl ester 22.33 - 0.05 £0.02 - 0.09 £0.02 0.25 £0.08
Hexadecenoic acid 22.54  0.16£0.02 0.40 £0.20 0.25+0.07 0.57+0.33 0.28 +£0.09
Hexadecanoic acid 2276  3.68+0.32 4.36 +0.65 3.11+£035 598+0.51 1.54+0.23
Hexadecanoic acid, ethyl ester 22.98 - 0.37 +0.11 - 0.19 £0.06 0.40+0.17
9,12-octadecadienoic acid 2435 0.10+0.01 0.11 £0.02 0.12+0.02 0.27+£0.08 0.06 +0.02
Octadecenoic acid 2443  1.99+0.18 1.76 £0.20 2.76+0.57 4.82+1.41 1.01+£0.21
Octadecanoic acid 24.60 1.39%0.12 2.52+0.34 141£0.13 255+£0.23 0.99 £0.18
Octadecanoic acid, ethyl ester 24.82 - 0.51+£0.23 - 0.14 £0.04 0.55+0.23
Eicosanoic Acid 26.31  0.46+0.09 0.63 £0.15 076 £0.11  0.59+0.17 0.64 £0.18
Docosanoic acid 28.00 - 0.01 £0.01 - 0.01 £0.01 -
Docosanoic acid, ethyl ester 28.21 - 0.45+0.12 - 0.21 £0.05 0.23+0.12
Alcohols:

Hexadecanol 21.02  0.23+0.05 - 0.19+0.07 0.16+£0.04 0.16 £ 0.05
Octadecanol 23.87 0.26+£0.05 0.69 £0.16 0.19+£0.06 0.29+£0.08 -
Eicosanol 25.67 0.17+0.03 0.55+0.13 0.28+0.08 0.21+£0.05 0.81 £0.28
Docosanol 2733 0.23+0.05 0.52+£0.15 0.23+0.04 0.23+0.04 0.73+0.26
Tetracosanol 29.80 0.03+0.01 0.07 £0.01 0.02+0.01 0.07+0.02 0.01 £0.01
Waxy esters:

Unidentified waxy ester 1 2945 0.28+0.08 0.98 £0.20 - 1.37£0.47 0.75+0.23
Unidentified waxy ester 2 35.57 0.58+0.10 2.61 £0.60 0.42+0.08 2.84+0.45 0.69 +0.26
Unidentified waxy ester 3 38.06 0.23+0.06 0.29 £ 0.06 0.20+0.05 0.09+0.03 0.37£0.23
Unidentified waxy ester 4 38.27 0.63+0.11 1.78 £0.26 047+£0.10 2.26+0.30 0.82£0.16
Others:

Tetradecanone 22.11  0.20+0.05 0.27 £0.11 0.13+0.03 0.15+0.03 0.18 +£0.06
Unidentified Furanone 24.19  0.12+0.02 0.10 £0.03 0.06 +0.01 - -
Squalene 30.07 0.93+0.26 0.70 £0.10 0.66+0.20 0.35+0.04 0.40+£0.19
Unidentified terpenoid 1 30.83  0.09+0.03 0.07 £0.03 0.08+£0.02 0.03+£0.01 0.13+£0.07
Unidentified terpenoid 2 31.94 0.48 +0.09 - 0.48+0.12 0.05+0.01 -

Table 2: Lipophilic compounds found in femoral gland secretions of male lizards, P. hispanica from five distinct
populations of the Madrid area. The relative amount of each component was determined as the percent of the total ion
current (TIC) and reported as the average (+ 1SE). Characteristics (mm/z) are reported for some unidentified compounds.
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An unidentified steroid (with retention
time, RT, of 29.92) was situated in
Fuenfria, Golondrina and Belmonte
populations but not in Aranjuez and
Pedrezuela. Cholesta-4,6-dien-3-one and
an unidentified steroid (R7=31.37) were
found in all populations except Aranjuez.
While another unidentified  steroid
(RT=31.84) was presented in all
populations but in Fuenfria. The
unidentified steroid (R7=35.30) was seen
in all populations except in Golondrina.
Ergosterol was observed only in
Pedrezuela and Belmonte populations, and
ergosta-5,22-dien-3-ol was only found in
Pedrezuela, Golondrina and Belmonte. The
unidentified steroid (R7=34.30) was only
in the three Northern populations, while
cholest-5-en-3-one was only situated in the
two Southern populations.

With respect to the carboxylic acids
and their esters, we found five differences
in presence/absence between populations.
The ethyl esters of hexadecanoic,
octadecanoic and docosanoic acids were
only seen in Belmonte, Aranjuez and
Pedrezuela populations. Docosanoic acid
was present only in Pedrezuela and
Belmonte.

Finally for the rest of compounds,
we had several differences, such as for
hexadecanol, absent in Pedrezuela, or for

octadecanol that was not found in

Aranjuez. The unidentified waxy ester
(RT=35.57) was presented in all
populations but in Golondrina, while the
furanone was only observed in the three
Northern populations, and the unidentified
terpenoid (RT=31.94) was only
encountered in Fuenfria, Golondrina and
Belmonte.

Moreover, multivariate analyses on
the eights PCs for the relative proportions
of all compounds showed that there were
significant differences between populations
(MANOVA, Wilks’ 1<0.0001,
F3,355=453.39, P<0.0001) (Table 3).

According to the correlations of
compounds with the PCs, the PC-1 scores
were related positively to proportion of
tetradecanone, hexadecanoic acid,
eicosanol, docosanol, cholesta-3,5-diene,
cholesterol,  cholestanol,  campesterol,
cholest-4-en-3-one, sitosterol and an
unidentified steroid (R7=31.20) and
negatively with the proportions of
ergosterol. ~ There  were  significant
differences in PC-1 score values between
populations  (ANOVA,  F4,03=120.49,
P<0.0001) (Table 3). All comparisons
between populations were significant
(Tukey’s tests: P<0.001) except between
Fuenfria and Golondrina (P=0.11). Males
from Aranjuez had the highest positive
values for this PC-1, whereas Belmonte

had the lowest scores.
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The PC-2 scores were negatively
correlated with proportions of cholest-4-
en-3-one, hexadecanoic acid methyl ester,
and the ethyl esters of hexadecanoic,
octadecanoic and docosanoic  acids,
whereas they were, related positively with
the proportions of octadecanol, an
unidentified furanone, cholesta-4,6-dien-3-
one and two unidentified steroids
(RT=31.37, RT=34.30). PC-2 scores varied
significantly with the population of origin
(ANOVA, F4103=1072.12, P<0.0001)
(Table 3). We observed a gradient of PC-2
scores between Golondrina and Aranjuez
populations. Golondrina, Fuenfria and
Pedrezuela had positive values, while
Belmonte and Aranjuez had negative
values. Moreover, Golondrina  had
significantly higher PC-2 scores than all
other  populations

P<0.0002).  Then,

(Tukey’s  tests:
Fuenfria  showed
significantly higher values than
Pedrezuela, Belmonte and Aranjuez
(P<0.0002), PC-2 scores of Pedrezuela
population were significantly higher than
those of Belmonte and Aranjuez
(P<0.0002); and those of Belmonte were
significantly higher than those of Aranjuez
(P<0.0002). Lizards from Aranjuez had
secretions with the lowest PC-2 scores of
all populations.

The PC-3 scores were related
negatively with proportions of the

unidentified terpenoid 1 and the steroid

(RT=31.84) and positively with
proportions of the waxy ester 1 and the
steroid (RT=35.30). There were significant
differences between populations in PC-3
scores (ANOVA, F4103=205.99, P<0.0001)
(Table 3). We observed a decreasing
gradient of PC-3 scores from Fuenfria,
then Pedrezuela, Belmonte, Aranjuez and
Golondrina. Lizards from Fuenfria,
Pedrezuela and Belmonte had positive PC-
3 values, while values were negative for
Aranjuez and Golondrina populations. All
comparisons between populations were
significant (Tukey’s tests: P<0.0002)
except between Belmonte and Pedrezuela
(P=0.99).

The PC-4 scores were related
positively to proportions of hexadecanol,
the unidentified terpenoid 2 and the steroid
(RT=29.92), and significant differences
were  found  between  populations
(ANOVA,  F4103=23598, P<0.0001)
(Table 3). We found a gradient of
populations from higher to lower: PC-4
scores from Belmonte, then Fuenfria,
Golondrina, Aranjuez and until Pedrezuela.
Males from Belmonte, Fuenfria and
Golondrina had positive PC-4 values,
while Aranjuez and Pedrezuela had
negative values. All post-hoc comparisons
between populations were significant
(Tukey’s tests: P<0.003); only Fuenfria
and Golondrina did not differ (P=0.70).
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The PC-5 scores were correlated
negatively with proportions of the waxy
esters 2 and 4, and there were significant
differences between populations (ANOVA,
F4103=2.98, P=0.02) (Table 3). Only one
significant difference was found: between
Fuenfria and Belmonte (Tukey’s test:
P=0.03); but the rest of comparisons
between populations were not significant
(P>0.10 for all).

The PC-6 scores were related
positively with proportions of
hexadecanoic acid and octadecadienoic
acid, and there were significant differences
populations (ANOVA,
F1103=2.62, P=0.03) (Table 3). But, all

between

Tukey’s comparisons between populations
were not significant (P>0.20).

Moreover, the PC-7 (i.e.
tetracosanol) and PC-8 scores (unidentified
steroid, R7=31.64) were not affected by
the population of origin of lizards
(F4,103=0.58, P=0.67 for PC-7; F403=0.61,
P=0.65 for PC-8).

When we compared in particular
the proportion of one compound, the
cholesta-5,7-dien-3-ol, we found a
significant effect of the population of
origin on the proportions of this steroid
(ANOVA: F4,03=76.25, P<0.0001). There
was a decreasing gradient of proportions,
where Fuenfria was the population with
highest levels, then Golondrina, followed

by Pedrezuela, Aranjuez, and Belmonte

with the lowest proportions. All
comparisons between populations were
significant (Tukey’s test: P<0.0001).

In addition, the discriminant
analysis showed that PCs scores of
chemical compounds in femoral secretions
could be used to predict the population of
origin of a male lizard (Wilks’ A=0.0001,
F3;355=453.39, P<0.0001) (Fig. 2).

Then, we calculated the squared
Mahalanobis distances of individuals with
all other individuals, and compared them
between populations. These distances were
affected by the population of origin of
males (F6412=2537.26, P<0.0001).

Separated analyses showed that
males from Fuenfria did not have the same
relative distance to all populations
(F19>=2353.98, P<0.0001) (Fig. 3); the
distance increased with the geographical
distance to populations: from lowest values
for Golondrina, then greater distances with
Pedrezuela, Belmonte and the greatest
distance with Aranjuez. All comparisons of
these distance’s scores between
populations were significant (Tukey’s
tests: P<0.0002 for all). We observed a
similar result for Golondrina males; there
were  significant different  distances
depending of the population of origin
(F49,=3348.76, P<0.0001) (Fig. 3) and this
distance increased as a gradient, from
Fuenfria, then Pedrezuela, Belmonte and

finally with the greatest distances to
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Aranjuez. All comparisons between
populations were significant (Tukey’s
tests: P<0.0002).

Conversely, for the Southern

populations, Aranjuez and Belmonte, we
observed a similar effect, but opposite.
Distances increased as populations are
more located to the North (F476=3052.32,
P<0.0001 for Aranjuez; F484=2082.10,
P<0.0001 for Belmonte) (Fig. 3). The
distance between Belmonte or Aranjuez
was lower with their respective closer

population (Aranjuez or Belmonte), but

these distances were significant (Tukey’s
tests: P<0.0002).

Finally, for Pedrezuela lizards, we
the
population  of (F463=410.11,
P<0.0001) (Fig. 3), where the distance

also observed a variation with

origin

between the secretions from Pedrezuela
and Belmonte was lower but significant,
then there was an increasing gradient from
Aranjuez to Fuenfria and Golondrina; all
comparisons between populations were
(Tukey’s P<0.0002),

significant tests:

except between Fuenfria and Golondrina

then increased as a gradient from (P=0.10) or between Fuenfria and
Pedrezuela, then Fuenfria and Golondrina. Aranjuez (P=0.57).
All comparisons between populations of
PCs eigenvalue  Fuenfria Pedrezuela Golondrina  Belmonte Aranjuez
PC-1 1887  0.59+0.08" -0.59+0.10° 0.29+0.08" -1.47+0.09" 1.080.09"
PC-2 9.24 0.77+£0.03°  0.32+0.03° 0.97+0.03* -0.64+0.03" -1.67 +0.03°
PC-3 4.60 1.34£0.06° 0.15+0.08" -1.42+0.06" 020£0.0° -0.27+0.07°
PC-4 3.21 0.49+0.06" -1.98+0.07" 0.37£0.06° 0.84+0.06" -0.19+0.07°
PC-5 199  -037£0.19" -0.10£0.22" 0.23£0.19° 047£0.20° -0.26+0.21"
PC-6 1.68 031+0.19 -050+0.22 0.18+0.19 -0.27+0.20 0.15+0.21
PC-7 1.23 0.06£020 022+£0.09 0.02+£020 -024+0.21 -0.04+0.22
PC-8 1.16 0.17£0.20 0.9+0.23 -0.15+£0.20 0.09+£0.21 -0.21+£0.22
Table 3: Principal components (PCs) scores (mean +
SE) from a PCA for relative proportions of
14 compounds in femoral secretions of P. hispanica
12 W Fuenfria from five distinct populations in the Madrid area.
A Pedrezuela Same small letters on means indicated lack of
O Golondrina .. . s
10 O Belmonte significant post-hoc differences (Tukey’s tests)
8 o @ Aranjuez between populations within each PC.
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Fig. 3: Squared Mahalabobis distances (mean + SE), from discrimimant analysis of chemical components’ PCs scores, of
different populations P. hispanica males (Fuenfria “F”, Pedrezuela “P”, Golondrina “G”, Belmonte “B” and Aranjuez “A”).
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DISCUSSION

Our results first showed that individuals of
P. hispanica from different populations
differed in some morphological aspects.
We could differentiate between individuals
from the South and North of this contact
zone. Lizards from Fuenfria, Golondrina
and Pedrezuela populations (i.e., Northern
part) were characterized by being larger,
heavier, and more robust, and with greater
heads; than individuals from Aranjuez and
Belmonte (i.e., Southern part). We used
here the body condition index (BCI),
which is the relative variation of weight
corrected by the SVL. Positive values of
BCI could be explained by observed
weight being superior to predicted weight,
while negative values have predicted
weights that were greater than observed
weight. Thus, females from Aranjuez with
negatives values of BCI were heavier with
respect to their size than females from
other populations. Finally, we observed a
gradient in size, weight and head size
between the two more geographically
distant, extreme populations (Aranjuez and
Fuenfria), with greater values in the North
that decreased as populations were located
more to the South

These differences in morphology
between populations could be explained by
the different habitats where these

populations live. Firstly, Northern and

Southern populations are localized in two
geographically contrasting sites; mountains
(cold, humidity and high altitude) vs.
lowland (hot, dry and low altitude).
Variations of body size of many animals,
and in particular of vertebrates, are often
related to climatic factors. Many species
show trends in body size that conform to
Bergmann's rule, individuals from colder
environments being larger than those from
warmer areas (e.g., Yom-Tov and Nix
1986). Moreover, animals in cold sites
could have color adaptations in order to
maximize capture of sun or heat, and more
tests could be interesting in order to see
whether, in addition to body size, the
climate of a habitat could affect coloration
of lizards to allow a better adaptation to
abiotic local conditions.

Similarly, respect to chemical
signals, there are differences between
Northern and Southern populations of P.
hispanica. First, males from Northern
populations (Golondrina and Fuenfria) had
more femoral pores than males from
Southern populations (Aranjuez and
Belmonte). Only lizards from the Northern
Pedrezuela population had a number of
pores that was lower than in the other
Northern populations but that was close to
those of Southern populations. In addition,
the analyses of chemical composition of
femoral secretions showed that similarly to

other lizard species, femoral gland
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secretions of P. hispanica have carboxylic
acids and steroids as predominant
components (reviewed in Weldon et al.
2008). Among steroids, cholesterol was the
main steroid, which was also found in
abundance in secretions of most lizard
species (Weldon et al. 2008). More
interestingly, chemicals found in femoral
gland secretions of male P. hispanica
varied in composition and proportions
between populations. The analyses pointed
out that each population had a singular
chemical composition and proportion.
Each population could be characterized
separately in base to chemical composition
of femoral secretions. These differences
could be due to local adaptation to the
habitats where each population lives. Also,
these lipidic secretions might be related to
alimentation (Symond 2009). Thus, this
multiple chemical variability could be the
consequence of distinct diets, or more
exactly of different available food sources.
Molecules from trophic sources of each
population would be present in cellules,
and could finally be secreted by femoral
glands. Diet could be very variable
between populations, between seasons, and
between individuals (due to different prey
items or ability to find food).

Furthermore, for some compounds
in femoral secretions, we observed a
correlation ~ with  the  geographical

classification of lizard populations (North

vs. South). Steroids such as some
unidentified steroids and cholesta-4,6-dien-
3-one, or the alcohol octadecanol were
more abundant in secretions from Northern
populations than in Southern ones. Finally,
relative proportions of several ethyl esters
of carboxylic acids, and cholest-4-en-3-one
were more abundant in Southern than in
Northern males. These differences in
chemical compounds might be related to
different microclimatic conditions in the
geographical area occupied for each
population of lizards (Alberts 1992;
Escobar et al. 2001, 2003). Thus, Northern
lizards occupy areas characterized by high
levels of humidity and low temperature;
whereas Southern males occupy more dry
and hot areas (Gabirot et al. unpublished
data). If the persistence of scent marks in
the habitat was a requisite for their
efficiency, then there might be selection
for the presence of different chemicals in
femoral secretions used to mark substrates
(see Alberts 1992).

Moreover, chemicals in femoral
secretions of Aranjuez male lizards were
characterized by higher proportions of
cholesterol than in other populations.
Cholesterol is a steroid of animal origin
that was found in abundance in femoral
and precloacal gland secretions of most
lizard species (Alberts et al. 1992; Escobar
et al. 2001; Lopez and 2005). The

abundance and ubiquity of cholesterol in
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secretions was thought to be useful to
constitute an unreactive apolar matrix that
delivers the compounds that are the true
semiochemicals (Escobar et al. 2003).
Thus, cholesterol could confer a better
stabilizer for secretions, especially in
habitats with high evaporation rates. The
hot conditions in the South of the study
area could difficult the persistence of
substrate scent marks for longer, while the
presence of high proportions of cholesterol
could allow a better persistence of these
secretions.

Therefore, it is likely that selection
for a better efficiency of chemical signals
used in intraspecific communication had
led to differences in composition of
femoral secretions of the different
populations of male Iberian wall lizards
inhabiting different environments; with
less volatile and stable molecules being
found in habitats where evaporation rate
conditions are higher. The question that
arises is whether these differences in
chemicals affect recognition systems and
whether this may have consequences for
speciation.

Femoral gland secretions of males
and especially some compounds could
advertise residence in a home range, and/or
convey information about social status and
competitive ability (Aragén et al. 2001;
Loépez and Martin 2002), or even transmit

information about a male’s quality, which

females may use to select mates (Martin
and Loépez 2000; Lopez et al. 2002; Olsson
et al. 2003). Previous studies showed that
P. hispanica have a efficient chemosensory
discrimination of chemical compounds
found in femoral secretions, and that
females could made their partner scent
choice using these chemical compounds,
and especially cholesta-5,7-dien-3-ol,
which may signal a better cell-mediated
immune response (Lépez and Martin 2005;
Lopez et al. 2009). The steroid cholesta-
5,7-dien-3-0l is a precursor for vitamin D3,
and is often found in the skin, where it will
transform into vitamin after exposition to
sun UV-B irradiation (Fraser 1995; Holick
et al. 1995; Carman et al. 2000). Vitamin
D3 is essential in calcium metabolism of
lizards and other vertebrates (Allen et al.
1994; Laing and Fraser 1999), thus, this
compound could inform conspecifics,
especially females, on the health status of
males. Interestingly our results showed that
variation of cholesta-5,7-dien-3-o0l between
populations was notable, and also
responded to the classification North vs.
South. Lizards from Southern populations
had lower proportions of cholesta-5,7-dien-
3-ol than those from Northern populations.
Thus, this could be interpreted as that
lizards from the North secrete more
cholesta-5,7-dien-3-ol, probably because
their intraspecific communication relies

more on this compound. While Southern
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lizards might not use this chemical signal
so much, but rely more on another type of
signals. The comparison of the potential
importance of visual signals (i.e., number
of blue ocelli) might support this. The
number of blue ocelli in males differed
between populations; individual from the
North have less blue ocelli than Southern
lizards. Many animals display color in
fleshy structures which may be accurate
indicators of quality due to their potentially
rapid response to changes in condition
(Lozano 1994; Faivre et al, 2003). In many
lizards, males show a conspicuous row of
small distinctive blue ocelli that runs along
their body side on the outer margin of the
belly. These ocelli could be a visual signal
used in intrasexual selection processes
(Lopez et al. 2002, 2004). As it occurs in
other lacertid lizards, blue ocelli may be a
reliable signal of sex, body size/age and/or
body condition (Lopez et al. 2004).
Considering the differences in
number of femoral pores and blue ocelli
between Northern and Southern
populations in this contact area, we could
suggest that these populations might be
adapted to different habitats and in
consequence might be using different type
of signals in communication. These
elements lead us to hypothesize that
populations from the mountains of North

of Madrid, with cold and humid habitat,

might use chemical communication more

intensively than lizards from Southern
populations. In contrast, in the populations
from South of Madrid, where the habitat is
drier and hotter, other type of
communication, such as the visual one,
could prevail.

These characteristics of Northern
population are closed to those described
for the morphotype 1 of P. hispanica by
Sa-Sousa (2000), while individuals from
the South look more like the description of
the morphotype 2 (Pérez-Mellado and
Galindo 1986; Guillaume 1987; Sa-Sousa
2000; Sa-Sousa et al. 2002). We observed
a particular result for lizards from
Pedrezuela population; these lizards live in
the North but they have chemical and
morphological differences with respect to
other Northern lizards such as, for
example, those from Fuenfria. This
population could be adapted to this place
and could have evolved differently than the
other Northern populations. Experiments
of chemical recognition and genetic tests
could clarify whether lizards from
Pedrezuela are or are not closer to Fuenfria
lizards or whether this population of
lizards 1is totally different. All these
populations studied living in distinct areas
could have evolved in different way and
used different communication signals or
different cues in mate choice. These
chemical differences between North and

South or between populations could be
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related with similar genetic variations, but

further —molecular comparisons  are
necessary to conclude this. Thus, these
results suggest the existence of ongoing
reproductive  isolation and speciation
between types in the P. hispanica complex,
which merits further studies.

In summary, in this paper, we
compared five different populations within
the species complex of P. hispanica in a
contact zone where we can found at least
two previously described morphotypes.
Results showed that morphologically and
chemically, we could differentiate at least
between two classes or types of lizards:
lizards from the North and from the South
of the region. The Northern individuals
were more robust, heavier and larger with
more femoral pores, but less blue ocelli,
than Southern lizards. Moreover, chemical
femoral secretions varied between
populations. Most of this variation could
be due to local adaptation to different
habitats and could be consequence of
different alimentations in different areas.
Finally, we noted a correlation between the
classification North vs. South and some
chemical components, especially for
cholesta-5,7-dien-3-ol. Males from the
Northern  populations  have  higher
proportions of this steroid in secretions
than Southern males. Because this
compound could be an honest signal of

male quality in some lizards, we could

hypothesize that the importance of this
signal could differ between Northern and
Southern populations. Finally, all these
results point out that these populations
could have evolved different types of
signals. These results give more cues on
the possibility that in this contact zone
there could be an ongoing speciation

process between P. hispanica populations.
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Las variaciones interpoblacionales en el reconocimiento quimico y en la
eleccion de olores de machos por parte de las hembras de la lagartija

Ibérica Podarcis hispanica podrian reflejar procesos de especiacion criptica.
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Comparaciones genéticas y morfolégicas entre tipos sugieren la existencia un complejo de
especies de la lagartija Ibérica (Podarcis hispanica), con varios tipos monofiléticos, en
procesos activos de aislamiento reproductivo. En estas lagartijas, las feromonas sexuales son
importantes en la eleccion de pareja y el reconocimiento interespecifico y, por lo tanto, las
diferencias entre tipos en las secreciones quimicas podrian llevar a un aislamiento
reproductivo. En el centro de la Peninsula Ibérica, se encuentran varias poblaciones con
caracteristicas diferenciadas de morfologia, coloracién y sefiales quimicas, que ocupan areas
cercanas sin aislamiento geografico. En esta zona de contacto, estudiamos la comunicacion
interpoblacional mediante sefiales quimicas entre cinco poblaciones diferentes de P.
hispanica. Los resultados no indicaron una discriminacién quimiosensorial clara de los olores
de individuos de la propia poblacidn, sino sélo una preferencia por el drea de origen (norte vs.
sur). Los individuos discriminaron y mostraron mads interés por olores de lagartijas de varias
poblaciones su propia drea frente a las de la otra drea. Sin embargo, es interesante que sélo los
machos de las poblaciones mds alejadas geograficamente distinguieran y sefialaron mds
interés por olores de hembras de su propia poblacién que por los de las otras poblaciones.
Ademads, hicimos pruebas de eleccién en las que las hembras de tres poblaciones podian elegir
entre sustratos con marcas olorosas de machos de distintas poblaciones. Las hembras de las
poblaciones més alejadas geograficamente pasaron mds tiempo en zonas con marcas olorosas
de machos de su propia poblacién, mientras que las hembras de la poblacion intermedia no
prefirieron marcas olorosas de machos de su poblacién. La habilidad de los machos de
algunas poblaciones para discriminar entre seflales quimicas de hembras de distintas
poblaciones y el reconocimiento del drea de origen por los dos sexos indicaria la existencia de
aislamiento reproductivo parcial entre algunas de estas poblaciones de esta zona de contacto.
Estos resultados apuntarian a que el aislamiento reproductivo entre poblaciones dentro del
complejo de P. hispanica no estd tan claro, pero que, al menos entre las poblaciones mas
distantes geograficamente, existiria un proceso de especiacion criptica mediado por

aislamiento reproductivo basado en feromonas.
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Interpopulational variation in chemosensory recognition and female choice
of males’ scent in the Iberian wall lizard Podarcis hispanica may reflect

cryptic speciation processes

Marianne Gabirot, Pilar Lopez, José Martin

Abstract Genetic and morphological comparisons between types suggest the existence of a
“species complex” with several monophyletic types in the Iberian wall lizard (Podarcis
hispanica), with a ongoing reproductive isolation processes. In these lizards, sex pheromones
are important for mate choice and species recognition and, thus, differences between lizards’
types in chemical secretions could lead to reproductive isolation. In Central Spain, there are
several distinct populations with distinct morphology, coloration and chemical signals
characteristics that occupy nearby areas without geographic isolation. In this contact zone, we
studied interpopulational communication by chemical cues between five distinct populations
of P. hispanica. Our results did not indicate a clear chemosensory discrimination of scents of
individuals from the own population, but only an origin area preference (north vs. south).
Individuals discriminated and showed more interest for scents of several populations of
lizards from their own area than from the other area. However, interestingly, only males from
geographically farther populations distinguished and had more interest for scent of females
from their own populations than from other populations. In addition, we made choice trials
where females of three populations could choose between scents marked substrates of males
from different populations. Females from the two more geographically distant populations
spent more time on scent marks of males from their own population; while females from the
intermediate population did not prefer scent marks of males from their population. The ability
of males from some populations to discriminate between chemical signals of female
populations and the area of origin recognition by both sexes may indicate the existence of
partial reproductive isolation between some of these populations in this contact zone. All
these results support that reproductive isolation between distinct populations in the P.
hispanica complex is not clear, but that, at least between the more geographically distant
populations there could exist an ongoing cryptic speciation process mediated by pheromone
reproductive isolation.

Résumé Des comparaisons génétiques et morphologiques ont suggérées 1’existence un
complexe d’especes du l1ézard Podarcis hispanica, qui comprend plusieurs types
monophylétiques, avec un processus d’isolation reproductive en marche mais le
comportement sexuel est pour le moment inconnu. Ces lézards utilisent les phéromones
sexuelles pour faire leurs choix de partenaire ou pour la distinction entre especes, donc des
différences au niveau des secrétions chimiques de cet animal pourraient conduire a un
isolement reproductif. Dans la partie centrale de la péninsule ibérique, au moins deux
morphotypes de ce complexe ont été identifiés sans aucune isolation géographique notable.
En conséquence, dans cette zone de contact, nous avons étudié la communication
interpopulationale a base de signaux chimiques entre différentes populations caractérisées par
une morphologie et signaux chimiques distincts. De plus, les femelles de chaque population
sont mises en présence de plusieurs odeurs de males (de sa population ou non) et pourront
faire le choix d’étre en présence ou non de ces secrétions. Nos résultats ont montré 1’existence
d’une discrimination significative utilisant les signaux chimiques de la part des femelles et
des males, mais pas de préférence claire pour les odeurs de leur propres populations,
seulement une préférence pour les secrétions de la zone. Les 1ézards du nord et sud de la zone
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de contact ont été plus intéressés par les secrétions des populations de leur zone que de 1’autre
(Sud vs. Nord). Seulement, les males des populations situées aux extrémes de cette zone,
reconnaissaient et avaient un intérét élevé pour les odeurs des femelles de leur propre
population. De plus, les femelles de ces populations extrémes ont passé plus de temps en
présence des secrétions des males de leur population plutdt que des autres populations ; tandis
que la population intermédiaire n’a pas de préférence pour un type de sécrétion. En
conclusion, la discrimination par les males entre les différentes odeurs de femelles, de
différentes populations et la reconnaissance de la zone d’origine des secrétions par les deux
sexes indiqueraient la possibilité de processus de spéciation entre les populations de cette
zone de contact. Tous ces résultats supportent une fois de plus que 1’isolation reproductive
entre population du complexe Podarcis hispanica n’est pas claire, mais lorsque 1’on étudie les
populations les plus éloignées un processus de spéciation cryptique est en marche avec une
barriere reproductive a base de phéromones.

Enviado a Behavioral Ecology and Sociobiology
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INTRODUCTION

Sexual selection is one of the mechanisms
that may facilitate speciation due to
divergence in male mating signals and
female preferences (Boughman 2001;
Panhuis et al. 2001), and, thereafter,
several species recognition mechanisms
may prevent interspecific matings (e.g.,
Shaw and Parsons 2002; Shine et al. 2002).
In many animals, chemical signals are
important for mate and species recognition
and may result in premating reproductive
isolation and speciation (reviewed in
Smadja and Butlin 2009). In reptiles,
chemical signals released at the time of
reproduction may provide the basis for
species recognition and avoidance of
interspecific mating among closely related
sympatric species (Cooper and Vitt 1986;
Mason 1992; Shine et al. 2002) or between
different populations of the same species
(LeMaster and Mason 2003).

Chemical compounds from femoral
gland secretions in many lizards are used
in intraspecific communication (Mason
1992; Aragén et al. 2001). The femoral
pores are epidermal structures on the
ventral surface of the thigh connected to
glands that produce copious amounts of
holocrine secretion, especially in males
and during the mating season (reviewed in
Mason 1992; Alberts 1993; Martin and

Lopez in press). Behavioral experiments of

several Lacertid lizard species showed that
both male and female lizards responded by
tongue-flicking to substrate scent marks,
but also, during social encounters, lizards
investigated each other by tongue-flicking
the cloacal and femoral regions.
Furthermore, these experiments showed
that femoral gland secretions of males
could advertise residence in a home range,
and/or convey information about social
status and competitive ability (Aragén et
al. 2001; Lépez and Martin 2002), or even
transmit information about a male’s
quality, which females may use to select
mates (Martin and Loépez 2000; 2006a,b;
Lopez et al. 2002; Olsson et al. 2003;
reviewed in Martin and Lépez in press).
Thus, because femoral gland secretions are
involved in sexual selection they may lead
to speciation processes. For example,
chemical cues prevented heterospecific
matings between closely related species of
skinks of the genus Eumeces (Cooper and
Vitt 1987).

The Iberian wall lizard, Podarcis
hispanica is a small (50-70 mm adult
snout-to-vent length, SVL) lacertid lizard
common and widespread at rocky habitats
inside many different environments of the
Iberian Peninsula. This lizard has well
developed chemical recognition abilities,
and is able to discriminate between
conspecifics and heterospecifics (Cooper

and Pérez-Mellado 2002; Barbosa et al.
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2006) and between sexes by chemical cues
alone (Gomez et al. 1993; Loépez and
Martin 2001; Lépez et al. 2002). Chemical
cues of males are important in male-male
interactions (Lépez and Martin 2002;
Carazo et al. 2007). Moreover, in at least
one population, females prefer to stay on
areas scent marked by males with high
proportions  of  cholesta-5,7-dien-3-o0l
(=provitamin D3) in their femoral
secretions, which may signal a better
immune response of those males (Lépez
and Martin 2005; Lépez et al. 2008).
Therefore, it seems that female mate
choice decisions may be, at least partially,
based on characteristics of chemical
signals of males.

Between populations of several
taxa of this species complex (Podarcis
hispanica), molecular studies showed the
possibility of relationships and genetic
distances, which suggest the existence of
ongoing speciation processes within taxa
previously considered to be conspecific.
Moreover, molecular and morphological
studies suggest that the Iberian wall lizard
is paraphyletic, and forms a species
complex with at least five monophyletic
lineages (Guillaume 1987; Harris and S&-
Sousa 2001, 2002; Sa-Sousa et al. 2002;
Pinho et al. 2007; Carretero 2008). For
example, two allopatric types have been
identified in the Iberian Peninsula: in

Northwestern Iberia, P. hispanica type 1

occurs, mainly in highlands and where
Atlantic humid environmental conditions
prevail, while P. hispanica type 2 occurs in
Central and Southern Iberia, where
Mediterranean dry conditions are typical
(Sa-Sousa 2000; Sa-Sousa et al. 2002).
Although populations of the two
types of P. hispanica are mainly allopatric,
both types have been reported from the
Madrid region (Central Spain). In this area,
the two populations live close together
without  geographical isolation, and
individuals of both types may find each
other easily (Mellado and Olmedo 1981;
Garcia-Paris et al. 1989). Nearby
populations of P. hispanica from the
Guadarrama Mountains (Madrid, Central
Spain), inhabiting different altitudes and
environmental conditions, differ in the
chemical composition of femoral gland
secretions of males (Martin and Lopez
2006a) and have also morphologic and
coloration differences (Gabirot et al.
unpublished data). Males of the population
inhabiting more humid microclimates have
secretions with higher proportion of
compounds (e.g., long chain alcohols and
waxy esters) that may favor persistency
and efficiency of chemical signals in
humid environments. Moreover, different
rates of chemosensory exploration show
that males can discriminate by chemical
cues alone between males of their own and

the other population (Martin and Lopez
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2006a,b). In contrast, females detect scent
of males, but do not seem able to
discriminate between scents of males of
the two populations (Martin and Lopez
2006a,b). Similarly, males of P. bocagei
and P. hispanica from the North of
Portugal are able to discriminate
chemically between conspecifics and
heterospecifics, but females are not
(Barbosa et al. 2006). These results suggest
that despite of clear differences in
morphology and chemical signals between
these two closed populations of P.
hispanica lizards, there 1is not clear
interpopulational discrimination at the
level of chemical recognition and pre-
mating reproductive isolation. Therefore,
reproductive  isolation and speciation
between these two populations of P.
hispanica complex is not clear.

Podarcis lizards are highly variable
in size, shape, escalation and color pattern,
not only between currently recognized
species (Arnold and Ovenden 2002), but
also between populations and individuals.
Given this, disentangling the track of
evolutionary history from the effects of
local adaptation or phenotypic plasticity
(or finding a cohesive phenotype) can be a
difficult task. Morphological distinction
between Podarcis forms can neither be
taken for granted nor necessarily attributed

to separate evolution.

In this paper, we -captured P.
hispanica lizards from five distinct
populations  (respect to morphology,
chemical signals and coloration) from
different geographical areas of the Madrid
region in Central Spain. This is an area
where at least two types (1 and 2) of P.
hispanica can be found. This area could be
a contact zone, where perhaps more than
two types could be found. In fact,
observations and captures around Madrid
showed that there are more than two
distinct populations of P. hispanica with
variation in coloration, morphology and
chemical signals (Gabirot et al.
unpublished data; see chapter 1). Thus, we
studied three populations from the northern
area of Madrid, one from the north and two
from the northwest, one from the
mountains and two from the mountain
basin at low altitude. In the south, we
captured two isolated populations at
similar low altitude. We  studied
chemosensory recognition and
discrimination between these populations
from the contact area in order to better
understand the interpopulation chemical
communication and the possible existence
of cryptic speciation process. We
hypothesized that, in addition to visual
differences, individuals could recognize
scents of lizards of their own population by
Moreover,

chemical cues alone.

individuals from close populations could
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have more “chemical interest” between
them than for individuals from farther
(geographically) populations. Differences
in chemosensory recognition may reflect
the existence of cryptic on-going
speciation  processes  within  these
populations. Finally to help understanding
the role of chemical communication
between populations in potential pre-
mating isolation processes, we made a
scents choice experiment, where females
of each population were presented and
could choose between males’ scent marked
substrates from different populations. We
hypothesized that interpopulational
differences in chemical signals of male
lizards’ P. hispanica, and/or in female
mate preferences, could be leading to

reproductive isolation processes between

populations of this lizard species.

MATERIALS AND METHODS

Study populations

During February-March 2008, we captured
by noosing male and female P. hispanica
lizards at five localities within the Madrid
Province (Central Spain) (Fig. 1). We
chose these populations because they
showed clearly distinct morphological and
chemical characteristics (cf. Chapter 1).
These populations are separated one from

each other by distances between 10 and

Valle de Fufenfria

Pedrgzuela

Golondrina

MADRID

Belmonte del
®

Fig.1: Localization of the five populations studied
of Podarcis hispanica in the Madrid province in
the center of Spain.

100 km, but there are not current
geographical barriers that could isolate
them. We selected three populations
(Aranjuez, Fuenfria and Pedrezuela), that
are the populations more geographically
distant from each other (around 100km
between them), and, thus, with less
possibility of contact. Then we selected
another two populations (Belmonte and
Golondrina) geographically located in the
middle or between the more extreme
populations. ‘Fuenfria’, ‘Golondrina’ and
‘Pedrezuela’ were located in the mountain
northern area, and (‘Belmonte’ and
‘Aranjuez’ were situated in the plain
southern area (Fig. 1). In the north, we
captured lizards from a population
occupying different granite rock-cliffs at
the edge of a pine forest in the upper part
of ‘Fuenfria’ Valley (40°47° N, 4°03* W;
1750 m altitude) (24 males and 27

females), on granite rocky outcrops in a
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large oak forest (‘Golondrina’) near
Cercedilla village (40°44° N, 4°02° W;
1250 m altitude) (18 males and 24
females), and from old stone walls near
cultivated fields in the ‘Pedrezuela’ village
(40°44' N, 3°36' W; 800 m altitude) (14
individuals of each sex) (Fig. 1). In the
south, we captured lizards on walls of
human buildings in a public garden in the
‘Belmonte del Tajo’ village (40°8' N, 3°20'
W; 735 m altitude) (10 males and 16
females) and on chalk and gypsum rocks in
deforested bushy hills near ‘Aranjuez’
(40°2° N, 3°37° W; 494 m altitude) (8
males and 12 females) (Fig. 1).

All  lizards were individually
housed at “El Ventorrillo” Field Station
(Cercedilla, Madrid) about 5 Km from the
capture sites of the northern populations, in
indoor 60x40 cm PVC terraria containing
sand substratum and rocks for cover. Cages
were heated with 40 W spotlights during 6
h/day, and overhead lighted (36 W full-
spectrum daylight tubes) on a 10:14
light/dark cycle, and were screened from
each other using cardboard. Every day,
lizards were fed mealworm larvae
(Tenebrio molitor) dusted with
multivitamin powder for reptiles, and
water was provided ad libitum. Lizards
were returned to their exact capture sites
with good health condition at the end of
experiments. Captures and observations

were performed under license from the

Environmental Agency of Madrid
Government (“Consejeria del Medio
Ambiente de la Comunidad de Madrid”,

Spain).

Chemosensory recognition between

populations

Lizards have been shown to react to a
variety of chemical stimuli with increased
and differential rates of tongue extrusions
(Cooper and Burghardt 1990). Tongue-
flick (TF) rate can, therefore, be used as a
quantitative bioassay of detection of
chemical cues (e.g., Cooper and Pérez-
Mellado 2002). Thus, to test for
differential responses to scents we made
comparisons of TF rate by lizards (males
and females) in response to chemical
stimuli arising from cotton applicators
impregnated with scents of male and
female P. hispanica of the five different
populations (Aranjuez, Golondrina,
Fuenfria, Pedrezuela and Belmonte) or
with deionized water (odorless control)
(Cooper and Burghardt 1990). Water was
used to gauge baseline TF’s rates in the
experimental situation. We obtained lizard
scents from the femoral pores of males or
from the cloacal area of females because
these are the bodily areas most frequently
and intensely investigated by tongue-

flicking during social encounters (Lopez

and Martin 2001, 2002; Lopez et al. 2002).
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Therefore, after first dipping the cotton tip
(1 cm) of a wooden applicator attached to a
long stick (50 cm) in deionized water, we
rolled the tip over those bodily areas (of
one population and sex per applicator). We
used a new applicator in each trial.

First, males were exposed to scents
from males and then to scents from
females of each population tested. Finally
we studied the reaction of females to scent
of males of each population. Every lizard
was exposed to each stimulus and order of
presentation was counterbalanced. One
trial was conducted per day for each
animal. Trials were conducted in outdoor
conditions during April, which coincided
with the mating season of lizards in their
original natural populations (P. Lépez and
J. Martin unpublished data), and between
11:00-13:00 h (GMT) when lizards were
fully active.

To begin a trial, the experimenter
slowly approached the terrarium and
slowly moved the cotton swab to a position
1 cm anterior to the lizards’ snout. Lizards
usually did not flee from the swab, but
explore it repeatedly by tongue-flicking or
ignore it after the firsts TFs. The numbers
of TFs directed at the swab were recorded
for 60 s beginning with the first TF. To
examine differences in number of TFs
directed at the swab among treatments, we
used  repeated

measures two-way

ANOVAs examining the effects of scent

stimuli  (within factor: Fuenfria vs.
Golondrina vs. Aranjuez vs. Pedrezuela vs.
Belmonte vs. water) and population of
origin of the responding lizard (between
factor). We included the interaction in the
model to analyze whether responses to the
different scents differed as a function of
the population of the responding lizard.
Because the interactions were significant
(see results), we further used separated
repeated measures one-way ANOVAs to
test the effect of scent stimuli within each
population of responding lizards. Analyses
were made separately for responding males
and females. Data were log-transformed to
ensure normality. Tests of homogeneity of
variances (Levene’s test) showed that in all
cases variances were not significantly
heterogeneous after transformation.
Pairwise comparisons were planned using
Tukey’s honestly significant difference

(HSD) tests (Sokal and Rohlf 1995).

Females’ choice of substrates scent-

marked by males

In this experiment, we used only lizards
from three populations, two from the
northern  mountains  (Fuenfria  and
Golondrina) and one from the southern
plains (Aranjuez). We placed in the males’
terraria several absorbent paper strips
(35x10 cm) fixed to the floor, and left them

there for three weeks to allow males to
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scent-mark the substrates. The experiments
of females’ choice of scent-marks were
performed at the end of April, coinciding
with the mating season of this lizard.
Females’ cages had two basking platforms
(two  identical  flat  tiles)  placed
symmetrically at each end of the cage, and
rocks for cover in the center. At the
beginning of experiments (09:00 h, GTM;
when females where still inactive) we
fixed, wearing fresh gloves, on one tile one
paper strip from one individual male, and
on the other tile a paper from another
individual male. Different papers from
each male were used in different choice
test with different females. Each female
was presented with two scents types per
trial, one from a male from her own
population, which serves as a control and
other from a male from each of the three
populations in three different trials. Thus,
for example, females from Aranjuez
population were tested in three different
days in these trials: “Aranjuez vs.
Fuenfria”, “Aranjuez vs. Golondrina” and
“Aranjuez vs. Aranjuez”. The individual
males tested and the positions of papers
were randomly determined. Each female
was tested twice in each of the three trials,
once a day, with papers from two different
pairs of males. Each trial lasted 2 h (from
11:00 h GMT, shortly after females
appeared from refuges and until 13:00 h
GMT when females hid again). Females

were monitored each 10 min from a hidden
point. If a female was located on a tile with
paper strip, she was designated as haven
chosen temporarily that particular paper,
whereas, if she was located outside of the
tiles, she was designated as having made
no choice (Martin and Lépez 2000, 2006c;
Olsson et al. 2003). From these
observations, we calculated the time spent
by females in each of these three areas. At
the end of the trials the papers were
removed and the cage was thoroughly
rinsed with clean water.

For each trial, females were
confronted to scent of males from their
own population (control side) against
another male scent (experimental side). We
used this design because the time spent by
females in one side depended on the time
spent on the other side. Thus, we compared
the time spent by females in the
experimental side between treatments
(other population 1 vs. other population 2
vs. own population). We used two-way
repeated measures ANOVA models to test
for differences between the two days of the
trial and between the three treatments, both
as within-subject factors (Sokal and Rohlf
1995). Tests were conducted separately for

responding females from each population.
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RESULTS

Chemical recognition between

populations

Responses of males to scent of males

All male P. hispanica directed TFs to the
swab in all conditions. There were
significant differences between scent
treatments in numbers of TFs directed by
males (two-way repeated measures
ANOVA: Fs5330=125.17, P<0.0001; Fig.
2), and between the populations of origin
of the responding males (Fu76=3.40,
P=0.001), which responded in a different
way to the different stimuli tested
(interaction: Fy330=12.68, P<0.0001) (Fig.
1). Therefore, we analyzed separately the
responses of males of each population,
showing that the number of TFs differed
significantly between the scents presented
in all cases (one-way repeated measures
ANOVAs: 32.00<F<54.32; P<0.0001 for
all; see below) (Fig. 2). In all populations,
males discriminated between scents of any
male and water (Tukey’s tests: P<0.005 in
all cases).

Aranjuez’s males directed a
significantly higher number of TFs to scent
of males of their own population than to
scent of males from the three northern
populations (one-way repeated measures

ANOVA: F535=36.46, P<0.0001; Tukey’s

tests: P=0.00014 to Fuenfria, P=0.00012 to
Golondrina, and P=0.00012 to Pedrezuela),
which did not differ between them (P>0.50
for all) (Fig. 2a). In contrast, Aranjuez’s
males did not differ significantly in their
responses to scent of males from their own
population and males from the other
southern population (Belmonte; P=0.09),
but responses to Belmonte’s males were
significantly higher than to males from
Golondrina and Pedrezuela populations
(P<0.0001). Responses to Belmonte’s and
Fuenfria’s males were not significantly
different (P=0.15) (Fig. 2a).

Similarly, Belmonte’s males
directed significantly more TFs in direction
to scent of males from their own
population than to scent of males from the
three northern populations (one-way
repeated measures ANOVA: Fs40=35.98,
P<0.0001; Fuenfria:
P=0.0002; P=0.002;
Pedrezuela: P=0.02), which did not differ

Tukey’s  tests,

Golondrina:

significantly between them (P>0.50 for all)
(Fig. 2b). Belmonte’s males directed a non
significant different number of TFs to
scent of males of their own population and
to males from Aranjuez (P=0.18).
Responses to Aranjuez’s males did not
differ significantly of responses to males
from the three northern populations
(P>0.10 in all cases)

The number of TFs directed by

Fuenfria’s males were significantly higher
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TFD by Fuenfria's males TFD by Aranjuez's males

TFD by Pedrezuela's males

in response to scent of males of their own
population than to scent of males from any
other populations (one-way repeated
measures ANOVA: Fs115=54.42,
P<0.0001; Tukey’s tests: P<0.0002 for
all), and there were no significant
differences between the number of TFs

directed to scent of males from these other
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populations (P>0.07 for all) (Fig. 2c).

Golondrina’s males directed a
significantly higher number of TFs in
response to scent of males of their own
population than to males from Aranjuez,
Belmonte and Pedrezuela
repeated measures ANOVA: Fsg,=32.00,

P<0.0001; Tukey’s tests: P<0.0001 for
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Fig. 2: Tongue flicks directed (TFD; mean * SE) by
males from five populations of the Madrid region in
response to swabs bearing scent of males of different
populations (Aranjuez: A; Belmonte: B; Fuenfria: F;
Golondrina: G; Pedrezuela: P) or a water odorless
control. The same letter above the bars denotes a
non-significant difference in post-hoc tests.
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TFD by Aranjuez's males

TFD by Fuenfria's males

TFD by Pedrezuela's males

all)(Fig. 2d). The number of TFs in
response to scent of males of their own
population and Fuenfria males were no
significant different (P=0.12), and the
latter was not significant different from the
rest of populations (P>0.50 for all).

Males from Pedrezuela directed

significantly more TFs in response to
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males of their own population than to

males of the two southern populations

(one-way repeated measures ANOVA:
Fs560=39.19, P<0.0001; Tukey’s tests:
Aranjuez: P=0.0001; Belmonte:

P=0.0001), which were not significantly
different between them (P=0.99) (Fig. 2e).

However, responses to males of their own
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Fig. 3: Tongue flicks directed (TFD; mean + SE)
by males from five populations of the Madrid
region in response to swabs bearing scent of
females of different populations (Aranjuez: A;
Belmonte: B; Fuenfria: F; Golondrina: G;
Pedrezuela: P) or a water odorless control. The
same letter above the bars denotes a non-
significant difference in post-hoc tests.
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population did not significantly differ from
responses to males of the other two
northern populations (P>0.50 for all). The
TFs directed by Pedrezuela males were

higher in response to scent of males from

northern than  southern  populations
(P<0.0001 for all).
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Responses of males to scent of females

All male P. hispanica directed TFs to the
swab in all conditions. There were
significant differences between treatments

in numbers of TFs directed by males (two-

way repeated measures ANOVA:
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Fig. 4: Tongue flicks directed (TFD; mean +
SE) by females from five populations of the
Madrid region in response to swabs bearing
scent of males of different populations
(Aranjuez: A; Belmonte: B; Fuenfria: F;
Golondrina: G; Pedrezuela: P) or a water
odorless control. The same letter above the bars
denotes a non-significant difference in post-hoc
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F's400=98.74, P<0.0001; Fig. 3), there were
significant  differences between the
populations of origin of the responding
males (Fs30=5.65, P=0.0004), which
responded in a different way to the stimuli
F20,400=13.85,
P<0.0001) (Fig. 3). Therefore, we analyzed

tested (interaction:

separately each male population, showing
that the number of TFs differed between
treatments in all populations (one-way
repeated ANOVAs:
21.89<F<4.94; P<0.0001 for all; see

measures

below) (Fig. 3). In all cases, males
discriminated between scents of any
female and water (Tukey’s tests: P<0.005
in all cases).

Aranjuez’s males directed a
significantly higher number of TFs to scent
of females of their own population than to
scent of females from all other populations
(one-way repeated measures ANOVA:
Fs535=24.39, P<0.0001; Tukey’s tests:
P<0.0001 for all), which did not vary
significantly between them (P>0.50 for all)
(Fig. 3a).

Belmonte’s males directed
significantly more TFs in response to scent
of females from their own population than
to females from the northern populations
(one-way repeated measures ANOVA:
F540=21.89, P<0.0001; Tukey’s tests:
Fuenfria: P=0.0001;
P=0.0001; Pedrezuela: P=0.0007); which

Golondrina:

did not significantly differ between them

(P>0.50) (Fig. 3b). However, Belmonte
males showed a non significant different
number of TFs in response to scent of
females of their own population than to
Aranjuez females (P=0.54).

The number of TFs by Fuenfria
males were significantly higher in response
to scent of females of their own population
than to females from any other population
(one-way repeated measures ANOVA:
Fs5125=74.84, P<0.0001; Tukey’s tests:
P<0.0002 for all) (Fig. 3c). There were non
significant differences between the number
of TFs directed to the two southern
populations  (P=0.94) nor between
Golondrina and Pedrezuela populations
(P=0.21). However, the scent of females
from the southern populations elicited
significantly less TFs than females from
the northern populations (P<0.001 for all)
but those from Pedrezuela, which did not
differ significantly from the southern
populations (P>0.18).

Golondrina’s males directed a
significantly higher number of TFs in
response to scent of females from the
northern populations, including their own
population, than to females from the
southern populations (one-way repeated
measures ANOVA: F;55,=28.00, P<0.0001;
Tukey’s tests: P<0.0001 for all) (Fig. 3d).
The number of TFs directed by Golondrina
males in response to the two southern

populations was no significantly different
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(P>0.50 for all), and similarly, there were
non significant differences between
responses to the scent of females of the
three northern populations (P>0.50 for all).

Males from Pedrezuela directed
significantly more TFs in response to scent
of females of their own population than to
scent of females from any other population
(one-way repeated measures ANOVA:
F570=49.48, P<0.0001; Tukey’s tests:
P<0.0001 for all) (Fig. 3e). However,
responses to scent of females from the two
other  northern  populations were
significantly higher than to females from
the two southern populations (P>0.001 for
all). Responses to scent of females from
the two southern populations did not differ
significantly between them (P=0.98), and
similarly there were not significant

differences between the two other northern

populations (P=0.99).

Responses of females to scent of males

All female P. hispanica directed TFs to the
swab in all conditions. There were
significant differences between treatments
in numbers of TFs directed by females
(two-way repeated measures ANOVA:
Fs5490=129.43, P<0.0001; Fig. 4), there
were non significant differences between
the overall responses of the populations of
origin of the responding females

(F403=0.82, P=0.51), but females

responded in a different way to the stimuli
tested depending on their population of

origin (interaction: F>0.490=11.87,

. P<0.0001). Therefore, we analyzed for

each population separately, showing that
the number of TFs differed between
treatments in all populations (one-way
repeated ANOVAs  tests:
27.30<F<49.21; P<0.0001 for all; see

measures

below) (Fig. 4). Females discriminated
between scents of any male and water
(Tukey’s tests: P<0.005 in all cases) (Fig.
4).

Aranjuez’s females directed a
significantly higher number of TFs in
response to scent of males of their own
population than to males from the three
northern populations (one-way repeated
ANOVA: Fs.105=27.30,
P<0.0001; Tukey’s tests: P=0.014 to
Fuenfria, P=0.0001 to Golondrina and
P=0.0001 to Pedrezuela), which did not

measures

differ significantly between them (P>0.50
for all) (Fig. 4a). Furthermore, Aranjuez’s
females did not significantly differ in their
responses to scent of males of their own
population or males from the other
southern population (Belmonte, P=0.50).
Aranjuez females directed significantly
more TFs in response to scent of males
from Belmonte than to those from
Golondrina (P=0.004) and Pedrezuela
populations (P=0.01), but responses to
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Belmonte and Fuenfria scents did not
differ (P=0.61) (Fig. 4a).

Belmonte’s females directed
significantly more TFs in response to scent
of males of their own population than to
males from the three northern populations
(one way repeated measures ANOVA:
Fs75=33.67, P<0.0001; Tukey’s tests:
Fuenfria: P=0.0002;

P=0.0001; Pedrezuela: P=0.0001) (Fig.4b),

Golondrina:

which did not differ significantly between
them (P>0.50 for all). Belmonte females
directed a non significant different number
of TFs to scent of males from their own
population than to males from the other
southern population (Aranjuez, P=0.18).
The number of TFs directed by
Fuenfria females were significantly higher
in response to scent of males of their own
population than males from the two
southern populations (one-way repeated
measures ANOVA: Fs130=46.84,
P<0.0001; Tukey’s tests: P<0.0001 for all)
and from one of the northern populations
(Pedrezuela, P=0.005), which did not
significantly differ between them (P>0.50
for all) (Fig. 4c). Responses to scent of
males of their own population and males
from Golondrina were non significant
different (P=0.79), nor were different the
responses to males from Golondrina and

Pedrezuela (P=0.21). Responses to scent of

males from Golondrina were significantly
higher than to males from the three
southern populations (Fig. 4c¢).

Golondrina’s females directed a
significantly higher number of TFs in
response to scent of males from the
northern populations (Fuenfria, Pedrezuela
and their own population) than to scent of
males from the southern populations
(Aranjuez and Belmonte) (one-way
repeated measures ANOVA: Fs15=49.21,
P<0.001; Tukey’s tests: P<0.0001 for all)
(Fig. 4d). Responses to males from the
northern populations, including their own,
did not differ significantly between them
(P>0.50 for all), nor did differ responses to
males from the southern populations
(P>0.50 for all) (Fig. 4d).

Females from Pedrezuela directed
significantly more TFs in response to scent
of males from their own population than to
males from all the other southern and
northern populations (one-way repeated
measures ANOVA: Fs¢=33.12, P<0.0001;
Tukey’s tests: Aranjuez: P=0.0001;
Belmonte: P=0.0001; Fuenfria: P=0.01;
Golondrina: P=0.0001) (Fig. 4e). There
were non significant differences between
responses to males of these populations

(P>0.50 for all).
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Fig. 5: Time (%) spent by females on papers scent marked
by males of three different populations (Aranjuez: A;
Fuenfria: F; Golondrina: G). Females were tested in two
different days within each treatment.

Females’ choice of substrates scent-

marked by males

Fuenfria females
There were no overall significant
differences between times spent by

Fuenfria females (log-transformed number
of observations) on paper strips scent
marked by experimental males between the
two days of the experiment (repeated
measures two-way ANOVA: Fj 9=1.37
P=0.25) nor between males’ populations
(F238=2.24 P=0.12) but the interaction
between day and males’ population was
significant (F,33=4.14 P=0.02) (Fig. 5a).
Thus, we conducted separated analyses for
each day. For the first day, we did not find
any difference between the males’
populations tested (repeated measures one-
way ANOVA: F,3=0.005 P=0.99).
However, during the second day, Fuenfria
less time

(repeated measures ANOVA:
F>33=8.75 P=0.0007) on papers

females spent significantly
one-way
scent
marked by males from Aranjuez than on
males from

P=0.03) or

papers scent marked by
(Tukey’s

Golondrina (P=0.0006).

Fuenfria test:

Aranjuez females

There were not significant differences on

the time spent by Aranjuez females on
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paper strips of males between days
(repeated measures two-way ANOVA:
F119=0.07 P=0.79) nor between males’
populations (F»33=2.48 P=0.09) but the
interaction between day and males’
populations was significant (F,33=5.02
P=0.01) (Fig. 5b). Separated analyses
showed that, for the first day, there were
not any significant difference between the
males’ populations tested (repeated
measures one-way ANOVA: F,33=0.64
P=0.52). However, during the second day,
Aranjuez females spent significantly less
time  (repeated  measures  one-way
ANOVA: F,33=6.95 P=0.002) on papers
scent marked by males from Fuenfria than
on papers scent marked by Aranjuez

(Tukey’s test: P=0.003) or Golondrina
males (P=0.018).

Golondrina females

Time spent by Golondrina females on
papers scent marked by males did not
significantly differ between days (repeated
measures two-way ANOVA: Fj 9=2.07
P=0.16), nor between males’ populations
(F236=1.06 P=0.35), and the interaction
between day and males’ populations was
not significant (F536=0.34 P=0.70) (Fig.
5c¢). Thus, females from Golondrina spent
the same amount on time on papers scent
marked by males from any population in

both days of the experiment.

DISCUSSION

Our results first showed that individuals of
P. hispanica from each population of the
Madrid region could clearly detect scents
of lizards from any population in
comparison to an odorless control (i.e.,
water). However, lizards displayed
different tongue flick (TF) rates depending
of the population of origin of the lizard’s
scent presented. Both, females and males
differed in their responses to scents from
lizards from the different populations.
Males showed more “interest” (i.e., a
higher TF rate) for scents from males from
their own area (i.e., north vs. south); males
from the northern populations made more
TFs in response to scent of northern
populations males than to scent of southern
males. Conversely, southern males made
more TFs in response to scents from
southern males than to scent from northern
males. Only males from Fuenfria
population showed a clearly higher
response to scents from males of their own
population. For the rest of populations,
there were not higher responses to scent of
males from their own population, but only
an “area preference” (north vs. south).
Moreover, males also discriminated
between scents from females from the
different areas. Males from northern
populations showed more interest for

scents from northern females than for scent
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from southern females; similarly, the
converse occurred in southern males.
However, we observed one interesting
difference: males from the more
geographically distant populations (i.e.,
Aranjuez, Fuenfria and Pedrezuela)
showed a clear discrimination and interest
(i.e., higher TF rates) for scents of females
from their own population against scent of
females from any other population. Then,
there was a further secondary intermediate
interest for scent of females from their area
(north or south), and finally a lower
interest for females from the other area. In
contrast, for the populations geographically
less distant (i.e., Belmonte and
Golondrina) we did not observe a
discrimination and a higher interest for
females from their own population, but
only a discrimination of females from their
area (north vs. south).

In addition, for the males’ scents
recognition by females, we found similar
results. There was recognition of the area
of origin of the male (south vs. north).
Females from northern populations made
more TFs in response to scent of northern
males than to southern males, and
viceversa, but there were not differences
between populations within each area. We
found only a clear higher interest of
Pedrezuela females to scents of males from
their own population against the other

populations.

Therefore, these results showed that
male and female P. hispanica lizards can
recognize and discriminate between scents
of individuals from the different areas
(north vs. south), and that only male from
the more distant extreme populations show
different responses to females scents from
their own population than from any other
populations. Moreover, other study shows
that the chemicals in femoral secretions of
males also varied between these
populations (Gabirot et al. unpublished
data; see Chapter 1). We found a
correlation between the classification north
vs. south and the abundance of certain
chemical compounds in femoral secretions,
especially for the abundance of the steroid
cholesta-5,7-dien-3-ol (Gabirot et al.
unpublished; see chapter 1). Males from
the northern populations have higher
proportions of this steroid in secretions
than southern males. Thus, it is likely that
individuals could discriminate these
differences in chemical composition
between populations and could recognize
the area of origin of lizards based on scent
alone.

Nevertheless, the interpopulational
differences in chemosensory recognition
and chemical interest might not necessarily
imply that females would not copulate with
males from any other population but with
those from their own, or at least that

females would not choose to stay on scent
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marked substrates by males of other
populations. The experiment of males’
scent choice by females showed that
females could vary their election
depending of scents type and depending of
the day of experiment. In the first day,
when females had not been previously in
contact with males’ scent, females did not
differ in the amount of time spent on scent
marked areas between the different scents.
Females did not show a preference for
being on the side with scent marks of
males from their own population.
However, in the second day, responses
changed. Females from the extreme
populations (Aranjuez and Fuenfria)
decreased the percent of time spent on the
side with scent marks of males from their
respective farther populations; Fuenfria
females showed the same interest for scent
marks from Fuenfria and Golondrina
males, but a lower interest for Aranjuez
males’ scents. Conversely, Aranjuez
females spent more time on scent marks of
Golondrina and Aranjuez males than on
scent marks of Fuenfria’s males. However,
females from  the  geographically
intermediate population of Golondrina did
not show a choice for any of the scent
marks of males.

These scent choice experiments
demonstrated that females seemed to prefer
areas scent marked by males based on the

criterion of the population of origin of the

male; but only females from the more
geographically distant populations
(Aranjuez and Fuenfria) and during the
second day. If a female established in a
male territory, independently of the male
population, she would have the same
probability of mating with males from their
own or from other populations. Thus, the
existence of matings between Fuenfria and
Golondrina lizards could be possible, but
also matings between Aranjuez and
Golondrina lizards; while mating between
lizards from the distant populations of
Aranjuez and Fuenfria might be more
difficult if females avoid scent marks of
males of the other population.

Differences in scent choice were
also dependent on the day of the trial. The
first day, females did not prefer spending
more time on one type of scent, but the
second day females from extreme
populations changed their behavior and
showed scent preferences. In our
experiment, the first day was the first one
that females had been exposed to scent
marks of males within that mating season.
It is likely that detection of a new male
odor induced females to be interested on
and to spent similar amounts of time on
any scent mark, independently of the origin
of that male. Females might, thus, acquire
enough information on the characteristics
of those male that allows them to make

later a possible scent choice. Thus, during
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the second day, females might recognize
the different types of scent presented and
make their choice of a given scent. Scent
choice could be more restrictive after
having been exposed to scent of different
males, that when first encountering a scent
mark of a male within that mating season.
The lack of premating reproductive
isolation for the Golondrina population
might be firstly explained by an incapacity
of female P. hispanica from Golondrina to
discriminate between populations of males
(however TF experiments showed that
there is at least a discrimination of the area
of origin), or perhaps simply by a lack of
female mate choice criteria. Females might
select to establish in areas scent marked by
any male (Fuenfria or Aranjuez), and could
accept mating with any male with enough
genetic relatedness. However, female P.
hispanica could select scents of individual
males using the proportion of chemicals in
femoral gland secretions (presented in all
male populations), as cholesta-5,7-dien-3-
ol (=provitamin Dj3). Previous studies
showed that female P. hispanica from
Golondrina population can actually detect
changes in concentration of this lipid and
preferred scents with higher proportions of
this compound (Lépez and Martin 2005;
Martin and Loépez 2006d). The chemical
criteria of individual preference by females
would explain the occurrence of gene flow

and hybridization between related, but

even between clearly distinct species,
within the Genus Podarcis observed in the
laboratory (e.g., P. bocagei x P. carbonelli,
Galéan 2002) and based on genetic analyses
(Capula 2002; Pinho et al. 2007).

Our results indicate that the more
far or isolated the populations are the more
effective the chemical recognition is.
Individuals from geographically extreme
populations discriminate scent from their
populations and have more interest for
scents of their own population. Moreover,
females showed a scent preference for
scents of their own populations. At least,
between Aranjuez and Fuenfria
populations, chemical signals of males
varied significantly (Gabirot et al.
unpublished; Chapter 1) and these
differences could be enough large as to
allow lizards to discriminate and use them
for population recognition in sexual
selection behaviors. This is one more cue
indicating that there exists a cryptic
speciation process in the Madrid region,
with the presence of several populations
with different degrees of speciation. This
would explain the results of the current
experiments of tongue flick discrimination
and scent preferences. These data convey
that at least there are two different types of
populations in the southern and northern
areas of the Madrid region, where

individuals can recognize between them
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differently and show a scent preference for
lizards of their own area.

In summary, in the Madrid region
we can observe several distinct populations
of P. hispanica with a clear chemical
discrimination between themselves.
Individuals, both males and females, from
southern or northern populations have
more interest for scents from their own
area than for scents from the other area.
Moreover, males from the more distant
populations  (Aranjuez, Fuenfria and
Pedrezuela) can discriminate and have
more interest for scent of females from
their own population than from other
populations, but always maintaining the
primary differentiation between southern
and northern populations. The clear ability
of males to discriminate between female
types would, thus, indicate that there is a
cryptic  speciation process, probably
mediated by the role of chemical signals in
sexual interactions. In addition, females
also seem to discriminate male chemicals
between areas (north vs. south), but not
between populations. Moreover, extreme
populations (Aranjuez and Fuenfria) show
a preference for scents of males from their
own population; while for the Golondrina
population (intermediate population), there
is no preference for scents from their area,
and, thus, the probability of successful
mating may not depend on the population

of origin of a male. All these results

support that reproductive isolation and
speciation between distinct populations in
the P. hispanica complex is not clear, but
that between the more extreme populations
there could be a more advanced
reproductive  isolation and speciation

process, which merits further studies.
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La eleccion de pareja por las hembras basada en feromonas que indican la
calidad del macho podria impedir un aislamiento reproductivo efectivo

dentro de un complejo de especies de lagartijas
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Las feromonas sexuales tienen un papel importante en la elecciéon de pareja y el
reconocimiento entre especies, especialmente en la lagartija Ibérica Podarcis hispanica. Esta
lagartija forma en realidad un complejo de especies con varios tipos monofiléticos, que varian
en morfologia y genética. Los tipos dentro de este complejo estarian en pleno proceso de
especiacion, pero se desconoce el comportamiento reproductivo real entre tipos. Asi, las
diferencias entre tipos a nivel de las sefiales quimicas llevarian a un aislamiento reproductivo.
En el centro de la Peninsula Ibérica, al menos dos de estos morfotipos viven sin una barrera
geografica. En este trabajo hemos analizado si existe un aislamiento reproductivo real entre
dos poblaciones de P. hispanica a partir de comparaciones morfoldgicas, quimicas y
comportamentales. Estas dos poblaciones de la Sierra de Guadarrama, ocupan distintos
medios, y difieren en caracteristicas morfoldgicas y de las sefiales quimicas. Ademads los
machos pueden discriminar quimicamente entre individuos de las dos poblaciones, pero no las
hembras. Asi, hemos estudiado en el laboratorio si las hembras de estas poblaciones podrian
reconocer y elegir sustratos marcados con olores por machos de su poblacién en contra de
sustratos marcados por machos de la otra poblacién, o si las hembras elegirian marcas
quimicas de los machos basandose en la ‘“calidad” del olor de los machos,
independientemente de la poblacién de origen. Finalmente, con el fin de ver si el aislamiento
reproductivo (pre-copulatorio) es efectivo o no, provocamos encuentros intersexuales entre
machos y hembras de la misma o diferente poblacion. Los resultados mostraron que, a pesar
de las claras diferencias a nivel morfolégico y quimico entre poblaciones, no hubo una clara
discriminacién quimiosensorial interpoblacional. Las hembras no prefirieron las marcas
olorosas de los machos de su poblacién. Sin embargo, las hembras parecian basar su eleccion
de pareja en criterios individuales de calidad, que serian sefialados de manera similar por
feromonas que se encuentran en los machos de las dos poblaciones. Finalmente, los
encuentros sexuales confirmaron que la poblacién de origen de machos y hembras no afect6 a
la probabilidad o duracién de las cépulas. Sugerimos que los diferentes hdbitats donde se
localizan estas poblaciones podrian favorecer la seleccion de diferentes morfologias y sefiales
quimicas en las secreciones, pero que la eleccion de pareja por parte de las hembras basada en
la calidad individual de los machos podria estar evitando un aislamiento reproductivo pre-

copula efectivo entre estas dos poblaciones.
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Female mate choice based on pheromones signaling male quality could

preclude an effective reproductive isolation within a lizard species complex

Marianne Gabirot, Pilar Lopez, José Martin

Abstract Sex pheromones are important for mate choice and species recognition and
especially for the Iberian wall lizard, Podarcis hispanica. This species forms a “species
complex” with several monophyletic types, differing in morphology and genetic. There could
be an ongoing reproductive isolation processes, but the actual reproductive behavior between
types is not known. Thus, differences between lizards’ types in chemical secretions could lead
to reproductive isolation. In Central Spain, there are at least two morphotypes that could be
found without geographic isolation. We analyzed whether there is actual pre-mating
reproductive isolation between two populations of P. hispanica using morphological,
chemical and behavioral data. These populations from the Guadarrama Mts., inhabiting
different environments, differ in their morphological and/or chemical signals characteristics.
Moreover, males can discriminate individuals by chemical cues, from their population or from
the other population, but females seem not able to discriminate. Thus, we examined in the
laboratory whether females recognized and chose to establish on areas scent marked by males
of their own population against areas marked by males of the other population, or whether
females selected scent marked areas based on ‘“quality” characteristic of males’ scent,
independently of the population of origin of that male. Finally, to test for an effective
premating reproductive isolation between populations, we staged intersexual encounters
between males and females of the same or different population. The results showed that
despite of clear differences in morphology and chemical signals between populations, there
was not clear interpopulational chemosensory discrimination. Females did not show
preferences for the scent-marks of males from their own population. However, females
seemed to base their mate selection on criteria of individual male quality that was similarly
signaled by pheromones shared by males of both populations. Finally, in staged encounters,
the population of origin of males and females did not affect the probability or the duration of
copulations. We suggest that the different environments occupied by each population might
be selecting for different morphologies and chemicals in secretions, but that pheromone
mediated female mate choice based on cues of individual quality could be precluding an
effective pre-mating reproductive isolation between populations.

Résumé Les phéromones sexuelles jouent un rdle important au niveau des comportements
reproductifs et de la reconnaissance entre especes, notamment chez le lézard Podarcis
hispanica. Cette espece ou plutot complexe d’especes se caractérise par 1’existence de
plusieurs morphotypes variant au niveau morphologique et génétique; ce complexe serait en
processus de spéciation. Si ces morphotypes different au niveau des signaux chimiques, et que
la communication n’est plus effective, la reproduction serait interrompue. Dans la partie
centrale de la péninsule ibérique, deux des morphotypes de Podarcis hispanica cohabitent
sans barriere géographique. Nous avons analysé I’actuelle barriere reproductive entre deux
populations de cette espece a partir de comparaisons morphologiques, chimiques et
comportementales. Ces deux populations possedent une composition chimique des secrétions
fémorales différentes. De plus, les males montrent une discrimination entre les odeurs de leur
population vis-a-vis de I’autre ; mais pas au niveau des femelles. En conséquence, nous avons
testé si les femelles de ces deux populations pouvaient reconnaitre et choisir de s’établir dans
une zone avec des odeurs de males de leur population ou de I’autre ; ou bien si les femelles
choisissent les marques chimiques des males a partir de caractéristique individuelle i.e. indice
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de qualité des males, indépendamment de population d’origine. Finalement, nous procéderont
a des croisements reproductifs entre ces deux populations afin de tester s’il y a ou non un
isolement reproductif effectif. Malgré les nettes différences au niveau morphologiques et
chimiques entre ces populations, les résultats ont montré qu’il n’y a pas une claire
discrimination quimiosensorielle interpopulationnelle. Les femelles n’ont pas eu de
préférence pour les odeurs de males de leur population. Cependant, elles pourraient faire leur
choix de partenaire selon un critere individuel synonyme de qualité, signalé par des indices
chimiques chez les deux populations. Les croisements sexuels confirment le fait que ces deux
populations ne montrent pas de barriere reproductive pour le moment. La probabilité et le
temps de copulation ne varient pas selon le type de croisement : inter et intra population.
Donc, les habitats ot vivent ces populations auraient permis la sélection de ces différentes
morphologies et signaux chimiques, mais pour le moment le choix de partenaire des femelles
selon la qualité individuelle des méales pourrait stopper une possible isolation pré-reproductive
entre ces deux populations.
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INTRODUCTION

Speciation is considered to result from the
evolution of reproductive isolating
mechanisms that prevent gene exchange
between newly arising taxa (Coyne and
Orr 2004). Reproductive isolation often
evolves as a consequence of divergent
natural selection on traits between different
habitats (Schluter 2001; Rundle and Nosil
2005), which may be subsequently
amplified by sexual selection (Panhuis et
al. 2001). The progressive accumulation of
adaptations to different environments may
alter the secondary sexual traits used in
mate recognition, and/or the mating
preferences, which can lead to
reproductive isolation between populations
(Coyne and Orr 2004). Alternatively,
natural selection may promote the
evolution of different traits in different
environments, leading to  genetic
differences between populations, but if
sexual traits and the criteria used in mate
recognition and mate choice do not
diverge, sexual selection may preclude an
effective premating reproductive isolation.

Interspecific recognition
mechanisms use  behavior, visual,
olfactory, auditory and tactile cues.
Chemical signals are important for species
recognition and may result in speciation in

many animals, such as in some flies (Mas

and Jallon 2005), beetles (Symonds and

Elgar 2004) or spiders (Roberts and Uetz
2004). Lizards and snakes have a well
developed chemosensory system (Mason
1992) and chemical stimulus can be the
basis of intraspecific recognition and
speciation in many species, such as in
sympatric species of sea snakes (Shine et
al. 2002), in different populations of red-
garter snakes (LeMaster and Mason 2003),
or in closely related species or populations
of lizards (Cooper and Vitt 1986; Barbosa
et al. 2005, 2006; Martin and Lépez 2006a,
b).

In many lizards, chemical cues of
males, such as those secreted by the
femoral glands, are used in intraspecific
communication especially during the
reproductive season (Mason 1992; Alberts
1993). Chemical cues of males may inform
other males on a male’s status and
competitive ability (Aragon et al. 2001;
Carazo et al. 2007; Martin et al. 2007a),
and also transmit to females information
on male’s quality that females may use to
select potential mates (Olsson et al. 2003;
Martin and Lépez 2006c). Thus, because
chemical signals (pheromones) of male
lizards are involved in female mate choice
and male-male competition, they may also
be relevant in the context of interspecific
recognition and reproductive isolation
(Cooper and Vitt 1986; Cooper and Perez-
Mellado 2002; Barbosa et al. 2005, 2006;
Martin and Lépez 2006a, b), provided that
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females from different populations based
their mate preferences on those male
pheromones that differ between
populations.

Molecular studies have provided
relationships and  genetic  distances
between populations of several taxa, which
suggest the existence of ongoing speciation
processes  within  taxa  previously
considered to be conspecific. For example,
molecular and morphological studies
suggest that the Iberian wall lizard,
Podarcis hispanica, is paraphyletic, and
forms a species complex with at least five
monophyletic lineages (Guillaume 1987;
Harris and Sa-Sousa 2001, 2002; Sa-Sousa
et al. 2002; Pinho et al. 2007). This small
common lizard widespread at rocky
habitats inside many different
environments of the Iberian Peninsula, has
well developed chemical recognition
abilities, and is able to discriminate
between conspecifics and heterospecifics
(Cooper and Pérez-Mellado 2002; Barbosa
et al. 2006), and between sexes by
chemical cues alone (Gomez et al. 1993;
Lopez and Martin 2001; Lépez et al
2002). Chemical cues of males are
important in male-male interactions (Lépez
and Martin, 2002; Carazo et al. 2007).
Moreover, in at least one population,
females prefer to stay on areas scent

marked by males with high proportions of

cholesta-5,7-dien-3-ol (=provitamin D3) in

their femoral secretions, which may signal
a better immune response of those males
(Lépez and Martin 2005; Lépez et al.
2009). Therefore, it seems that female
mate choice decisions are, at least partially,
based on characteristics of chemical
signals of males. We hypothesized that
interpopulational differences in chemical
signals of male lizards P. hispanica, and/or
in female mate preferences, could be
leading to reproductive isolation processes
between populations of this lizard species.
Recently, analyses showed that two
closed populations of P. hispanica from
the Guadarrama Mountains (Central
Spain), inhabiting different altitudes and
environmental conditions, differ in the
chemical composition of femoral gland
secretions of males (Martin and Lépez
2006a). Males of the population inhabiting
more humid microclimates have secretions
with higher proportion of compounds (e.g.,
long chain alcohols and waxy esters) that
may favor persistency and efficiency of
chemical signals in humid environments.
Moreover, different rates of chemosensory
exploration show that males can
discriminate by chemical cues alone
between males of their own and the other
population (Martin and Lopez 2006a,b). In
contrast, females detected scent of males,
but did not seem able to discriminate
between scents of males of the two

populations (Martin and Loépez 2006a,b).
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Similarly, males of P. bocagei and P.
hispanica from the North of Portugal are
able to discriminate chemically between
conspecifics and heterospecifics, but
females are not (Barbosa et al. 2006).
These results suggest that, even if there are
differences in chemicals in male femoral
secretions, females might be basing their
mate recognition, and mate preferences, on
chemical cues that are shared by males
from different populations. However, the
failure to detect chemical discrimination by
females in these tests does not discard that
female still discriminated and preferred to
establish in areas scent marked by males of
their own population, thus increasing their
opportunities to mate with these males.
Moreover, females may reject or allow
copulations from males from different
populations based on chemical cues, or
other type of additional cues. The lack of
successful copulations between males and
females from different populations is a
requisite for an effective pre-mating
reproductive isolation.

In this paper, we first explored
whether males of two populations of P.
hispanica lizards from the Guadarrama
Mts., inhabiting different environments,
differ in their morphological and/or
chemical signals characteristics. Then we
examined in the laboratory whether
females recognized and chose to establish

on areas scent marked by males of their

own population against areas scent marked
by males of the other population, or
whether females selected scent marked
areas based on some characteristic of
males’ scent, which could predict the
“quality” of a particular individual male,
independently of the population of origin
of that male. Finally, to test for an effective
premating reproductive isolation between
populations, we  staged intersexual
encounters between males and females of
the same or different population and
analyzed their mating behavior and
whether copulations occur. We
hypothesized  that females  mating
preferences for certain features of a mating
signal that characterized males of their
population could promote a rapid
divergence between populations. However,
if females based their mate choice on
characteristics shared from males from the
two populations, this lack of discrimination
might be precluding an effective
reproductive isolation, even if other

selective pressures were promoting genetic

divergence between populations.

MATERIAL AND METHODS

Study animals

We captured by noosing during March,
before the start of their mating season,

adult male and female P. hispanica lizards
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at two close localities in the Guadarrama
Mts. (Madrid Province, Spain). For all
experiments, we used 43 females and 25
males from rock-cliffs at the edge of a pine
forest (‘Fuenfria’, 40°47° N, 4°03° W,
1750 m altitude), and we caught 45
females and 25 males from rocky outcrops
inside a large oak forest (‘Golondrina’,
40°44° N, 4°02° W, 1250 m altitude).
These two areas are only 6 km distant and
they are not isolated geographically,
although the intermediate area is not
occupied by stable populations of P.
hispanica (Martin and Loépez 2006a,b).
These two sites differ in the altitudinal
range, which results in different
microclimates, but both sites have similar
rocky microhabitats that are adequate for
P. hispanica (unpublished data). Within
each population, we captured lizards in
different places over large areas (10 km?)
to ensure that individuals had not had
previous interactions, which may affect
their responses (Lopez and Martin 2002).
Lizards were individually housed at
“El Ventorrillo” Field Station, about 5 km
from the capture sites, in outdoor 80x50cm
PVC terraria containing sand substratum,
rock for cover and water ad libitum. They
were fed every day mealworm larvae
(Tenebrio molitor). The photoperiod and
ambient temperature were those of the
surrounding region. Lizards were held in

captivity at least one week before testing to

allow acclimation to laboratory conditions.
Cages of males and females were in
different places to avoid contact between
them before the experiments. All animals
were healthy, did not show adverse
behavioral or physiological changes during
the tests, and were returned to their capture
sites at the end of trials. The capture and
experiments were performed under license
from the “Comunidad de Madrid”

Environmental Agency.

Morphological characteristics of males

We measured males’ body weight with a
digital balance to the nearest 0.01 g, and
the snout-to-vent length (SVL) with a ruler
to the nearest 1 mm. We calculated
individual values of body condition as the
residuals from the regression equation of In
mass (g) on In SVL (mm), which may
represent an index of the relative amount
of fat stored, and hence an estimation of
individual physical condition or nutritional
status (Bonnet and Naulleau 1994). We
also made morphological measurements of
the head of males using digital calipers (to
the nearest 0.05 mm). Head length was the
distance between the tip of the snout and
the posterior side of the parietal scales.
Head width was the greatest distance
between the external sides of the parietal

scales. Head depth was the greatest
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distance from the highest portion of the
head to the bottom of the lower jaw.

We also counted under a
magnifying glass the number of femoral
pores on the right and left hind limbs of
males and calculated an average number
for both sides. Finally, we noted the
number of small but distinctive and
conspicuous blue ocelli that runs along
each of the body sides on the outer margin
of the belly, and calculated an average
number for both sides. These ocelli seem
to have a role in sex recognition and
intrasexual social relationships between

males (Lopez et al. 2002).

Analysis of femoral gland secretions of

males

The femoral gland secretions of males
were extracted by gently pressing with
forceps around the femoral pores
immediately after capture. We collected
secretion in glass vials with Tetlon-lined
stoppers. Vials were stored at -20 °C until
analyses. We used the same procedure
without collecting secretion in order to
have blank control vials. Before the
analyses, we added 250 ul of n-hexane to
each vial. Samples were analyzed in a
Finnigan-ThermoQuest Trace 2000 gas
chromatograph-mass spectrometer (GC-
MS) equipped with a 30 m Supelco,
column, and

Equity-5 temperature

programmed from 50-280 °C at 5 °Cmin”’
and kept at 280 °C for 30 min (see Martin
and Loépez 2006a for details of analyses).
Identification of compounds was done by
comparison of mass spectra in the
NIST/EPA/NIH 1998 library, and later
confirmed with authentic standards. The
relative amount of each compound was
determined as the percentage of the total
ion current (TIC). The relative areas of the
peaks were transformed  following
Aitchison’s formula:  Zij=In(Yij/g(YJ)),
where Zij is the standardized peak area i
for the individual j, Yij is the peak area i
for individual j and g(Yj) is the geometric

mean of all peaks for individual j

(Aitchison 1986; Dietemann et al. 2003).

Female choice of males’ scents

We placed in males’ terraria several
absorbent paper strips (35x10 cm) fixed to
the floor, and left them there for three
weeks to obtain the scents from males.
Mate choice experiments were performed
at the end of April, coinciding with the
mating season of this lizard species.
Females’ cages had two basking platforms
(two  identical  flat  tiles)  placed
symmetrically at each end of the cage, and
rocks for cover in the center. At the
beginning of experiments (09.00 h, GTM,;
when females where still inactive) we

fixed, wearing fresh gloves, on one tile one
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paper strip from one male of one
population, and on the other tile a paper
from a male of the other population.
Different papers from each male were used
in four choice tests against the papers of
other four males from the other population.
The males tested and the positions of
papers were randomly determined. Each
female was tested twice, once a day, with
papers from two different pairs of males
(own vs. other population). Each trial
lasted 5 h (from 11.00 h GMT, shortly
after females appeared from refuges and
until 16.00 h GMT when females hid
again). Females were monitored each 15
min from a hidden point. If a female was
located on a tile with paper strip, she was
designated as haven chosen temporarily
that particular paper, whereas, if she
located out side of the tiles, she was
designated as having made no choice
(Martin and Lopez 2000, 2006c; Olsson et
al. 2003). At the end of the trials the papers
were removed and the cage was thoroughly
rinsed with clean water.

We counted the number of times
that each female was observed on each
particular stimulus paper in each trial, and
used a repeated measures three-way
ANOVA to test for differences between
the two days of the trial and between types
of males (male from her own population
vs. male from other population), both as

within-subject factors. The population of

origin of the female (‘Fuenfria’ wvs.
‘Golondrina’) was included as a between
subject factor to test whether the responses
varied between populations (Sokal and
Rohlf 1995). Also, because a previous
study suggested that, at least, females from
‘Golondrina’ may prefer scents of males
with relatively higher amounts of cholesta-
5,7-dien-3-0l in secretions (Lopez and
Martin 2005), we made a similar three-way
ANOVA but classifying the two males
within each pair according to the relative
abundance of this lipid in their secretions
(higher vs. lower) independently of the
population of origin.

In addition, individual males were
also  classified according to the
attractiveness of their scent; the paper on
which a female spent greater than 50 % of
her time (excluding time in the no choice)
was designed as the preferred paper in the
trial (Martin and Loépez 2000). Each
individual male was assigned an
attractiveness 1index, calculated as the
proportion of females that preferred a
paper with his scent. Then, we used the
morphological variables or the transformed
areas of chemical compounds in femoral
secretions of males (see above) as
independent variables in forward stepwise
general regression models (GRM) with
attractiveness indexes of males as the

dependent variable.
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Mating behavior

We staged encounters between male and
female lizards from the same or from
different populations to study whether
successful copulations occurred and the
differences in  copulatory  behavior
depending on the population of origin of
the male and the female. Each male
encountered two females, once per day
over two days. Half of males were
presented first with a female from their
own population and the day after with a
female from the other population, and the
converse for the other half of males. Each
female was used only once with a single
male. The individual males and females
used in each encounter were chosen at
random. In each trial, we gently took a
female from her cage and placed her in a
male’s cage. From a blind we observed
whether or not a copulation occurred, and
recorded the duration of the copulation
(i.e., since the first cloacal contact with
hemipenis intrusion until the moment that
cloacae of individuals were physically
separated). The female was removed from
the male’s cage immediately after the
copulation finished or after 30 min since
the start of the trial, if copulation did not
occur.

We used General Linear Mixed
Models (GLMM) in the statistic software
of SAS (SAS, 1989-96 Institute Inc., Cary,

NC, USA) to test the dependent variable
with normal distribution (i.e., duration of
copulation; Kolmogorov-Smirnoff’s test:
P>0.10) and Generalized Linear Mixed
Models (GLIMMIX) when the dependent
variable was binomial (i.e., whether or not
a copulation occurred). In this analysis, the
male individual was used twice so, we
defined male identity as a random factor.
We also included in the models the
population of the male and the female and
the order of presentation as categorical

predictors.

RESULTS

Morphology of male lizards

Males from the two populations differed
significantly respect to their morphological
characteristics (weight, SVL, condition,
head size, number of femoral pores and
number of lateral blue ocelli) (MANOVA:
Wilk’s 1=0.16, Fg;,=6.9, P=0.002; Table
1). Males from Fuenfria were significantly
larger and heavier, had significantly
greater heads, and had significantly higher
body condition than males from
Golondrina (Table 1). However, males of
the two populations did not differ
significantly in the number of femoral

pores or blue ocelli (Table 1).
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Chemicals in femoral gland secretions of

males

The lipophilic fraction of femoral
secretions of male lizards’ P. hispanica
consisted in several fatty acids, alcohols,
waxy esters, squalene and steroids (Table
1). The most abundant compounds were
cholesterol and cholesta-5,7-dien-3-ol. The
other compounds were found in minor
quantities. There were significant overall
differences between populations in the

relative proportion of compounds in
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femoral secretions of males (MANOVA:
Wilks” 1=0.046, Fg;=28.54, P<0.0001;
Table 1). Univariate protected ANOVAs
showed that males from Fuenfria had
significantly lower proportions of low
molecular weight (C;,-C;g) fatty acids,
cholesterol and campesterol, and
significantly  greater  proportions  of
alcohols and cholesta-4,6-dien-3-one than
males from Golondrina (Table 1). Males
from Fuenfria also tended to have greater
proportions of fatty acids of high
molecular weight (Cy-Cp4) and of waxy
esters than males from Golondrina, but
although not significantly,. For the other
compounds there were no significant

differences between populations.

Choice of males’ scent by females

There were no significant differences
between time spent by females (log-
transformed number of observations) on
paper strips scent marked by a male of
their own population or by a male from the
other population (repeated measures three-
way ANOVA: F;3=0.08, P=0.77), the

population of origin of the female had not

Fig. 1: Percent number of times (mean+SE), during each
of two scent’s choice trials, that female P. hispanica
lizards from two populations (Fuenfria or Golondrina)
were observed on paper strips scent marked by (a) males
from the same or from the other population, or (b) by the
male within each pair with relatively higher or lower
proportions of cholesta-5,7-dien-3-0l in its femoral
secretions, independently of the population of origin
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significant effect on these responses
(F133=0.08, P=0.77), and the interaction
between population of male and female
population was not significant (¥ 33=0.07,
P=0.79) (Fig. 1a). However, the overall
number of observations of females varied
significantly between the two days of the
trial (F138=5.09, P=0.03). And the
interaction between day and female
population was significant (F33=33.91,
P<0.0001), but this variation between days
did not affect the female choice of paper
strips (interaction of male population x
day: Fi;33=0.01, P=0.94; three way
interaction: F 33=1.64, P=0.21).

Analyzing the attractiveness of
males, considering their morphology, we
found that none of the morphological
variables (weigh, size, condition, head size,
etc) had any significant relation with the
attractiveness indexes of their scent (i.e.,
no variable entered the GRM model with
significance). = A  similar lack of
relationships was found when we analyzed
separately each population. However,
when we analyzed the  possible
relationships between male attractiveness
and the major chemical compounds in
femoral secretions, we found a significant
positive  relationship  between  the

attractiveness index of a male and the

relative proportions of cholesta-5,7-dien-3-

ol in his secretions (GRM: R’=0.42,
Fi17=12.55, P=0.0025; Fig. 2). A
relationship that was similar when we
calculated the attractiveness indexes of
males from the responses of females of
each of the two populations separately
(GRM,  Fuenfria R=0.27,
F1.16=5.92, P=0.027; Golondrina females:
R*=0.33, F1.17=8.23, P=0.011).

females:

Moreover, in the trials of choice of
males” scent by females, when we
classified the two males within each pair
according to the relative abundance of
cholesta-5,7-dien-3-0l in their secretions
(higher vs. lower) independently of the
population of origin of the male, females
spent significantly more time on paper
strips scent-marked by the male, within
each pair, with the higher proportion of
cholesta-5,7-dien-3-ol (repeated measures
three-way ANOVA: F33=14.58,
P=0.0005; Fig. 1b). This effect was similar
independently of the population of origin
of the female (F)33=0.09, P=0.77), and
there were no significant differences
between days (Fj33=2.17, P=0.15),
although the interaction between female
population and day of the trial was
significant (F 33=35.40, P<0.0001). All the
other interactions were non significant

(P>0.16 in all cases).
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Fuenfria Golondrina Fi3 P
Morphology:
Weight (g) 5.1 £0.2 41+02 16.55 0.0007
SVL (mm) 631 57+1 13.36 0.0018
Condition (weight/SVL) 0.89 £0.01 0.80 £0.01 12.22 0.002
Head length (mm) 14.90 £ 0.18 13.18 £0.15 8.30 0.009
Head width (mm) 9.29 £0.25 8.12+£0.12 4.15 0.05
Head depth (mm) 6.28 +£0.10 5.66 £ 0.06 7.09 0.01
Femoral pores 184 +0.4 18.7+0.5 0.22 0.64
Blue ocelli 3+1 4+1 0.19 0.66
Chemicals:
Fatty acids (C»-Cis) 1.58 £0.22 291 +£041 12.23 0.0026
Fatty acids (Cy6-Cis) 7.44 £1.87 8.50 £0.97 5.43 0.03
Fatty acids (Cy-Cs4) 1.49 £0.38 0.73 £0.09 3.70 0.07
Alcohols 2.25+£0.36 0.87 £0.05 14.60 0.0012
Waxy esters 2.01 £0.67 0.62 +0.28 3.62 0.07
Squalene 0.45+0.12 042 +£0.04 3.02 0.10
Cholesterol 52.14+£2.24 63.88 +1.22 6.55 0.02
Cholesta-5,7-dien-3-ol 19.34 £ 0.97 13.12+1.14 0.01 0.91
Ergosta-5,8-dien-3-ol 3.37+£0.14 2.43 £0.08 0.09 0.77
4,4-Dimethyl-cholesta-5,7-dien-3-ol 2.04 £0.17 1.01 £0.20 3.19 0.09
Campesterol 0.33 £0.07 0.48 £0.06 4.53 0.04
Cholesta-4,6-dien-3-one 0.83 +£0.15 0.16 £0.05 12.18 0.003
Cholestanol 0.46 £0.31 0.61 £0.25 1.54 0.23
Minor steroids 6.21 £0.64 424 +£0.38 0.01 0.93

Table 1: Morphological measurements (mean + SE) and lipophilic chemical compounds (mean+SE of TIC area) found in femoral gland

secretions of male Podarcis hispanica from Fuenfria and Golondrina populations

* Results (F, P) from protected one-way ANOVAs on transformed data (see methods) are shown. The bold values indicate that P is
significant at the 0.05 level

Fig. 2: Relationship between relative proportions of cholesta-
5,7-dien-3-0l in femoral gland secretions and the
attractiveness index scores of male lizards P. hispanica from
two populations, Fuenfria (0) or Golondrina (*)
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Fig. 3: Rate of successful copulations between male lizards P.
hispanica from two populations (Fuenfria or Golondrina) with
females from their own or from the other population, in two
successive copulation trials of the same male with different
individual females (see methods)
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Mating behavior

The overall frequency of successful
copulations in this experiment was 0.58
(29 copulations from 50 staged encounters)
(Fig. 3). The probability of occurrence of a
copulation was not significantly dependent
of the population of the male (GLIMMIX:
F19=1.25, P=0.27) nor of the population
of the female (F 19=0.21, P=0.65), and the
interaction was not significant (¥ 19=0.09,
P=0.76). The probability of copulation was
significantly higher in the first encounter
than in the second one (order effect:
F1.19=9.06, P=0.007), but this effect was
independent of the population of the male
or of the female (P>0.20 for all
interactions of order with all other effects)
(Fig. 3).

The  duration of  successful
copulations did not differ depending of the
population of the male (GLMM,
F176=3.60, P=0.06) or the population of
the female (F)26=1.84, P=0.18) and the
interaction between male and female
populations was not significant (F 26=2.71,
P=0.11). Moreover, the duration of
copulation was not significant affected by
the order of female presentation
(F126=0.39, P=0.54). All other interactions

were not significant (P>0.40 in all cases).

DISCUSSION

Our results showed that males from these
two closed populations of P. hispanica
differ in some important aspects.
Morphologically, males of Fuenfria are
more robust and bigger, and have large
heads than males of Golondrina. Also,
although the femoral secretions of males
are composed by similar chemical
compounds, the relative proportions of
these chemicals are different (see also
Martin and Lopez 2006a). These observed
differences in morphology and femoral
secretions could be related with small
genetic differences between populations.

These variations described here
might have arisen due to the different
environments in the geographical area
occupied by each population. Although
lizards occupy similar rocky microhabitats
in the two populations, there are notorious
differences in elevation, temperature and
humidity (Gabirot et al. unpublished data).
Lizards from Fuenfria occupy areas
characterized by high levels of humidity
and cold temperatures; whereas males from
Golondrina occupy drier and warmer areas
than males from Fuenfria. Thus, for
example, differences in body size may be
simply due to different growth rates or
other life history parameters of lizards

promoted by altitude-related differences in
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thermal opportunities, food availability,
predation risk, etc (e.g., Sears 2005; Iraeta
et al. 2006), but also natural selection may
have favored individuals with
morphological characters more adapted to
each environment. Similarly, differences in
proportion of chemicals in femoral
secretions might be related to different
microclimatic conditions, reflecting
selection for the persistency and efficiency
of chemical signals in  different
environments; less volatile compounds and
with a higher chemical stability being
favored in lizards inhabiting more humid
climatic conditions (Alberts 1992; Martin
and Lépez 2006a). The question that arises
is whether these differences are so great as
to promote reproductive isolation.

In fact, differences in chemical
compounds seem relevant for population
recognition based on previous experiments
that showed that male P. hispanica can
discriminate between scents from males
from their own or from other population
(Martin and Loépez 2006a, b), which can
have consequences for rival recognition in
intrasexual contests and from scent marked
territories (Lopez and Martin 2002; Carazo
et al. 2007).

In contrast to males, females do not
seem to discriminate between male
populations based on chemical cues,

although females clearly detect scent of

males of the two populations from a

baseline odor (Martin and Lopez 2006a,b).
Moreover, the results of the current
experiment further showed that females do
not prefer, nor reject, areas scent marked
by males based on the criterion of the
population of origin of the male.
Therefore, if a female established in a male
territory, independently of the male
population, she would have the same
probability of mating with males from their
own or from the other population.
Furthermore, the results of staged
encounters showed that males and females
are equally likely to copulate, and
copulation duration is similar,
independently of their population of origin.
Therefore, our results indicate that there is
a lack of pre-mating and mating
reproductive isolation between these two
populations, in instead of differences in
morphology and chemical sexual signals
described here. Although it remains to be
analyzed whether interpopulation mating
results in the same reproductive success
and whether “hybrids” have similar fitness,
our data suggest that reproductive isolation
between these two populations is at least
incomplete.

This lack of reproductive isolation
might be firstly explained by an incapacity
of female P. hispanica to discriminate
between populations of males, or perhaps
simply by a lack of female mate choice

criteria. Females might select to establish
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in areas scent marked by any male, and
accept mating with any male with enough
genetic relatedness. This would explain the
occurrence of gene flow and hybridization
between related, but even between clearly
distinct species, within the Genus Podarcis
observed in the laboratory (e.g., P. bocagei
x P. carbonelli, Galan 2002) and based on
genetic analyses (Capula 2002; Pinho et al.
2007).

However, our study showed that
female P. hispanica select scent of
individual males using the proportion of
chemicals in femoral gland secretions.
Females prefer males with relatively higher
amounts of cholesta-5,7-dien-3-ol
(=provitamin Ds) in femoral secretions.
Previous studies showed that female P.
hispanica can actually detect changes in
concentration of this lipid (Martin and
Lopez 2006d). This mate choice criterion
may be explained by the positive
relationship between the amount of
cholesta-5,7-dien-3-ol in secretions and the
quality of the immune response of a male
observed in this species (Lopez and Martin
2005; Lopez et al. 2009) and in other
lacertid lizard species (Martin and Lépez
2006¢).  Cholesta-5,7-dien-3-01 is a
precursor for vitamin D3 and, in humans
and other mammals, there is considerable
scientific evidence that the active form of
vitamin D is a potent immune system

modulator with a variety of effects on

immune system function that may enhance
immunity (Griffin et al. 2003; Hayes et al.
2003). In lizards, experimental dietary
supplementations and challenge of the
immune system suggest that there may be a
trade-off between physiological regulation
of the immune system and the allocation of
essential nutrients (provitamins) to sexual
ornaments (Martin and Lopez 2006e;
Martin et al. 2007b; Loépez et al. 2009),
which may allow to honestly signal male
quality via chemical cues.

Interestingly, average amounts of
cholesta-5,7-dien-3-ol in males’ secretions
did not vary between our study
populations,  although interindividual
variability is high in both populations.
Therefore, despite of females used this
signal to select a male, the population of
origin would not affect to the mate
selection, but rather the individual
characteristics of each male. This mate
selection based on specific characteristics
of chemical signals of males that not differ
between populations would lead to a lack
of effective reproductive isolation. In fact,
our results confirmed that successful
copulation with similar characteristics can
occur between males and females of both
populations.

In summary, in this study, we have
found that despite of clear differences in
morphology and chemical signals between

two populations of P. hispanica lizards,
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there is not clear interpopulational
discrimination at the level of chemical
recognition and pre-mating reproductive
isolation. While an anterior study showed
that males can discriminate between these
populations by chemical cues (Martin and
Lopez 2006a, b), females do not seem to
discriminate between male chemicals, nor
showed preferences for the scent of males
from their own population, and
probabilities of successful mating do not
depend on the population of origin.
However, females seem to base their mate
selection on criteria of individual male
quality that is signaled by pheromones
shared by males of both populations. All
these results support that reproductive
isolation and speciation between distinct
types in the P. hispanica complex is not

clear and merits further studies.
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Las variaciones interpoblacionales en las respuestas quimiosensoriales a
esteroides de las secreciones femorales de los machos de Podarcis hispanica

reflejarian las diferencias en las sefiales quimicas entre poblaciones
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Las secreciones femorales de los machos de la lagartija Ibérica Podarcis hispanica se
componen de proteinas y lipidos (principalmente esteroides y dcidos grasos); pero se piensa
que los lipidos son los principales compuestos con un papel en la comunicacidén
intraespecifica. Entre los esteroides, el mds abundante es el colesterol, que en otras especies
de lagartijas podria sefialar el tamafio corporal y la dominancia. Otro esteroide importante en
las secreciones femorales es el colesta-5,7-dien-3-ol, un precursor de la vitamina Dj. Las
hembras de P. hispanica elegirian su pareja usando este esteroide, que indicaria la calidad del
sistema inmune. La lagartija Ibérica parece formar un “complejo de especies”, con diferentes
morfotipos que frecuentemente no estdn aislados geograficamente. Estudios previos han
mostrado que diferentes poblaciones de este complejo de especies, que viven en una zona de
contacto en Madrid (centro de Espafia), difieren en la composiciéon y proporciones de
compuestos quimicos en las secreciones, especialmente con respecto a estos esteroides. En
este trabajo, comparamos las respuestas quimiosensoriales de cinco poblaciones diferenciadas
de P. hispanica a dos esteroides (colesterol y colesta-5,7-dien-3-ol). Los animales
discriminaron y tuvieron un interés significativamente mayor (i.e., altas tasas de protusiones
linguales) por estos esteroides, pero hubo diferencias entre poblaciones. Las lagartijas de
poblaciones con temperaturas frias y humedad relativa elevada (i.e., Norte de Madrid)
mostraron respuestas elevadas a estos esteroides, mientras que lo contrario ocurrié en
lagartijas de poblaciones que ocupan hdabitats secos y cdlidos (i.e., Sur de Madrid).
Interesantemente, la magnitud de las respuestas quimiosensoriales al colesta-5,7-dien-3-ol en
cada poblacion refleja la abundancia de este compuesto en las secreciones de los machos de
cada poblacion. Estos resultados sugieren que la importancia del colesta-5,7-dien-3-ol en las
secreciones de los machos es menor para las lagartijas de las poblaciones del sur, las cuales
podrian usar mds bien otro tipo de compuestos quimicos u otro tipo de sefales (i.e., visuales)
para la comunicacién. Por lo tanto, las poblaciones que viven en dreas distintas podrian haber
evolucionado de manera distinta y usar diferentes seflales comunicativas en la seleccion
sexual, lo cual apoyaria la existencia de procesos en marcha de aislamiento reproductivo y

especiacion entre estas poblaciones.
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Interpopulational variations in chemosensory responses to selected steroids
from femoral secretions of male lizards Podarcis hispanica may reflect

population differences in chemical signals

Marianne Gabirot, Pilar Lopez, José Martin

Abstract Femoral secretions of male Iberian wall lizards, Podarcis hispanica, are composed
of both proteins and lipids (mainly steroids and fatty acids), but the latter are thought to be the
main compounds involved in intraspecific communication. Among steroids the most abundant
is cholesterol, which in other lizard species may signal body size and dominance. Other major
steroid in femoral secretions is cholesta-5,7-dien-3-ol, a precursor for vitamin D3. Female P.
hispanica could make their partner scent choice using this steroid, which may signal a better
immune response. The Iberian wall lizard seems to form a “species complex” with different
morphotypes that are often not geographically isolated. Previous experiments showed that
different populations of this species complex, living in a contact zone in Madrid (Central
Spain), differed in composition and proportions of chemical compounds in secretions,
especially with respect to these steroids. Here, we compared the chemosensory responses of
P. hispanica lizards from five distinct populations to two steroids (cholesterol and cholesta-
5,7-dien-3-0l). Lizards discriminated and had a significant high interest (i.e., high tongue-flick
rates) for these steroids, but showed interpopulational differences. Animals from populations
with cold temperatures and high relative humidity (i.e., northern Madrid), showed higher
responses to these steroids, whereas the converse occurred for lizards from populations
occupying dry and hot habitats (i.e., southern Madrid). Interestingly, the magnitude of the
chemosensory responses to cholesta-5,7-dien-3-ol in each population mirrored the abundance
of this compound in secretions of males of each population. These results suggest that the
importance of cholesta-5,7-dien-3-ol in males’ secretions is lower for lizards from the
southern populations, which could rather use other type of chemicals or other type of signal
(i.e., visual) for communication. Therefore, populations living in distinct areas could have
evolved in different way and use different communication signals in sexual selection, which
may support the existence of ongoing reproductive isolation and speciation processes between
these populations.

Résumé Les secrétions fémorales du 1ézard Podarcis hispanica comprennent des protéines et
des lipides, en majorité ces composés jouent un rdle dans la communication. Parmi les
stéroides, le cholestérol est une des majeurs molécules chimiques des secrétions des glandes
fémorales et pré cloacales chez de nombreuses especes de 1ézards. Il aurait comme fonction la
signalisation du statut de dominance aux congéneres. Un autre stéroide important est le
cholesta-5,7-dien-3-ol qui est un précurseur de la vitamine Ds;. Les signaux chimiques et
spécialement le cholesta-5,7-dien-3-ol seraient utilisés par les femelles de Podarcis hispanica
pour choisir leur partenaire reproductif; il serait un signal de qualité informant sur le systeéme
immunitaire des males. Ce lézard se définit comme un complexe d’especes qui regroupe
plusieurs morphotypes. Dans le centre de la péninsule, deux des morphotypes vivent sans
barriere géographique apparente. De plus des études antérieures ont montré que dans cette
zone de contact, plusieurs populations peuvent étre observées et se différencient a plusieurs
niveaux : morphologie, signaux chimiques, ainsi qu’une reconnaissance entre individus a pu
étre mise en évidence. Les individus se situant au nord de cette zone dans un habitat plutot
montagneux (froid et humide) ont une concentration et proportions de ces stéroides
(cholestérol et cholesta-5,7-dien-3-ol) plus élevée que les méales des populations du sud. En
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conséquence, nous avons comparé la réaction face a ces stéroides (i.e., discrimination) des
individus de ces populations (sud et nord). Les résultats ont montré que les 1ézards ont un
certain intérét pour ces composés, mais différent selon la population d’origine. Plus la
population se trouve au nord de cette région avec un habitat froid, humide et d’altitude élevé,
plus les 1ézards ont un intérét pour ces stéroides ; et vice versa pour ceux du sud (i.e.,
températures €levées et peu d’humidité). Ces individus du sud reconnaissent ces composés
mais montrent moins d’intérét pour eux. Ces molécules chimiques pourraient étre importante
dans leur communication mais moins qu’elles ne le sont pour les 1ézards du nord ; ceux du
sud utiliseraient un autre type de molécules des secrétions ou bien méme un autre type de
signal. Ces populations qui vivent dans des zones bien distinctes avec des conditions
climatiques différentes pourraient avoir évolué différemment et développé différents signaux
pour communiquer ou pour se reproduire ; tous ces résultats supportent une fois de plus
I’existence d’un processus de spéciation en marche dans cette zone de contact.

Enviado a Journal of Chemical Ecology
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INTRODUCTION

Chemical signals released during the
reproduction are important for mate and
species recognition and may provide the
basis for premating reproductive isolation
and speciation in many animals (Mason
1992). If some variations in chemical
signals occur, these variations could avoid
interspecific mating among closely related
sympatric species (Cooper and Vitt 1987;
Shine et al. 2002) or between different
populations of the same species (LeMaster
and Mason 2003). In many lizards,
intraspecific communication is based on
chemical cues from femoral gland
secretions (Mason 1992; Aragén et al.
2001). Especially secretions of chemical
signals often come from femoral pores,
which are epidermal structures on the
ventral surface of the thigh connected to
glands that produce copious amounts of
holocrine secretion, particularly in males
and during the mating season (reviewed in
Mason 1992; Alberts 1993). Because of the
ventral location of the femoral pores, the
secretions seem to be passively deposited
on the substrate as lizards move through
their home ranges. Behavioral experiments
with several Lacertid lizard species showed
that both male and female lizards
responded by tongue-flicking to substrate

scent marks, but also, during social

encounters, lizards investigated each other
by tongue-flicking the cloacal and femoral
regions. Femoral gland secretions of males
could advertise residence in a home range,
and/or convey information about social
status and competitive ability (Aragén et
al. 2001; Lopez and Martin 2002; Martin
and Lépez 2007; Martin et al. 2007), or
even transmit information about a male’s
quality, which females may use to select
mates (Martin and Lépez 2000, 2006a;
Lopez et al. 2002; Olsson et al. 2003).
Thus because femoral gland secretions are
involved in sexual selection they may also
lead to speciation processes.

The Iberian wall lizard, Podarcis
hispanica, is a small diurnal lacertid lizard,
living in rocky habitats and in artificial
walls of the Iberian Peninsula. This lizard
use multiple types of signals in social
behavior (i.e., carotenoid dependent
coloration and chemical secretions from
femoral glands) and can discriminate
between sexes by either visual or chemical
cues alone (Lépez and Martin 2001;
Cooper and Pérez-Mellado 2002; Lopez et
al. 2002). Manipulations of visual and
chemical traits showed that, at close range,
chemical cues seem more important than
color patterns in sex recognition and
individual rival recognition, but, at long
range, male bright coloration alone allows

sex identification and elicits aggressive




Reconocimiento de compuestos de las sefiales quimicas CAPITULO 4

responses of males (Lopez and Martin
2001, 2002; Loépez et al. 2002). Femoral
secretions are composed of both proteins
and lipids, but the latter are thought to be
the main compounds involved in
communication (Mason 1992). Among
steroids, cholesterol is a steroid of animal
origin that was found in abundance in
femoral and precloacal gland secretions of
most lizard species (Alberts et al. 1992;
Escobar et al. 2001; Lopez and Martin
2005a,b,c). The abundance and ubiquity of
cholesterol in secretions was thought to be
useful to constitute an unreactive apolar
matrix that delivers the compounds that are
the true semiochemicals (Escobar et al.
2003). Nevertheless, the total amounts or
relative proportions of cholesterol in
femoral secretions might be depended on
size, age or sex steroid levels, because lipid
metabolism, femoral gland production and
percentage of lipid in secretions depend on
androgen levels in lizards (Alberts et al.
1992; Sheridan 1994). Thus, cholesterol
might also have a communicative function,
for example as a potential signal of
dominance as occurs in Lacerta monticola
lizards  where  cholesterol is  the
predominant component too (Martin and
Lopez 2007). Moreover, other major
steroid found in secretions is cholesta-5,7-
dien-3-ol, a precursor for vitamin Ds,
which is often found in the skin, where it

will transform into vitamin D after

exposition to sun UV-B irradiation (Fraser
1995; Holick et al. 1995; Carman et al.
2000). Vitamin D3 is essential in calcium
metabolism of lizards and other vertebrates
(Allen et al. 1994; Laing and Fraser 1999).
However, very often, the synthesis of
vitamin D3 in the skin is not sufficient to
meet physiological requirements, and
lizards require dietary intake of vitamin D
(Allen et al. 1994; Ferguson et al. 2005). In
the lizard P hispanica, individuals can
discriminate  cholesta-5,7-dien-3-0l by
chemosensory cues alone and females
could made their partner scent choice using
the chemical signals of males, especially
this steroid, which may signal a better cell-
mediated immune response (Lopez and
Martin 2005, Lopez et al. 2009).

Podarcis lizards are highly variable
in size, shape, escalation and color pattern,
not only between -currently recognized
species (Arnold and Ovenden 2002), but
also between populations and individuals.
Given this, disentangling the track of
evolutionary history from the effects of
local adaptation or phenotypic plasticity
(or finding a cohesive phenotype) can be a
difficult task. Morphological distinction
between Podarcis forms can neither be
taken for granted nor necessarily attributed
to separate evolution. Recently molecular
and morphological studies suggest that the
Iberian wall lizard, is paraphyletic, and

forms a species complex with at least five
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monophyletic lineages, and suggest the
existence of ongoing speciation processes
within taxa previously considered to be
conspecific (Guillaume 1987; Harris and
Sa-Sousa 2001, 2002; Sa-Sousa et al.
2002; Pinho et al. 2007). Although these
populations of the P. hispanica species
complex are mainly allopatric, both types
have been reported from the Madrid region
(Central Spain). In this area, two
populations live close together without
geographical isolation, and individuals of
both types may find each other easily
(Mellado and Olmedo 1981; Garcia-Paris
et al. 1989). Thus, Madrid is a contact zone
where at least two types (1 and 2) of P.
hispanica could be found. Moreover, more
than two populations with distinct
morphology, color and chemical signals
were observed in this region (Gabirot et al.
unpublished; see chapter 1).

In this paper, we studied five
distinct populations of P. hispanica in the
contact zone of Madrid. We tested three
populations from the north of Madrid and
two southern populations. All these
populations showed morphological and
chemical differences (Gabirot et al. unpub.
data; see Chapter 1). Males from the
northern populations have in their femoral
secretions a higher proportion of steroids,
and in particular of cholesta-5,7-dien-3-ol,
than males from the southern populations

(Gabirot et al. unpubl. data;; see Chapter

1). We aimed to study whether there were
interpopulational differences in
chemosensory recognition of two of these
major steroids (cholesterol and cholesta-
5,7-dien-3-0l), by P. hispanica lizards. We
presented  steroid  compounds  and
compared the tongue flick responses of
individuals of both sexes from distinct
populations in order to understand the
implication of chemical signals in the
evolutive processes of the P. hispanica
species complex. We hypothesized that
interpopulational differences in chemical
signals of male lizards P. hispanica, and in
responses to these chemical, could be

leading to reproductive isolation processes

between populations of this lizard species.

MATERIALS AND METHODS

Study populations

During the spring 2008, we captured by
noosing male and female P. hispanica
lizards at five localities within the Madrid
region (Central Spain). Three of these were
localized in the mountain northern area
(‘Fuenfria’, ‘Golondrina’ and
‘Pedrezuela’), and the two other were
situated in the plain southern area
(‘Belmonte’ and ‘Aranjuez’). We chose
these populations because they show

distinct morphological and coloration

characteristics (Gabirot et al. unpubl. data;
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see Chapter 1). In the north, we captured
24 males and 27 females from a population
occupying different granite rock-cliffs at
the edge of a pine forest in the upper part
of ‘Fuenfria’ Valley (40°47° N, 4°03" W;
1750 m altitude), 18 males and 24 females
on granite rocky outcrops in a large oak
forest (‘Golondrina’) near Cercedilla
village (40°44> N, 4°02° W; 1250 m
altitude), and 28 lizards (14 of each sex)
from old stone walls near to cultivated
fields in the ‘Pedrezuela’ village (40°44' N,
3°36' W; 800 m altitude). In the south, we
captured lizards (10 males and 16 females)
on human constructions in a public garden
in the ‘Belmonte del Tajo’ village (40°8'
N, 3°20" W; 735 m altitude) and 8 males
and 12 females on chalk and gypsum rocks
in deforested bushy hills near ‘Aranjuez’
(40°2’ N, 3°37° W; 494 m altitude).

All  lizards were individually
housed at “El Ventorrillo” Field Station
(Cercedilla, Madrid) about 5 Km from the
capture sites of the northern populations, in
indoor 60x40 cm PVC terraria containing
sand substratum and rocks for cover. Cages
were heated with 40 W spotlights during 6
h/day, and overhead lighted (36 W full-
spectrum daylight tubes) on a 10:14
light/dark cycle, and were screened from
each other using cardboard. Every day,
lizards were fed mealworm larvae
(Tenebrio molitor) dusted with

multivitamin powder for reptiles, and

water was provided ad libitum. Lizards
were returned to their exact capture sites
with good health condition at the end of
experiments. Captures and observations
were performed under license from the
Environmental Agency of Madrid
Government (“Consejeria del Medio
Ambiente de la Comunidad de Madrid”,

Spain).

Chemical compound recognition by

lizards

To measure the discrimination of chemical
cues, we used a bioassay based on tongue-
flick (TF) rates, where lizards respond by
distinct TF rates to different chemical
stimuli (Cooper and Burghardt 1990;
Cooper 1994).

In this experiment, we compared
TF rate by lizards (males and females) in
response to stimuli arising from cotton
applicators  bearing scents of (1)
cholesterol, (2) cholesta-5,7-dien-3-0l, and
(3)  dichloromethane  (DCM). (1)
cholesterol is the most abundant steroid in
femoral secretions; (2) cholesta-5,7-dien-3-
ol is found in femoral gland secretions, and
it seems to have a role in scent marking
and intraspecific communication (Lopez
and Martin 2005b; Lépez et al. 2009); (3)
DCM was used as a control to gauge
baseline TF rates under the experimental

conditions.
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We prepared chemical stimuli the
day of the tests by dissolving each
compound (authentic standards, GC grade,
Sigma-Aldrich, St. Louis, MO) in DCM
(30 mg ml'l) in glass vials with Teflon-
lined stoppers. We shook the solution for 1
min using a vortex, and kept the vials in a
refrigerator. Trials were made between
11:00 and 13:00 h (GMT). Immediately
before the trials, we prepared stimuli by
dipping the cotton tip (1 cm) of a wooden
applicator attached to a long stick (50 cm)
for 3 s in vials containing DCM alone, or
DCM with other chemicals dissolved in it.
In each experiment, every lizard was
presented with each chemical stimulus in a
randomized order. Swabs with all stimuli
were visually similar for humans. A new
swab was used in each trial. To begin a
trial, the same experimenter slowly
approached the home terrarium of each
lizard and slowly moved the cotton swab to
a position 1 cm anterior to the lizard’s
snout. The experimenter was blind to the
chemical presented. The numbers of TFs
directed to the swab were recorded for 60
s, beginning with the first TF.

To examine differences in number
of directed TFs between conditions, we
used three-way repeated  measures
ANOVA with chemical stimuli as a within
factor, and population and sex as
categorical between variables. Data were

log-transformed to ensure normality and

homogeneity of variances. Pairwise
comparisons used Tukey’s honestly
significant difference tests (Sokal and
Rohlf 1995).

We also analyzed whether the
numbers of TFs directed to each chemical
compound stimulus by each population
were related to the relative proportions of
those compounds in femoral secretions of
males. Males from these populations have
different proportion of cholesterol and
cholesta-5,7-dien-3-ol in secretions
(Gabirot et al. unpubl. data; see. chapter 1);
males from the northern populations
having secretions with higher proportions
of cholesta-5,7-dien-3-ol. To test for this
possible relation between the number of
TFs to these compounds and the relative
proportions of these steroids in male
secretions, we used non-parametric
spearman’s rank-order correlations (Siegel

and Castellan 1988).

RESULTS

All individual P. hispanica directed TFs to
the swab in all conditions. There were
significant differences in number of TFs
directed by lizards to the different stimuli
presented (three-way repeated measures
ANOVA, stimuli: F>37,=428.51,
P<0.0001), males and females made a

similar overall number of TFs (sex:

F136=0.003 P=0.96), and the interaction
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between sex and stimuli was not
significant (F,37,=0.84, P=0.42) (Fig. 1).
Both male and female lizards from all
population made a significant higher
number of TFs in response to both steroids
(i.e., cholesterol or cholesta-5,7-dien-3-ol)
than in response to DCM (i.e., control)
(Tukey’s tests: P<0.0001 for all), and
significantly more TFs in response to
cholesta-5,7-dien-3-0l than to cholesterol
(P=0.0001).

However, the population of origin
affected significantly the overall numbers
of TFs (Fi13=6.26 P=0.0001), and the
interaction between chemical stimuli and
population was also

(Fs372=2.17, P=0.03). The interaction

significant

between sex and population was not
significant (F4,136=0.91, P=0.46). Thus,
there was a gradient in the magnitude of
the responses, where the numbers of TFs
increased when the population was situated
more to the north. Lizards from Aranjuez
made less TFs in response to both steroids
than lizards from Fuenfria or Pedrezuela
(Tukey’s tests: P<0.05). However, the rest
of post-hoc comparisons were not
significant.

Finally, we calculated the relation
between the average proportions of
steroids in femoral secretions of males in
each population (cf. Chapter 1) and the
average number of TFs made by lizards

from each population in direction to these

compounds. For cholesterol, we did not
observe any significant relationship
(Spearman’s correlation: r=-0.30, t=-0.54,
N=5; P=0.62). While for cholesta-5,7-dien-
3-ol, in those populations where the
relative proportions of this steroid in
femoral secretion were higher, the numbers
of TFs directed to swabs bearing this
compound were significantly higher
(Spearman’s correlation: r=0.90, =3.57,
N=5; P=0.03). Lizards with higher
proportions of this steroid in their femoral
secretion (i.e., Fuenfria population) made
higher number of TFs in response to this
compound than lizards with lower

proportions (i.e., Aranjuez).

DISCUSSION

Lizards from all the studied populations
discriminated and showed a significant
high interest (i.e., high TF rates) for the
two steroids tested (cholesterol and
cholesta-5,7-dien-3-0l) in comparison to a
control. However, interestingly, lizards
from different populations did not display
the same interest for these steroids. Lizards
from the southern population (i.e.,
Aranjuez) made less tongue flicks in
response to cholesterol and cholesta-5,7-
dien-3-ol than lizards from the northern
populations (i.e., Pedrezuela and Fuenfria).
The Belmonte and Golondrina populations

showed an intermediate response between
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those of southern and northern populations.
We might interpret this result as an
outcome of an interpopulational gradient of
interest for these steroids related to the
geographical localization (or climatic
characteristics) of each  population.
Populations that live in habitats with cold
temperatures and high relative humidity
(i.e., northern Madrid) show a higher
interest for steroids; while the converse
occurs in population with a dry and hot
habitat (i.e., southern Madrid), where the
interest for steroids decreases.

Moreover, other study showed that
male P. hispanica lizards from the north
and south of the Madrid region have
different chemical signals (Gabirot et al.
unpublished; see Chapter 1). Femoral
secretions of males differ in proportions

and composition; males from northern
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populations (Fuenfria, Golondrina and
Pedrezuela) have  higher  relative
proportions of cholesta-5,7-dien-3-ol in
femoral secretions than individuals from
southern  populations  (Aranjuez  and
Belmonte). Fuenfria was the population
with the highest proportion of this
compound and Aranjuez the one with the
lowest proportion. In previous studies,
cholesta-5,7-dien-3-ol has been show to
have a role in mate choice by Fuenfria and
Golondrina females (Gabirot et al.
unpublished data; see Chapter 3). Females
selected establishing in a territory scent
marked by individual males with relatively
higher amounts of cholesta-5,7-dien-3-ol in
their femoral gland secretions,
independently of the male population

(Golondrina vs. Fuenfria). This mate

choice criterion may be explained by the
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Aranjuez Belmonte

Golondrina

Fuenfria Pedrezuela

Fig 1: Tongue flicks directed (mean * SE) by P. hispanica lizards from five populations in response to different
chemical compounds presented on cotton swabs: cholesterol (in grey), cholesta-5,7-dien-3-ol (in black) and

control DCM (in white).
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positive relationship between the amount
of cholesta-5,7-dien-3-ol in secretions and
the quality of the immune response of a
male observed in this lizard (Lépez and
Martin 2005c; Loépez et al. 2009) and in
other Lacertid lizard species (Martin and
Lopez 2006a). Other experiment showed
that female P. hispanica can actually detect
changes in concentration of this lipid in
femoral secretions (Martin and Lopez
2006b). Thus, it is likely that in northern
populations, where the relative proportions
of cholesta-5,7-dien-3-ol are higher,
individuals showed a higher interest for
this compound, and could use it as a honest
signal in sexual selection behaviors. While
in southern populations, where this steroid
appears in smaller proportions in femoral
secretions, individuals showed a lower
interest for it. Therefore, in the southern
populations this steroid might not have the
same importance and role in reproductive
processes than in the northern populations.
If individuals had an interest for this
steroid because it may bear information,
there could be a trend to increase its
presence in chemical signals. Conversely,
if this compound had not or lose the
informative signal, individuals could not
have reasons to secrete this costly
compound in higher proportions. For
Aranjuez lizards, cholesta-5,7-dien-3-ol is
found in low proportions in secretions.

Individuals recognize it, and have some

interest for it. Thus, this chemical could
still be important but not so much as for
Fuenfria lizards. Aranjuez lizards could
rather use other type of compounds in
secretions or other type of signal (e.g.,
visual) for communication.

These chemical differences (in
behavior and composition) could be due to
an adaptation to different habitats, with
temperature, humidity and trophic
variations. The environment can have an
important role in how pheromones are used
and conveyed. The humidity and
temperature are important for the
persistency and efficiency of chemical
secretions on substrates (Alberts 1992).
The loss of chemical communication in
some lineages (e.g., fireflies; Branham and
Wenzel 2003) might be a result of
environmental selection against pheromone
use (Symonds and Elgar 2009). Thus, in a
habitat where the temperature is high, the
secretions will not have the same
efficiency, and perhaps importance, than in
cold mountain populations where the
secretions will stay for longer time and
might have an important function in
communication. Northern  populations
living in a habitat more humid and cold,
and with higher proportions of some
steroids in secretions, could have evolved a
higher use of chemical signals than in
southern populations where the habitat is

more dry and hot. In contrast, in the
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populations from south of Madrid, other
type of communication, such as the visual
one, could prevail (Gabirot et al. unpubl.
data). Considering the chemosensory
behavior differences between northern and
southern populations in the region of
Madrid, we could support that these
populations could be adapted to different
environments and in consequence use
different types of sexual signals in
communication. All these results support
the existence of ongoing reproductive
isolation and cryptic speciation between
types in the P. hispanica complex, which

merits further studies.
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En algunos lacértidos, las marcas quimicas de los machos pueden informar del estatus y
habilidad competitiva, o incluso trasmitir informacién sobre las caracteristicas de un macho
que serviria a las hembras para seleccionar parejas. Las secreciones femorales de los machos
de lagartija Ibérica, Podarcis hispanica, se componen de esteroides, dcidos carboxilicos,
ésteres céreos, alcoholes y otros compuestos. Los esteroides son los compuestos mds
abundantes, pero otros compuestos importantes en las secreciones son los alcoholes que
parecen funcionar como sefales en otras especies. En este trabajo, exploramos la importancia
de los alcoholes en la comunicacién de P. hispanica. Disehamos un experimento de
reconocimiento quimiosensorial mediante protusiones linguales para saber si los individuos
identifican y muestran interés por explorar varios alcoholes (hexadecanol, octadecanol,
docosanol y tetracosanol) que se encuentran de forma natural en las secreciones femorales de
los machos. Los resultados mostraron que las lagartijas discriminaban y tuvieron intereses
diferentes por los alcoholes examinados. Las lagartijas manifestaron un interés mayor por el
tetracosanol, lo que podria sugerir que este compuesto funciona como sefial en las secreciones
de los machos. Ademas, las diferencias en las respuestas entre dos poblaciones distintas de P.
hispanica indicarian que estos alcoholes tendrian también un papel en el reconocimiento
interpoblacional. Estudios previos han mostrado respuestas quimiosensoriales y el posible
papel sefializador de los esteroides en las secreciones de los machos, la existencia de
respuestas adicionales a los alcoholes proporcionaria méds oportunidades para sefializar otras
caracteristicas de los machos, o reforzaria la fiabilidad de las caracteristicas sefializadas por
los esteroides. Finalmente, este trabajo resalta el importante papel de la comunicacion
quimica en la biologia de las lagartijas y la alta especificidad y complejidad de este sentido de

comunicacion.
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Chemosensory recognition of alcohols found in femoral gland secretions of

male Iberian wall lizards Podarcis hispanica

Marianne Gabirot, Pilar Lopez, José Martin

Abstract In some Lacertid lizards, scent marks of males can convey information about social
status and competitive ability, or even transmit information about a male’s characteristics,
which females may use to select mates. The femoral secretion of male Iberian wall lizards,
Podarcis hispanica, is a mix of steroids, carboxylic acids, waxy esters, alcohols and other
compounds. Steroids are the more abundant compounds, but other main compounds in
secretions are alcohols, which seem to have a signaling function in other lizard species. In this
paper, we explored the importance of alcohols in communication of P. hispanica lizards. We
designed an experiment of chemosensory recognition by tongue flicks in order to know
whether individuals could identify and show an exploratory interest for several alcohols
(hexadecanol, octadecanol, docosanol and tetracosanol) that are naturally found in males’
femoral secretions. Results showed that lizards can discriminate and show different interests
for tested alcohols. Lizards showed a higher interest for tetracosanol, which could suggest that
this compound might have a signaling role in secretions of males. Moreover, some differences
in responses between two distinct populations of P. hispanica could indicate that these
alcohols might also have a role in interpopulational recognition. Previous studies have
showed chemosensory responses to, and the possible signaling role of, steroids from male’s
secretions. The existence of additional responses to alcohols might provide more
opportunities to signal other characteristics of males, or reinforce the reliability of traits
signaled by steroids. Finally, this work enlightens the important role of chemical
communication in lizard’s biology and the very specificity and complexity of this
communication sense.

Résumé Les marques chimiques laissées par les 1ézards pourraient avertir sur le territoire ou
sur informer sur le statut social ou I’habilité compétitive, ou encore transmettraient des
renseignements sur les caractéristiques individuels des males, caractéristiques a partir
desquelles les femelles choisiraient leur partenaire sexuel. Les secrétions fémorales des males
de Podarcis hispanica sont un mélange de stéroides, acides carboxyles d’esters acéreux,
d’alcools et autres composés. La majeur proportion des secrétions est faite de stéroides, mais
les alcools occupent aussi une partie importante et ont une fonction de signal chez d’autres
lézards. Par conséquent, dans ce travail nous avons testé 1I’importance des alcools dans la
communication du lézard Podarcis hispanica. Pour cela, nous avons procédé a des
expériences de reconnaissance chimique par extraction linguale dans le but de savoir si ces
animaux peuvent distinguer et avoir un intérét pour ces différents alcools : hexadecanol,
octadecanol, docosanol et tetracosanol. Les résultats ont montré un nombre de tirage de
langue significatif en direction des substances testées. De plus, les 1ézards ont eu un intérét
élevé pour le tetracosanol. Cette molécule pourrait informer sur le statut des males. La
comparaison des réactions face aux alcools gras entre deux populations de Podarcis hispanica
laisse penser que les alcools pourraient jouer un rdle dans la reconnaissance
interpopulationnale. Ces composés chimiques présents dans les secrétions fémorales des
males seraient une possibilité de plus pour signaler aux congéneres. Finalement ce travail
apporte plus de preuves sur le role de la communication chimique ainsi que sa spécificité et
complexité.

In Press in Journal of Herpetology
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INTRODUCTION

The chemosensory system and
chemical = communication are  well
developed in lizards and snakes (Mason
1992). In many lizards, chemical secretions
from femoral glands of males play a
prominent role in social relationships of
many species (reviewed in Mason 1992;
Alberts 1993; Martin and Lopez in press).
Behavioral experiments showed that scent
marks of males could advertise residence
in a home range, and/or convey
information about social status and
competitive ability (Lopez and Martin
2002; Carazo et al. 2007; Martin et al.
2007), or even transmit information about
a male’s characteristics, which females
may use to select mates (Martin and Lopez
2000, 2006d; Olsson et al. 2003; Lopez
and Martin 2005a).

However, in spite of the potential
importance of chemical signals in lizard
social biology, only a few studies have
described the chemical composition of
gland secretions in a few species of lizards
(reviewed in Weldon et al. 2008).
Secretions are mainly composed of both
proteins and lipids, which are thought to be
the main compounds involved in
communication (Mason 1992; Martin and
Lopez in press). Moreover, although some
studies examined the responses to

chemicals used for prey identification in

foraging contexts (Cooper and Pérez-
Mellado 2001; Cooper et al. 2002a,b), the
chemosensory behavioral responses of
lizards to specific chemicals from femoral
secretions have been little studied (Martin
and Loépez 2006c,d, 2008). However,
variations in the chemosensory responses
to different chemicals would be an
important first indication of the potential
role of some compounds as chemical
signals.

The small lacertid Iberian wall
lizard, Podarcis hispanica, is a common
lizard living in rocky habitats and on
artificial walls of the Iberian Peninsula.
This lizard uses multiple types of signals in
social behavior (i.e., coloration and
chemical secretions from femoral glands)
and can discriminate between sexes by
either visual or chemical cues alone (L6pez
and Martin 2001; Cooper and Pérez-
Mellado 2002; Lépez et al. 2002), but
chemical signals seem more important than
color patterns in sex recognition and
individual rival recognition (Lopez and
Martin 2001, 2002; Loépez et al. 2002;
Carazo et al. 2008).

The lipophilic composition of
femoral secretions from male P. hispanica
is a mix of steroids, carboxylic acids,
alcohols and other minor compounds
(Martin and Lopez 2006a). Among
steroids, cholesterol is the most abundant

component, which is also found in
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abundance in femoral gland secretions of
most lizard species (Weldon et al. 2008).
The other major steroid in secretions is
cholesta-5,7-dien-3-ol, which might
function as an honest sexual signal in mate
choice processes (Lopez and Martin 2005a;
Martin and Lopez 2006d; Lépez et al.
2009). Previous studies showed that female
P. hispanica can discriminate these two
steroids and are able to assess changes in
concentration of cholesta-5,7-dien-3-ol
(Martin and Loépez 2006c). However,
although most previous studies have
examined the role of steroids as potential
chemical signals, there are also other main
compounds in secretions such as alcohols.
One study in the lizard Lacerta m.
monticola showed that two alcohols
(hexadecanol and octadecanol) may be a
reliable status badge (i.e., signaling
aggressive behavior) (Martin et al. 2007).
These alcohols are also found in secretions
of P. hispanica, so it is likely that alcohols
could have a similar role in sexual
selection or intraspecific communication of
this lizard.

In this paper, we explored the
importance of alcohols that are naturally
found in femoral secretions of male Iberian
wall lizards, P. hispanica in their
intraspecific communication. For this, we
designed an experiment of chemosensory
recognition, by measuring tongue-flick

rates, to test whether lizards recognized

and showed different chemosensory
responses to several alcohols also found in
males’ secretions.

In addition, chemical signals
are important for species recognition and
may result in speciation in many animals
(reviewed in Smadja and Butlin 2009).
Chemical stimuli can be the basis of
interspecific recognition and speciation in
snakes (Shine et al. 2002; LeMaster and
Mason 2003) and lizards (Cooper and Vitt
1986; Barbosa et al. 2006; Martin and
Lopez 2006a,b). Iberian wall lizards, P.
hispanica, seem to form a ‘“species
complex” with several morphotypes that
might be cryptic species (Harris and Sa-
Sousa 2002; Pinho et al. 2007). Although
populations of the different types of P.
hispanica are mainly allopatric, several
non-isolated distinct populations are found
in the Madrid region (Central Spain)
(Mellado and Olmedo 1981; Garcia-Paris
et al. 1989; Gabirot et al. unpublished
data). Here, we used two nearby but
distinct populations of P. hispanica from
the Guadarrama Mountains, inhabiting
different altitudes and environmental
conditions, which differ in morphology
and in the chemical composition of
femoral gland secretions of males (Martin
and Lopez 2006a). We tested whether
individuals from these different

populations showed different

chemosensory responses to chemical
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stimuli (i.e., alcohols) as an indication of
the potential role of these alcohols as
signals used in interpopulational or

interspecific recognition.

MATERIALS AND METHODS

Study animals

We used P. hispanica lizards from two
distinct populations from the north of the
Madrid province (Central Spain); we
captured 20 males and 19 females from a
population occupying different granite
rock-cliffs at the edge of a pine forest in
the upper part of ‘Fuenfria’ Valley (40°47’
N, 4°03° W; 1750 m altitude), and 18
males and 31 females were caught on
granite rocky outcrops in a large oak forest
(‘Golondrina’) near Cercedilla village
(40°44° N, 4°02° W; 1250 m altitude).
These two populations are not isolated
geographically, but show clear differences
in morphology, coloration and chemical
signals (Martin and Lépez, 2006a).

All  lizards were individually
housed at “El Ventorrillo” Field Station
(Cercedilla, Madrid), in indoor 60x40 cm
PVC terraria containing sand substratum
and rocks for cover. Cages were heated
with 40 W spotlights during 6 h/day, and
overhead lighted (36 W full-spectrum
daylight tubes) on a 10:14 light/dark cycle,

and were screened from each other using

cardboard. Every day, lizards were fed
mealworm larvae (Tenebrio molitor)
dusted with multivitamin powder for
reptiles, and water was provided ad
libitum. Lizards were held in captivity at
least one week before testing to allow
acclimation to laboratory conditions.
Lizards from different populations were
housed in different rooms. All lizards were
healthy during the trials. They did not
show behavioral or physiological changes
due to possible stress of experiments, and
all maintained or increased their original
body mass. Lizards were returned to their
exact capture sites at the end of

experiments.

Chemosensory recognition trials

Several studies have shown that lizards
respond to different chemical stimuli by
changing the rate of tongue extrusions
(Cooper and Burghardt 1990; Cooper
1994). Therefore, tongue-flick (TF) rates
can be used as a bioassay for measuring
discrimination of chemical cues. In this
experiment, we compared TF rate by
lizards (males and females) in response to
stimuli arising from cotton applicators
bearing scents of (1) cholesterol, (2)
hexadecanol, 3) octadecanol 4)
docosanol, (5) tetracosanol and (6)

dichloromethane (DCM). The rationale for

testing these chemicals was that: (1)
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cholesterol is the most abundant chemical
in femoral secretions. We previously knew
that P. hispanica lizards show high
chemosensory responses and discriminate
cholesterol from other chemicals (Martin
and Lopez 2006¢), so we used cholesterol
as a control indicating a high
chemosensory response; (2) hexadecanol
and (3) octadecanol are present in the
femoral secretions and could be putative
chemical signals signaling male dominance
status, as it occurs in other lacertid lizard
species (Martin et al. 2007); the rest of
alcohols, (4) docosanol and (5)
tetracosanol, are also found in the femoral
secretions of males but their function is
unknown. Finally, (6) DCM was used as a
control to gauge baseline TF rates under
the experimental conditions because DCM
was used to dissolve other chemicals used
in the tests.

We prepared chemical stimuli the
day of the tests by dissolving each
compound (authentic standards, GC grade,
Sigma-Aldrich, St. Louis, MO) in DCM
(30 mg.ml™") in glass vials with Teflon-
lined stoppers. We shook the solution for 1
min using a vortex, and kept the vials in a
refrigerator. Trials were made between
11:00 and 13:00 h (GMT). Immediately
before the trials, we prepared stimuli by
dipping the cotton tip (1 cm) of a wooden
applicator attached to a long stick (50 cm)

for 3 s in vials containing DCM alone, or

DCM with other chemicals dissolved in it.
After impregnating the swab, the DCM
quickly evaporated in a few seconds
leaving the chemical dissolved in it
deposited on the swab. The control
solution of DCM alone evaporated entirely
without leaving any solid residual. Swabs
with all stimuli were visually similar for
humans. In each experiment, every lizard
was presented with each chemical stimulus
in a randomized order. A new swab was
used in each trial. To begin a trial, the
same  experimenter (MG)  slowly
approached the home terrarium of each
male and slowly moved the cotton swab to
a position 1 cm anterior to the lizard’s
snout. The experimenter was blind to the
chemical presented. The numbers of TFs
directed to the swab were recorded for 60
s, beginning with the first TF.

To examine differences in number
of directed TFs by individuals (males and
females) among  stimuli  presented
(chemical compounds), we used a three-
way repeated measures ANOVA with
chemical stimuli as a within factor, and
with the sex (male vs. female) and
population of origin (Golondrina vs.
Fuenfria) of the responding lizard as
between  factors. Further, because
responses of males and females were
different (see results), we performed two-
ANOVAs

way repeated  measures

separately for males and females, with
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TFs directed by females

TFs directed r by males

chemical stimuli as a within factor, and
population of origin as a between factor.
Data were log-transformed to ensure
normality and homogeneity of variances.
Pairwise comparisons used Tukey’s
honestly significant difference tests (Sokal

and Rohlf 1995).

RESULTS

m U
DCM ChOL HexOL OctOL DocOL TetraOL
ok
= [
DCM ChOL HexOL OctOL DocOL TetraOL

Fig. 1: Mean (+ SE) tongue flick rates directed by (up)
female and (down) male P hispanica from two populations
(Fuenfria in black and Golondrina in white) in response to
several chemicals: cholesterol (ChOL), Hexadecanol
(HexOL), Octodecanol (OctOL), Tetracosanol (TetraOL),
Docosanol (DocOL) and Dichloromethane (DCM).

The sex and the population of origin of
lizards had not significant effects on the
overall number of TFs (three-way repeated
ANOVA: sex: Fig4=2.57,
P=0.11; population: F;34=0.95, P=0.33);

measures

and the interaction between sex and
population was not significant (F g4=2.57,
P=0.11). However, lizards’ TF rates
differed significantly between chemical
stimuli (scent: Fs420=285.13, P<0.0001),
and the magnitude of the responses to the
different stimuli varied significantly
between males and females (scent x sex:
Fs5 40=7.00, P<0.0001), as well as between
populations (scent ~x  population:
Fs.420=5.41, P<0.0001), and the interaction
between sex and population was not
significant (Fs420=0.38, P=0.86) (Fig. 1).
Thus, we made two separated analyses for
males and females (see below). In all
cases, the TFs responses of lizards in
response to any chemical compound were
significantly higher than in response to
control DCM (Tukey’s test: P<0.05 for

all).

Responses by females

We found significant differences in TF
rates of females between chemical stimuli
(two-way repeated measures ANOVA:
scent: Fs240=175.64, P<0.0001) (Fig. la),
females from different populations made

non significant different overall numbers
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of TFs (population: Fj43=2.78, P=0.10),
but the interaction between scent stimuli

and population was

(Fs5240=3.63, P=0.003), suggesting that

significant
females from different populations
responded differentially to the different

chemical stimuli..

Females from Fuenfria made significantly
more TFs in response to cholesterol,
tetracosanol and hexadecanol than in
response to octadecanol and docosanol
(Tukey’s tests: P<0.001 for all). There
were no significant differences between
responses to cholesterol, tetracosanol and
hexadecanol (P>0.50 for all) nor between
octadecanol and docosanol (P=0.99).
Females from Golondrina showed a
significantly higher number of TFs in
response to cholesterol than to all the other
chemical compounds (P<0.001 for all), and
TF rates in response to any alcohol
(tetracosanol, docosanol, hexadecanol and
octadecanol) were not significantly

different (P>0.08 for all).

Responses by males

We found significant differences between
scent stimuli in TFs directed by males
(two-way repeated measures ANOVA
Fs5.130=123.90, P<0.0001) (Fig. 1b); the
population of origin had not significant

effects on overall TFs elicited by males

(F136=0.31, P=0.58), but the interaction
between scent stimuli and the population
was significant (Fs30=2.27, P=0.049).
However, only for hexadecanol, we
observed significant differences between
populations; males from Fuenfria showed a
significantly higher number of TFs in
response to this compound than males
from Golondrina (Tukey’s test: P<0.0001).

Males from Fuenfria made a
significantly higher number of TFs in
response to cholesterol and tetracosanol
than to hexadecanol, docosanol and
octadecanol (Tukey’s test: P<0.03 for all).
There were no significant differences
between cholesterol and tetracosanol
(P=0.99), nor between hexadecanol and
docosanol  (P=0.95), nor  between
docosanol and octadecanol (P=0.67).
Finally, males from Fuenfria elicited
significantly higher TF rates in response to
hexadecanol than to octadecanol (P=0.02).

For males from Golondrina, there
were similar results. Individuals elicited
significantly more TFs in response to
cholesterol and tetracosanol than to
hexadecanol, docosanol and octadecanol
(P<0.03 for all); only the TFs number in
response to tetracosanol and hexadecanol
were similar (P=0.11). There were no
significant differences between cholesterol
and tetracosanol (P=0.99), nor between
hexdecanol and docosanol (P=0.31), nor

between hexadecanol and octadecanol
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(P=0.99), but there were significant
differences in the responses to docosanol

and octadecanol (P=0.048).

DISCUSSION

This study first showed that P. hispanica
lizards can discriminate between a control
(i.e., DCM) and some chemical
compounds tested (cholesterol and several
alcohols) dissolved in this control solution.
Further, we knew that cholesterol elicited
higher chemosensory responses by these
lizards (Martin and Lépez 2006c). So, the
comparison of the responses to the several
alcohols tested and cholesterol could
inform on the relative importance of the
observed responses. We found that lizards
had similar high responses to some
alcohols (hexadecanol and tetracosanol)
than to cholesterol. These results strongly
suggest that P. hispanica lizards could
detect and identify alcohols present in
femoral secretions of males in the same
way as they can discriminate steroids.
Males and females differed in their
responses to alcohols, which may suggest
that the same chemicals in femoral
secretions may convey different messages
or be differentially important for males and
females, as it has been similarly shown in
other lacertid lizards (Martin and Lopez

2008).

We observed the highest number of
tongue flicks (TF) in response to
tetracosanol or ‘lignoceric alcohol’. This
compound is a fatty alcohol with a
hydrocarbon chain of 24 carbons. This
chemical is also present in very large
amounts in secretions of other lacertid
lizard Acanthodactylus erythrurus (Lopez
and  Martin  2005b).  The  high
chemosensory responses of lizards to this
alcohol might be related to its metabolic
functions. Some studies suggest that fatty
alcohols may decrease cholesterol levels in
preventing low-density lipoprotein
oxidation (Shimura et al. 1987; Fraga et al.
1997). Thus, higher levels of tetracosanol
in secretions might be an indication of
health or condition. But, at this moment
there is no knowledge about the role and
effects of this compound in reptiles, nor on
its potential role as a chemical signal, and
further experiments are needed.

Also, lizards showed relatively high
chemosensory responses to hexadecanol,
but it seems that it was no clearly
discriminated from the similar octadecanol
and docosanol. The small chemical
differences between these alcohols (i.e.,
hydrocarbon chains with 16, 18 or 20
carbons respectively) might explain that
lizards did not discriminate them, or
alternatively that differences in the

responses are too small as to yield

significant results in our experiment.
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Perhaps, not just one alcohol could have a
signaling function, but the mix of several
alcohols and the different relative
proportions of each one could be the true
signal (see Johnston 2001). Hexadecanol,
but also octadecanol, could have a function
signaling male dominance, as it occurs in
the lizard L. m. monticola (Martin et al.
2007). Hexadecanol elicits male aggressive
behavior in this lizard. The immune
response of male L m. monticola was
correlated with the abundances of
hexadecanol (and octadecanol) in the
femoral secretions, suggesting that both a
male’s dominance status and the quality of
chemical signals are linked with the quality
of the immune system (Martin et al. 2007).

Interestingly, only for hexadecanol
we found a population difference in
chemosensory  responses. Male  P.
hispanica from Fuenfria showed responses
to hexadecanol higher than those of males
from Golondrina. These two populations
have distinct characteristics at several
levels such as morphology and chemical
signals (Martin and Lopez 2006a).
However, lizards from these populations
have similar proportions of hexadecanol in
femoral secretions (a relative proportion of
0.03%, Martin and Lopez 2006a). In spite
of this similarity, the relative importance of
specific chemicals in communication
might differ between populations. Fuenfria

individuals could have evolved distinct

responses or obtain different information
from this compound than Golondrina
lizards. Here the interpopulational
variations in the responses to hexadecanol
could be one more cue indicating that these
populations are different.

In summary, P. hispanica lizards
show differential chemosensory responses
and can discriminate several alcohols
found in femoral secretions of males. The
presence of some of these alcohols in
secretions might have relation with health
or social status of individuals. Alcohols
could signal this information alone or be
associated with other chemical compounds
in femoral secretions, such as steroids, that
also seem to have a signaling function
(Lépez and Martin 2005a). Thus, alcohols
presented in males’ secretions may provide
more opportunities to signal a male quality
via different circumstances, but also may
reinforce the reliability of the signal when
several types of chemicals may be
perceived simultaneously. Finally, these
alcohols could also have a role in
interpopulational chemosensory
recognition. However, more experiments
are clearly needed to know the potential
signaling role of alcohols in femoral

secretions of lizards.
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Numerosos animales utilizan las sefiales quimicas en la seleccién sexual, pero no esta claro
como estas seflales sexuales han podido evolucionar para informar honestamente sobre la
condiciéon de un macho. Es posible que exista un compromiso entre mantener el sistema
inmune y la elaboracién de los ornamentos sexuales. Hemos estimulado el sistema inmune
de lagartijas Ibéricas Podarcis hispanica con un antigeno bacteriano (LPS), sin efectos
patégenos, para explorar como la activacién del sistema inmune afectaria a las sefales
quimicas de los machos. La activacién inmune resulté en una disminucion de la proporcion
de uno de los compuestos principales de las secreciones femorales de los machos (colesta-
5,7-dien-3-ol = pro-vitamina D3), un compuesto que se sabe es seleccionado en el olor de
los machos por las hembras, y cuya forma activa (vitamina Ds) tiene una multitud de
efectos importantes sobre las funciones del sistema inmune. Este resultado sugiere la
existencia de un compromiso potencial entre la regulacion fisiologica del sistema inmune y
la asignacién de nutrientes esenciales (vitaminas) para elaborar los ornamentos sexuales

quimicos de los machos de lagartija.
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Immune activation affects chemical sexual ornaments

of male Iberian wall lizards

Pilar Lopez, Marianne Gabirot, José Martin

Abstract Many animals use chemical signals in sexual selection, but is not clear how these
sexual traits might have evolved to signal honestly male condition. It is possible that there
is a trade-off between maintaining the immune system and the elaboration of ornaments.
We experimentally challenged the immune system of male Iberian wall lizards, Podarcis
hispanica, with a bacterial antigen (LPS), without pathogenic effects, to explore whether
the immune activation affected chemical ornaments. Immune activation resulted in
decreased proportions of a major chemical in femoral secretions (cholesta-5,7-dien-3-ol =
provitamin D3) known to be selected in scent of males by females, and which active form
(vitamin D) has a variety of important effects on immune system function. This result
suggests the existence of potential a trade-off between physiological regulation of the
immune system and the allocation of essential nutrients (vitamins) to sexual chemical
ornaments in male lizards.

Résumé De nombreux animaux utilisent des signaux chimiques lors de la sélection
sexuelle, mais 1’évolution de ces traits en signaux honnétes de la condition des males n’est
pas encore claire. Il est possible qu’il existe un compromis entre le maintien du systeme
immunitaire et 1’élaboration des ornementations. Nous avons mis a I’épreuve le systeme
immunitaire des lézards Podarcis hispanica grace a 1’antigene bactérien (LPS), sans effet
pathogene, pour explorer comment I’activation du syst¢tme immunitaire peut affecter les
signaux chimiques des males. Lors de cette activation, les proportions d’un des majeurs
composés des secrétions chimiques des males (cholesta-5,7-dien-3-ol = provitamine Ds),
connu comme indice pour les femelles pour choisir leur partenaire sexuel et dont la forme
active (vitamine D) a de nombreux effets importants sur le systtme immunitaire. Ce
résultat suggere 1’existence d’un réel compromis entre la régulation physiologique du
systéme immunitaire et 1’attribution des nutriments essentiels (vitamines) aux ornements
males utilisés lors de la sélection sexuelle.

Naturwissenschaften 2009, 96(1):65-69.
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INTRODUCTION

Many animals use chemical signals in
mate choice (Johnasson and Jones 2007)
and some studies have suggested that
only healthier males may afford to
produce attractive ‘chemical ornaments’
(Penn and Potts 1998; Rantala et al. 2002,
2003; Zala et al. 2004; Lopez and Martin
2005), but is not clear how these
chemical signals have evolved to be used
as sexual signals. A requisite for sexual
signals to be evolutionarily stable and
useful for sexual selection is that signals
are costly to the signaler, and that the cost
is correlated with the signaler’s quality
(Zahavi 1975; Pomiankowski 1988;
Grafen 1990). One of the possible costs is
the energetic expenditure of producing
and maintaining components of the
immune system, which may have a major
effect on condition, thus creating a trade-
off because resources are used up by both
the  condition  dependent  sexual
advertisement and the immune system
(Wedekind and Folstad 1994; Sheldon
and Verhulst 1996; Lochmiller and
Deerenberg  2000). Therefore, only
individuals in good condition could
mount a strong immune defense and
produce an extravagant sexual ornament
(Westneat and Birkhead 1998).

Chemical  signals play a

prominent role in social relationships of

many lizards (Mason 1992). Chemical
secretions from the femoral glands of
males may reliably convey information
about a male’s quality or genetic
compatibility, which females may use to
choose prospective mates (Olsson et al.
2003; Martin and Lopez 2006a,b). The
Iberian wall lizard, Podarcis hispanica, is
a small (50-70 mm adult snout-to-vent
length) diurnal lacertid lizard, common in
rocky habitats of the Iberian Peninsula.
Females prefer scent marks of males with
high proportions of cholesta-5,7-dien-3-
ol in their femoral secretions, which may
signal a better cell-mediated immune
response (Lopez and Martin 2005). Also,
increased testosterone levels decrease
proportions of cholesta-5,7-dien-3-ol in
secretions of males (Martin et al. 2007).
We explored here whether costs
of immunity affected the expression of
chemical ornaments (i.e., chemicals in
femoral secretions) of male lizards, P.
hispanica, which would allow honest
signaling of male condition. Previous
observational  studies have found
relationships between health state and
elaboration of sexual signals in this and
other related lizards (e.g., Lopez and
Martin 2005; Martin et al. 2008), but
simple correlations may confound costs
of immunity per se because of pathogen
effects on host health. However, to look

for immunity costs, we can expose
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individuals to an antigen that is identified
by the immune system as a pathogen and
that elicits an immune response without
being pathogenic (e.g., Bonneaud et al.
2003; Staszewski and Boulinier 2004;
Uller et al. 2006). Thus, we
experimentally challenged the immune
system of male lizards P. hispanica with
a bacterial antigen (LPS), without
pathogenic  effects, and examined
whether their chemical signals were
affected by the activation of the immune
system. We predicted that if these
chemical sexual traits honestly reflected
current health, and if a trade-off between
immune function and elaboration of
chemical ornaments existed, activation of
the immune system should reduce the

“intensity” of chemical displays.

MATERIAL AND METHODS

Study animals

We captured by noosing 20 adult male
lizards P. hispanica of similar body sizes,
at the beginning of April 2006, just
before the start of their mating season,
near Cercedilla (Madrid province, Spain).
Lizards were individually housed at "El
Ventorrillo" Field Station, 5 km from the
capture site, in outdoor 80 x 50 cm PVC
terraria with sand substratum, rocks for

cover, and water ad libitum. We fed

lizards every day with three mealworm
larvae and ensured that all lizards ate all
larvae to standardize feeding regimes of
all  individuals.  Similar  captivity
conditions ensured that all lizards had
similar body condition and similar access
to food, thus ensuring 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. All animals were

returned with good condition to their

capture sites at the end of trials.

Activation of the immune system

To activate the immune systems of male
lizards we used lipopolysaccharide (LPS)
from the cell wall of the bacteria, E. coli
(serotype 0111-B4; Sigma-Aldrich). LPS
induces an inflammatory response by
non-specifically activating B and T
lymphocytes, and producing specific anti-
LPS antibodies, but has no pathogenic
effects (Janeway et al. 2001), although
LPS also induces immunopathological
effects such as fever (Deen and
Hutchison 2001). Ten male lizards
(‘LPS-males’) were injected
intraperitoneally with LPS (2.5 pg per g
of body weight) diluted in 0.05 ml of
PBS (phosphate buffered saline). The
similar, and the

serotype was

concentration similar or lower than those
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previously used to stimulate the immune
system in other lizards (Deen and
Hutchison 2001; Uller et al. 2006). Ten
control males (‘C-males’) were injected
with the same volume (0.05 ml) of PBS
alone. Lizards were injected twice: in
April, ten days after capture, and in May,
three weeks after the first injection.
Lizards were assigned at random to the
treatments, and were handled “blind” by
the same investigator using the same
protocol for injections. All lizards were

kept under similar captivity conditions.

Chemical signals

We examined whether the experimental
immune challenge affected the proportion
of cholesterol and cholesta-5,7-dien-3-o0l
in femoral secretions of males because
previous experiments suggested that these
steroids may be important as secondary
sexual signals (Lépez and Martin 2005).
We extracted samples of femoral
secretion immediately after capture, and
again one month after males were first
injected with LPS or PBS alone. Samples
were analyzed by gas chromatography—
mass spectrometry (GC-MS) (Finnigan-
ThermoQuest Trace 2000) equipped with
a Supelco, Equity-5 column (for details
of chemical analyses see Martin and
Lopez 2006c). We identified chemicals

by comparison of mass spectra in the

NIST/EPA/NIH 1998 library, and later
confirmed them with authentic standards
(from Sigma-Aldrich Chemical Co.).

We calculated the percent of the
total ion current (TIC) to determine the
relative amount of each component.
These measurements were carried out
blind. We transformed areas of
cholesterol and cholesta-5,7-dien-3-ol
before and after the experimental
treatment following Aitchison’s (1986)
formula, and used them as dependent
variables in two-way repeated measures
ANOVAs (Sokal and Rohlf 1995) testing
the effects of temporal changes after the
experimental manipulation (within factor;
‘time’), treatment group (between factor,
C-males vs. LPS-males) and the
interaction between time and treatment.
This interaction effect tested for actual
changes due to the treatment after
considering natural variation between
individuals, and temporal changes within
individuals due, for example, to captivity
conditions or natural seasonal changes.
Pairwise comparisons used Tukey’s
honestly significant difference (HSD)
tests (Sokal and Rohlf 1995).

RESULTS

There were not significant differences in
overall levels of cholesta-5,7-dien-3-0l in

femoral gland secretions between
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treatments (repeated measures two-way
ANOVA: treatment effect, F;;3=0.16,
P=0.70), but there were significant
differences between the beginning and
the end of the experiment (time effect,
F113=19.60, P=0.0003), and the
interaction was significant (F ;3=4.99,
P=0.038). Thus, at the beginning of the
experiment there were not significant
differences between C- and LPS-males in
proportions of  cholesta-5,7-dien-3-ol
(Tukey’s test: P=0.50), but, after the
immune activation, LPS-males decreased
the proportion of cholesta-5,7-dien-3-ol
(P=0.001), whereas C-males maintained
it (P=0.43) and, at the end of the
experiment, C-males had significantly
higher proportions of cholesta-5,7-dien-3-
ol in their femoral secretions than LPS-
males (P=0.03) (Fig. 1a).

Overall levels of cholesterol in
femoral secretions did not significantly
differ (repeated

measures two-way ANOVA: Fj 3=0.30,

between treatments

P=0.59), but were significantly higher at
the end of the experiment (F) ;5=17.60,
P=0.0005), and the interaction was not
significant (F,;3=0.04, P=0.84). Thus,
both groups of males increased
proportions of cholesterol during the
but there not

experiment, were

differences between treatments at the
beginning or at the end of the experiment

(Fig. 1b).

cholesterol (%)

o cholesta-5,7-dien-3-ol (%)

a
20
® C-males
O LPS-malegq
154
104
5
before after
100
® C-males
o _
95- LPS-males
90+
851
801
75
before after

Fig. 1: Mean (+ SE) relative proportions of a cholesta-
5,7-dien-3-0l and b cholesterol in femoral gland
secretions of male lizards P. hispanica, before and one
month after the injection of control PBS (C-males) or
LPS (LPS-males).

DISCUSSION

Our experiment showed that activation of
the immune system resulted in decreased
proportions of cholesta-5,7-dien-3-ol in
femoral secretions of male lizards P.
hispanica. This suggests that there is a
potential trade off between the immune
system and the elaboration of chemical
sexual signals. Males that increased the
costs of the immune response might not

be able to allocate enough cholesta-5,7-
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dien-3-ol to femoral secretions without
detrimental  effects for  metabolic
functions. This result may explain that
proportions of this steroid in secretions
are related to health state in this and other
lacertid lizards (Lépez and Martin 2005;
Martin and Lépez 2006a). Also, the
immunosuppressive effects of
supplemented testosterone can decrease
proportions of cholesta-5,7-dien-3-ol in
secretions of this lizard (Martin et al.
2007). Because female P. hispanica
detect changes in concentration of this
lipid (Martin and Loépez 2006d) and
prefer scent marks of males with higher
proportions of it (Lépez and Martin
2005), it is likely that proportions of
cholesta-5,7-dien-3-ol may reliably signal
health of a male to females. In contrast,
proportions of cholesterol were not
affected by the immune challenge, which
may suggest that this major steroid
constitutes an unreactive apolar matrix
that aids in the delivery of other truly
semiochemicals.

Cholesta-5,7-dien-3-o0l is a
precursor for vitamin D3 and, in humans
and other mammals, there is considerable
scientific evidence that 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 (Griffin et

al. 2003; Hayes et al. 2003). Most cells of
the immune system, including T cells and
antigen-presenting cells, such as dendritic
cells and macrophages have vitamin D
receptors (Lin and White 2004). Recent
evidence demonstrates that vitamin Dj
promotes creation of antimicrobial
peptides within keratinocytes, which
enable these cells to recognize and
respond to microbes and to protect
wounds against infection (Schauber et al.
2007). Given that other better known
physiological aspects of reptiles are
similar to those of mammals (Janeway et
al. 2001; Hill et al. 2008), similar
functions of vitamin D are very likely to
occur in lizards too. Therefore, activation
of the immune system might require
lizards to allocate larger amounts of
systemic cholesta-5,7-dien-3-ol
(provitamin D) to the immune function.
Consequently, less cholesta-5,7-dien-3-ol
would be available to be allocated to
femoral secretions.

Our results with chemical signals
are similar to those relative to carotenoid-
base visual signals in birds and fish,
where there is a well documented trade-
off between elaboration of visual traits
and immunity (Blount et al. 2003; Faivre
et al. 2003; Grether et al. 2004; McGraw
and Ardia 2004). This is explained
because carotenoids are important in the

up-regulation of various aspects of the
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immune functioning and  cellular
protection against oxidation by free
radicals (e.g., Chew 1993; von Schantz et
al. 1999; McGraw 2005). These data
together with our results suggest a
‘scenario’ for the evolution of chemical
signals as honest signals of male quality
that is extremely similar to visual signals
based on carotenoids or other pigments
with immunological and antioxidant
functions. Therefore, our study supports
that the trade-off between physiological
functions, such as regulation of the
immune system, and the allocation of
essential nutrients to sexual ornaments
(e.g., carotenoids in visual signals and
vitamins in chemical signals) may be the
common basis of honest sexual displays
in many animals, and that only the
sensory mechanism used to detect these
“essential chemicals” would actually

differentiate  visual from chemical

signals.
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La introducciéon de especies en las islas debido a la actividad humana puede tener
consecuencias muy importantes sobre las poblaciones endémicas insulares. La hibridacion
entre Podarcis atrata (Boscd 1916), lagartija endémica de las Islas Columbretes
(Mediterrdaneo, Espafa) y la lagartija Ibérica, Podarcis hispanica (Steindachner 1870), de
la Peninsula Ibérica, podria producirse potencialmente ya que algunos haplotipos
continentales han sido detectados ya en las islas, porque estas dos especies son muy
cercanas a nivel genético, y debido a la cada vez mayor frecuencia de visitas humanas a las
islas. Sin embargo, las decisiones relativas a la reproduccién de muchas lagartijas estdn
frecuentemente mediadas por mecanismos de reconocimiento entre especies basados en
sefales quimicas. Bajo esta asuncion, incluso si algunas P. hispanica continentales fueran
introducidas en las islas, el reconocimiento quimico entre especies podria hacer que fuera
poca frecuente la hibridaciéon con P. atrata insulares. Hemos examinado si existe
reconocimiento quimico interespecifico entre P. atrata insulares y P. hispanica
continentales. Los resultados han mostrado que las lagartijas de ambos sexos respondieron
con mds intensidad (es decir, tuvieron una tasa mayor de protusiones linguales) al olor de
individuos coespecificos que al de heterospecificos. El reconocimiento quimico de
coespecificos por la lagartija insular P. atrata reduciria la posibilidad de hibridacion con P.
hispanica introducidas desde el continente, con lo que se protegerian las caracteristicas

genéticas de la especie insular.
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Chemosensory species recognition may reduce the frequency of

hybridization between native and introduced lizards

Marianne Gabirot, Aurora M. Castilla, Pilar Lépez and José Martin

Abstract The introduction in islands of alien species mediated by anthropogenic activity
can cause catastrophic consequences on small populations of island endemics.
Hybridization between the endangered and endemic insular lizard Podarcis atrata (Bosca
1916) from the Columbretes islands (Mediterranean, Spain) and the common mainland
lizard Podarcis hispanica (Steindachner 1870) could potentially occur because mainland
haplotypes have already been detected in the island, because of the close genetic
relatedness between these two species, and because of the increasing frequency of visitors
to these islands. However, reproductive decisions of lizards are often mediated by species
recognition mechanisms based on chemical cues. Under that assumption, even if some
mainland P. hispanica lizards were introduced in the islands, interspecific recognition
might make rare an eventual hybridization with insular P. atrata. We examined
interspecific chemical recognition between the insular P. atrata and the mainland P.
hispanica. Our results showed that lizards of both sexes responded more strongly (i.e.,
directed a significant higher number of tongue-flicks) to scents of conspecific individuals
than to scents of heterospecifics. Chemical recognition of conspecifics by endemic island
P. atrata lizards may reduce the occurrence of hybridization with introduced mainland P.
hispanica and protect the insular gene pool.

Résumé L’introduction d’especes étrangeres dans les iles par I’activité humaine aurait des
conséquences catastrophiques sur les populations insulaires endémiques. L hybridation
entre Podarcis atrata (Bosca 1916), lézard endémique des iles Columbretes
(Mediterranean, Spain) et le 1ézard commun de la péninsule ibérique Podarcis hispanica
(Steindachner 1870) pourrait potentiellement se produire du fait que (1) certains
haplotypes continentaux ont déja été détectés sur I’ile, (2) que ces deux especes sont
relativement proche génétiquement, et (3) que la fréquence des visites humaines a
augmenté sur I’lle. De plus, les 1ézards utiliseraient en grande partie les signaux chimiques
lors de la reconnaissance entre especes et/ou lors des décisions de reproduction. A partir de
cette hypothese, méme si quelques P. hispanica 1ézards continentaux sont introduits dans
les iles, la reconnaissance interspécifique raréfierait la possibilité d’hybridation. Nous
avons examiné la reconnaissance chimique interspécifique entre 1’insulaire P. atrata et le
continental P. hispanica. Les résultats ont montré que les 1ézards des deux sexes montrent
plus d’intérét (i.e., un nombre plus grand de tirage de langue) en direction d’odeurs
d’individus de sa propre espece que de 1’autre espece. Cette différence interspécifique au
niveau de la reconnaissance chimique contribuerait a la protection du lot génétique
insulaire face au risque de 1I’hybridation avec les congéneres communs continentaux.

Canadian Journal of Zoology, 2010, 88 (1): 73-80.
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INTRODUCTION

Small isolated islands are ideal scenarios
where evolutionary processes may lead to
genetic divergence of local populations of
animals and plants and the appearance of
endemic new species (Thorpe and
Malhotra 1996; Coyne and Orr 2004).
However, the introduction in islands of
alien species mediated by anthropogenic
activity can cause catastrophic
consequences for the often endangered
small populations of endemics (Fritts and
Rodda 1998). Island endemics are often
closely related to common mainland
species that can be easily introduced and
hybridize with the island species, thus
reversing the island speciation processes
(Seehausen et al. 2008). Many
endangered species are considered to be
seriously threatened by crossbreeding
with closely related species as a result of
introduction by  human  mediated
activities (Gunnel et al. 2008; Oliveira et
al. 2008; reviewed in Rhymer and
Simberloff 1996; Allendorf et al. 2001).
The endemic Columbretes wall
lizard, Podarcis atrata (Bosca 1916), is
an endangered lizard from the
Columbretes islands (Mediterranean,
Spain) (Castilla et al. 1998a,b). This is
the European lizard with the smallest (19
Ha) distribution area, and has a small

population size (total of ca. 12000

individuals) (Castilla and Bauwens
1991). P. atrata is closely related to the
mainland Iberian wall lizard, Podarcis
hispanica (Steindachner 1870) (Pinho et
al. 2006, 2007), which is very common
and widely distributed in the Iberian
Peninsula (Barbadillo et al. 1999).

The Columbretes archipelago is a
Natural Park that receives fishermen,
visitors and divers from the Spanish
mainland and other European countries.
In addition, the number of boat arrivals
has considerably increased during recent
years (Columbretes Natural Park, own
data). The light house, the housing
facilities for game keepers and
researchers, and the paths connecting to
the disembarkation sites are all being
newly rebuild. These activities bear a
high risk of accidental transportation of
lizards from the mainland to the islands.
In fact, haplotypes from mainland lizards
have been already found in these islands
(Castilla et al. 1998b). Even if it is
unclear whether those haplotypes were
retained or due to recent introgression, if
they were due to recent introductions
from mainland lizards, then, they may
represent a threat (e.g., hybridization,
competition) and a consequent loss of
genetic isolation for insular lizards
(Castilla et al. 1998b).

The occurrence of gene flow and

hybridization between related species of
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lizards, and even between clearly distinct
species of the Genus Podarcis has been
observed in the laboratory (e.g., P.
bocagei x P. carbonelli, Galan 2002) and
inferred from genetic analyses of field
populations (P. sicula x P. tiliguerta,
Capula 2002; P. hispanica of various
genetically distinct types, Pinho et al.
2007).
Human  mediated secondary
contact, hybridization and interbreeding
between different taxa are challenges of
increasing relevancy in conservation
biology (Rhymer and Simberloff 1996;
Allendorf et al. 2001). Some studies have
reported complete replacement of
haplotypes in natural populations due to
hybridization (Gyllesten and Wilson
1987; Dowling and Hoeh 1991;
Bernatched et al. 1995). Hybridization
between species commonly results in
outbreeding depression (Wang et al.
2007) and is involved in the risk of
extinction of many species. For this
reason, hybridization is of major concern
for the appropriate implementation of
species conservation (Sutherland et al.
2006; Gunnel et al. 2008; Oliveira et al.
2008; Vincenzi et al. 2008). Some
management actions include the removal
of non-native species to eliminate or
prevent hybridization (Copp et al. 2008).
Interestingly, however, there are

some cases where related species can live

together while showing a low percentage
of hybrid genotypes, suggesting that there
is a mechanism for species recognition
that acts as a barrier to hybridization
(Shine et al. 2002; Kingston and
Gwilliam 2007). Even if individuals of
different populations or species share the
same habitats, successful reproduction
might not always occur between them.
For example, two subspecies of the
mouse Peromyscus maniculatus do not
hybridize even though their ranges
overlap (Campbell 1995). Therefore,
some species might have mechanisms to
avoid hybridization, and behavioral
studies may contribute to clarify the
actual relevance of the conservation
problem of hybridization (Caro 1998).

It is well known that sexual
selection is an important mechanism that
may facilitate reproductive isolation
(Boughman 2001; Panhuis et al. 2001).
Understanding the pattern of mating and
the cues that individuals use to select
mates can help o identify the potential for
hybridization between species (Grant and
Grant 1997). Species recognition may
prevent interspecific mating between
sympatric related taxa (Cooper and Vitt
1986; Shine et al. 2002). Thus, if
reproductive isolation is mediated by
species  recognition, the risk of
interspecific hybridization should be low,

even if heterospecifics are common.
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In many species of lizards,
including the Iberian wall lizard P.
hispanica, the chemical senses play
important  roles in  intraspecific
communication, mate choice and species
recognition (Cooper and Vitt 1986;
Barbosa et al. 2005, 2006; Lopez and
Martin 2005; Martin and Lépez 2006a, b;
see review in  Mason 1992).
Chemosensory  recognition is  well
developed in P. hispanica, and chemicals
in femoral gland secretions of males vary
between populations (Martin and Loépez
2006a,b). Also, sex identification of
females is based mainly on chemical cues
(Gomez et al. 1993; Lopez and Martin
2001; Lopez et al. 2002), and female
pheromones are necessary to elicit male
courtship (Lépez and Martin 2001;
Cooper and Pérez-Mellado 2002) as it
occurs in other lizards (Cooper et al.
1986). Chemical cues of males are also
important in male-male interactions
(Lépez and Martin 2002; Carazo et al.
2007) and it seems that female mate
choice decisions are, at least partially,
based on characteristics of chemical
signals of males (L6pez and Martin 2005;
Martin and Lépez 2006¢; Martin et al.
2007).

In this paper, we examined
whether interspecific chemical
recognition exists between the insular P.

atrata and the mainland P. hispanica,

which could prevent mating and
hybridization between these two species.
We expected that if chemical recognition
existed, chemosensory responses to scent
of conspecific lizards should be different
than those observed to scent of
heterospecifics. =~ The  existence  of
interspecific  recognition may have
important consequences for conservation
strategies of the threatened P. atrata,
because we hypothesized that if P. atrata
could maintain their reproductive
isolation by recognition of conspecifics
over heterospecifics, then the threat of
hybridization with introduced lizards may

be reduced.

MATERIAL AND METHODS

Study area and species

The Columbretes wall lizard P. atrata, is
a small (mean adult snout-vent length of
50-70 mm) lizard endemic from the
Columbretes archipelago (39°55" N, 0°40'
E, Mediterranean, Castellon, Spain), that
inhabits three small islands characterized
by high aridity and vegetation dominated
by perennial shrubs, herbs and grasses
(Castilla and Bauwens 1991, 2000;
Castilla 2000). We collected 15 males
and 15 females in the main island
Columbrete Grande (13 ha) during the

reproductive season in April 2008.
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The Iberian wall lizard, P.
hispanica, is a small lizard (mean adult
snout-vent length of 49-61 mm) with a
broad distribution in Spain and the south
east coast of France (Barbadillo et al.
1999). We collected lizards in three
different populations of Central Spain
(Madrid province) during the
reproductive season in March 2008. In
the first area (Fuenfria, 40° 47° N, 4° 03’
W) we captured 20 males and 21 females
(Ph1), in the second (Golondrina, 40° 44°
N, 4° 02°W) 17 males and 34 females
(Ph2), and in the third (Aranjuez, 40° 2’
N, 3° 37° W) we captured 12 males and
11 females (Ph3). The three zones are
characterized by having a large cover of
rocks, inside pine or oak forest or
Mediterranean shrubland.

We chose these populations for
logistical reasons, but also because it is
very difficult to predict the mainland
origin of the putatively colonizing
population. Apart from accidental
introductions from coastal zones, we
should also  consider intentional
introductions from very distant areas. A
recent example, the lizard Podarcis
pytiusensis from the Balearic islands
(Mediterranean) has been introduced in
islands of the Basque Country (Atlantic,
North Spain) (Sanz-Azkue et al. 2005). In

other studies that examined hybridization

in islands due to human activities, recent

artificial  introductions have  been
assumed from different localities and not
from those closest to the island
(Gantenbein and Largiader 2002).

We captured lizards with a noose
and immediately transported them to the
Field Station “El Ventorrillo” (Cercedilla,
Madrid). Lizards were kept individually
in indoor 60 x 40 cm PVC terraria
containing sand substratum and rocks for
cover. Terraria with lizards of different
populations and sexes were housed
separately to avoid visual or chemical
contact among them outside
experimentation. Every day, lizards were
fed mealworm larvae (Tenebrio molitor)
dusted with multivitamin powder for
reptiles, and fruit and tomatoes (for P.
atrata only). Water was provided ad
libitum. All terraria were heated with 40
W spotlights during 6 h/day, and
overhead lighted (36 W full-spectrum
daylight tubes) on a 10:14 light/dark
cycle.

Lizards were held in captivity at
least one week before conducting the
tests to allow their acclimation to the
laboratory conditions. All lizards were
healthy during the trials, they did not
show behavioral or physiological changes
due to possible stress of experiments, and
all maintained or increased their original

body mass. All lizards were returned to
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their exact capture sites at the end of

experiments (middle of May 2008).

Scent recognition experiments

Lizards have been shown to react to a
variety of chemical stimuli with increased
and differential rates of tongue extrusions
(Cooper and Burghardt 1990). Tongue-
flick (TF) rate can, therefore, be used as a
quantitative bioassay of detection of
chemical cues and of discrimination of
conspecifics and heterospecific lizards
(e.g., Cooper and Pérez-Mellado 2002;
Barbosa et al. 2006). To test for
differential responses to scents we made
comparisons of TF rate by lizards (males
and females) in response to chemical
stimuli arising from cotton applicators
impregnated with scent of male and
female P. hispanica of the three mainland
populations, or of island male and female
P. atrata, or with deionized water
(odorless control) (Cooper and Burghardt
1990). Water was used to gauge baseline
TF’s rates in the experimental situation.
We do not use here a pungency control,
because in many previous studies,
including those with wall lizards (e.g.,
Cooper and Pérez-Mellado 2002), it has
already been well established that these
lizards can discriminate scent of
conspecifics lizards from biologically

irrelevant scents.

We tested lizard scents from the
femoral pores of males or from the
cloacal area of females because these are
the bodily areas most frequently and
intensely investigated by tongue-flicking
during social encounters (Lopez and
Martin 2001, 2002; Loépez et al. 2002).
Therefore, after first dipping the cotton
tip (1 cm) of a wooden applicator
attached to a long stick (50 cm) in de-
ionized water, we rolled the tip over those
bodily areas (of one population and sex
per applicator). Individuals that donor the
scent were the same individuals used as
responding individuals in other trials in
different days. A new swab from a
different donor individual was used in
each trial.

Individual P. atrata were
confronted randomly to scents of males
and females of their own species and of
three mainland populations of P.
hispanica (Phl, Ph2, and Ph3). Thus, we
analyzed the responses of island P. atrata
lizards to a simulated introduced P.
hispanica lizard from the mainland, in
comparison with their responses to
conspecifics.  Also, we randomly
presented to individuals of P. hispanica
scents from conspecific males and
females of their own populations, and
scent from male and female P. atrata.
Thus, we compared the responses of a

simulated introduced mainland P.
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hispanica lizard when finding island P.
atrata lizards, in comparison with their
responses to conspecifics of their own
mainland population. We were interested
on those social interactions that may lead
to reproductive interactions, and possible
hybridization. These include male-male
recognition, which is needed to prevent
intrasexual competition, and male-female
recognition, which is required for
matings. Female-female recognition is
not important in these lizards, because
there is not competition between females
for accessing to mates. Therefore, we did
not consider female-female chemical
recognition because it is irrelevant for
potential hybridization.

Every lizard was exposed to each
stimulus and order of presentation was
counterbalanced. One scent presentation
was conducted per day for each animal.
Trials were conducted during April,
which coincided with the mating season
of lizards in their original natural
populations (Castilla and Bauwens 1991,
2000; P. Lopez and J. Martin unpublished
data), and between 1100-1300 h (GMT)
when lizards were fully active. Because
temperature strongly influences tongue-
flick rates of lizards (Van Damme et al.
1990), lizards were maintained at their
preferred body temperatures (i.e., P.
hispanica = 35.5 °C, P: atrata = 35.7 °C;

see Bauwens et al. 1995) inside each

terrarium at least 1 h before and during
the experiments. To begin a trial, the
experimenter slowly approached the
terrarium and slowly moved the cotton
swab to a position 1 cm anterior to the
lizards’ snout. Lizards usually did not
flee from the swab, but explored it
repeatedly by tongue-flicking or ignored
it after the first TFs. The numbers of TFs
directed at the swab were recorded for 60
s beginning with the first TF. Only data
from individuals that respond to the swab
without fleeing were included in the
analyses.

Statistical —analyses were made
separately for responding males and
females, and for responses to male and
female scent. To examine differences in
number of TFs directed at the swab
among treatments, we used repeated
measures one- or two-way ANOVAs
examining the effects of the different
scent stimuli presented to the same
individual (within factor) and, in the case
of P. hispanica responses, the population
of the responding lizard (between factor;
Phl vs. Ph2 vs. Ph3). We included the
interaction in the models to analyze
whether responses to the different scents
differed as a function of the population of
the responding lizard. Data were log-
transformed to ensure normality. Tests of
homogeneity of variances (Levene’s test)

showed that in all cases variances were
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not significantly heterogeneous after
transformation. Pairwise comparisons
were planned using Tukey’s honestly
significant difference (HSD) tests (Sokal
and Rohlf 1995). All analyses were
performed using STATISTICA (StatSoft,
Inc. 2001), data analysis software system,

version 6. www.statsoft.com).

RESULTS

We found significant differences in the
number of TFs directed by lizards to the
different scent stimuli presented (one-
way repeated measures ANOVAs,
P<0.0001 in all cases) (Fig. 1, 2). In all
cases, male and female lizards from
different populations directed
significantly more TFs to scents of other
lizards than to water (Tukey’s tests,
P=0.00013 in all cases), indicating

detection of lizard scents in all cases.
Responses of island lizards

Insular male P. atrata directed
significantly more TFs to scent of
conspecific males than to scent of males
from any of the three mainland P.
hispanica populations (one-way repeated
measures ANOVA, F456=82.25,
P<0.0001; Tukey’s tests, P=0.00013 in

all cases). Responses of male P. atrata to

all the different stimuli from male P.

hispanica were not significantly different
(P>0.97 in all cases) (Fig. 1a).

Similar results were obtained
when males P. atrata were confronted
with female P. hispanica (Fis56=72.67,
P<0.0001; Tukey’s tests, P=0.00025 in
all cases). Responses of male P. atrata to
all the different stimuli from female P.
hispanica were not significantly different
(P>0.30 in all cases) (Fig. 1a).

Female P. atrata  directed
significantly more TFs to scent of
conspecific males than to scent from male
P. hispanica from any of the three
populations  (F4s56=74.16,
P<0.0001; Tukey’s tests, P=0.00013 in

mainland

all cases) (Fig. 1b). Responses to all the
different stimuli from male P. hispanica
were not significantly different (P>0.95

in all cases).

Responses of mainland lizards

Male P. hispanica of the three mainland
populations directed significantly fewer
TFs to scents of insular male P. atrata
than to scents of conspecific males from
their own population (two-way repeated
ANOVA, F29,=319.02,
P<0.0001; Tukey’s tests, P<0.001 in all

measures

cases) (Fig. 2a). The population of origin
of responding male P. hispanica affected
significantly to their responses to

conspecific males from their own
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population  (F,46=10.87, P=0.00014).
This was explained because males from
Fuenfria directed more TFs than males
from Aranjuez to scents of males from
their own populations (Tukey’s tests, Phl
vs. Ph2, P=0.21; Phl vs. Ph3, P=.0.92;
Ph2 vs. Ph3, P=0.02), but male P.
hispanica from all populations directed a
similar lower number of TFs to male P.
atrata (P>0.97 in all comparisons
between populations) than to all
conspecific males.

Mainland male P. hispanica
directed significantly fewer TFs to scents
of insular female P. atrata than to scents
of conspecific females from their own
population  (F,34=198.28, P<0.0001;
Tukey’s tests, P=0.0001 in all cases)
(Fig. 2a). The population of origin of
responding male P. hispanica affected
significantly to their responses to
conspecific females from their own
population (F74,=3.48, P=0.04). This was
explained because males from Aranjuez
directed more TFs than males from
Fuenfria to scents of females from their
own populations (Tukey’s tests, Phl vs.
Ph2, P=0.68; Ph2 vs. Ph3, P=0.035; Phl
vs. Ph3, P=0.20), but male P. hispanica
from all populations directed a similar
lower number of TFs to female P. atrata
(P>0.95 in all comparisons between

populations) than to conspecific females.

Mainland female P. hispanica
directed significantly fewer TFs to scents
of insular male P. atrata than to scents of
conspecific males from their own
population  (F,,2,=405.99, P<0.0001;
Tukey’s tests, P<0.0001 in all cases)
(Fig. 2b), independently of the population
of origin (F,6;=0.68, P=0.51).

DISCUSSION

We initiated this study with the
supposition that hybridization between
the endangered island P. atrata and the
common mainland P. hispanica could
occur because 1) mainland P. hispanica
haplotypes have been already detected in
the Columbretes island (Castilla et al.
1998b), 2) there are close genetic
relatedness between both species (Pinho
et al. 2006, 2007), 3) gene flow and
hybridization occur between Podarcis
species (Galan 2002; Capula 2002; Pinho
et al. 2007), and 4) there is a strong risk
of P. hispanica incursions from mainland
sites during frequent boat contact
(Columbretes Natural Park, own data).
However there is no evidence that actual
hybridization between the two lizard

species currently occurs.
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The results of our study suggest

that a breakdown in mechanisms

allowing species discrimination via
chemical cues would be necessary to
allow reproductive interactions between
P. hispanica and P. atrata. Interspecific
reproductive interactions might
occasionally occur between other wall
lizard species as a consequence of weak

species recognition mechanisms (Cooper

and Pérez-Mellado 2002; Barbosa et al.
2005, 2006; Martin and Lépez 2006a,b).
In our experiment, the different
tongue-flick rates of lizards in response to
different scents indicated that P.
hispanica and P. atrata detected and
discriminated between scents based on
chemical cues alone. In all cases the rate
of TF directed to scent of lizards was

higher than to the control baseline odor
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Fig. 1: Mean (+ 1 SE) number of tongue-flicks directed
to the swab by island (a) male or (b) female Podarcis
atrata in response to control deionized water, or scents
from males (black boxes) and females (open boxes) from
three mainland populations of Podarcis hispanica
(Golondrina. Fuenfria. Araniuez)
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Fig. 2: Mean (+ 1 SE) number of tongue-flicks directed to the
swab by (a) male or (b) female Podarcis hispanica from three
mainland populations (Golondrina: black boxes, Fuenfria: open
boxes, Aranjuez: striped boxes), in response to control
deionized water, or scents from island male or female Podarcis
atrata and from male or female Podarcis hispanica from their
respective own mainland populations




CAPITULO 7 Comunicacion quimica entre P. atrata y P. hispanica

(water), indicating that detection of the
lizards scent occurred in all cases.

Our results clearly demonstrated
that lizards of both species and sexes
responded more strongly to scents of
individuals of their own species than to
scents of the other species. This suggests
that lizards of both sexes and species
have more “interest” for exploring the
scent of conspecific lizards than the scent
from the other species. This indicates the
occurrence of a clear interspecific
chemosensory discrimination between
these two species.

These results suggest that
chemicals of P. hispanica and P. atrata
used in intraspecific communication
might be different in composition and/or
proportions, which might be related to
genetic differences between the two
species. Preliminary chemical analyses
appear to support such prediction
(Gabirot et al. unpubl, data; see Chapter
8). For example, cholesta-5,7-dien-3-ol is
a major steroid found in femoral
secretions of mainland male P. hispanica
(Lépez and Martin 2005; Martin and
Lopez 2006a) but it is very scarce in
secretions of male P. atrata (Gabirot et
al. unpubl, data; see Chapter 8). That
compound is apparently selected by
female P. hispanica when selecting scent-
marks of conspecific males (Lopez and

Martin 2005; Martin and Lépez 2006c).

Similarly, in a species complex of
rodents, it has been shown that a greater
genetic  relatedness  between  two
individuals is associated with more
similarity in the qualities of their
individual scents (Heth et al. 2001).

Our results on chemosensory
abilities of P. atrata suggest a similar
role of chemical cues in social behavior
and reproduction in this species too.
Therefore, reproductive decisions may be
linked to a previous chemosensory
recognition of chemicals that identify
each species. Therefore, our results could
be a preliminary cue of the high
improbability of reproduction between P.
hispanica and P. atrata. If individuals do
not recognize or discriminate between
species, interspecific matings could
occur. However, further experiments of
mate choice and staged encounters should
be done to ensure that premating
reproductive isolation may actually
prevent hybridization between island and

mainland lizards.

Implications for conservation

Considering the results of our
study, the risk of hybridization between
both lizard species may not be as high as
expected (due to the high degree of
connectivity with the mainland) because

of the interspecific differences in
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chemical recognition. Therefore, the
maintenance of the insular genetic pool
appears to be protected. However, even if
we suggest that introduced lizard may not
hybridize with endemic island lizards
based on chemical discrimination, we
recommend governmental managers to
interpret our results with caution, since
we have only examined one of the
potential effects of species introductions.
We should be aware that many other
dangers are associated to species
introductions, such as competition for
food, habitat and nesting sites, or
transmission of parasites or new diseases
(Lockwood et al. 2007).

Behavioral studies of species
interactions can contribute to a greater
understanding of conservation problems
such as the actual risk of hybridization
(Caro 1998). Thus, even in small islands
with a high degree of connectivity with
the mainland, the risk of hybridization
should not be considered high if
behavioral experiments indicate that
reproductive isolation is guaranteed.
There are many other endemic lizards
inhabiting other small islands in the
Mediterranean  where the risk of
hybridization with common species is a
conservation issue. Further research
involving visual and chemical
reproductive interactions between species

would provide valuable insight into the

mechanisms governing possible

hybridization and species recognition in
mate choice (e.g., Grant and Grant 1997;
Kingston and Gwilliam 2007).

In any case, irrespective of our
results, efforts should be directed to
prevent the introduction of mainland
lizards in the islands. The introduction of
alien competitors or predators can create
novel ecological contexts in which the
adaptive antipredatory responses of
native prey may not be successful and
this can lead to extinctions of island
species (Shea and Chesson 2002;
Courchamp et al. 2003; Blackburn et al.
2004).
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Diferencias en las seiiales quimicas explicarian el reconocimiento
interespecifico entre la lagartija insular endémica Podarcis atrata y la

lagartija continental P. hispanica
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Las sefiales quimicas podrian ser la base del reconocimiento interespecifico y de especiacion
en muchos animales. La lagartija de las Islas Columbretes, Podarcis atrata es muy cercana a
nivel genético a la Lagartija Ibérica continental P. hispanica (i.e., estan incluidas las dos en el
complejo de especies de Podarcis hispanica), pero un estudio anterior de reconocimiento
quimiosensorial sugiri6 que seria necesario un fallo del mecanismo de discriminacién quimica
interespecifico para que ocurrieran interacciones reproductivas e hibridacién entre estas dos
especies. Estos resultados indicaban que las sustancias quimicas utilizadas en la comunicacion
intraespecifica podrian diferir en composicion y/o proporciones entre estas dos especies. En
este trabajo, utilizamos cromatografia de gases acoplada a espectrometria de masas (GC-MS)
para estudiar la composiciéon de la fraccidn lipofilica de las secreciones de las gldndulas
femorales de los machos de P. atrata y P. hispanica. Los andlisis han mostrado que los
quimicos encontrados en las secreciones femorales varian en composicién y proporciones
entre las especies y las poblaciones. Siete esteroides, como el colest-3-ene, y dos ésteres
céreos sin identificar, son exclusivos de las lagartijas de las islas. Al contrario, otros nueve
esteroides y otros seis compuestos fueron observados tUnicamente en las poblaciones
continentales de P. hispanica. Hubo también diferencias en las proporciones de los
compuestos compartidos entre las especies. Ademds, todas estas diferencias fueron mds
elevadas entre estas dos especies que entre las poblaciones mismas de P. hispanica. Las
diferencias quimicas podrian ser consecuencia de diferencias genéticas, pero también podrian
ser explicadas por una adaptacion a distintos hébitats, con condiciones climdticas o recursos
alimenticios diferentes. Los compuestos que son especificos de cada especie, o las diferencias
entre los patrones de las moléculas, permitirian el reconocimiento entre especies. Por lo tanto
estos resultados de la composicion quimica de las secreciones y estudios previos de
reconocimientos quimicos refuerzan el hecho de que las diferencias genéticas entre P. atrata

y P. hispanica podria resultar en un aislamiento reproductivo efectivo entre estos taxa.
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Differences in chemical signals could explain species recognition between an
endemic island lizard, Podarcis atrata, and related mainland lizards, P.
hispanica

Marianne Gabirot, Aurora M. Castilla, Pilar Lopez, José Martin

Abstract Chemical signals can be the basis of interspecific recognition and speciation in
many animals. The Columbretes Islands wall lizard, Podarcis atrata is very close genetically
to the mainland Iberian wall lizard P. hispanica, but a previous study of chemosensory
recognition suggested that a breakdown in mechanisms allowing species discrimination via
chemical cues would be necessary to allow reproductive interactions and hybridization
between these two species. These results suggested that chemicals used in intraspecific
communication might differ in composition and/or proportions between these two species. In
this paper, we used gas chromatography-mass spectrometry (GC-MS) to characterize the
chemical composition of the lipophilic fraction from femoral gland secretions of male P.
atrata and P. hispanica. The analysis showed that chemicals found in femoral secretions
varied in composition and proportions between species and between populations. Seven
steroids, such as cholest-3-ene, and two unidentified waxy esters, were exclusive of P. atrata
lizards from the islands. In contrast, nine different steroids and other six compounds were
only found in mainland P. hispanica. There were also differences in proportions of shared
compounds between species. Moreover, all these differences were higher between these two
species than between any population of P. hispanica. Chemical differences might be
consequence of genetic differences, but they could also be explained by adaptation to
different habitats with different climatic conditions or diet resources. Compounds that are
specific of each species, or differences in the pattern of compounds, could explain species
recognition. Therefore, these results of chemical composition and previous studies of
chemosensory recognition reinforce the fact that the genetic differences between P. hispanica
and P. atrata may result in an effective reproductive isolation between these two taxa.

Résumé Les signaux chimiques pourraient étre a la base de la reconnaissance inter-spécifique
et de la spéciation chez de nombreux animaux. Le 1ézard des iles Columbretes, Podarcis
atrata est tres proche génétiquement du lézard ibérique P. hispanica, mais une étude
chimiosensorielle antérieure suggere que 1’existence d’une cassure dans le mécanisme de
discrimination entre especes via signaux chimiques serait nécessaire pour empécher les
interactions reproductives et I’hybridation entre ces deux especes. Les résultats ont suggéré
que les composés chimiques utilisés lors de la communication intra-spécifique pourraient
différer en composition et/ou en proportions entre ces deux especes. Dans ce travail, nous
avons utilisé la chromatographie sur gaz et spectrométrie de masse (GC-MS) pour caractériser
la composition chimique de la fraction lipophilique des sécrétions des glandes fémorales des
males de P. atrata et P. hispanica. L’analyse montra que les composés chimiques trouvés
dans les secrétions fémorales variaient en composition et proportions entre les especes et
populations. Sept stéroides, comme le cholesta-3-ene, et deux non-identifiés esters acéreux,
sont exclusifs du 1ézard insulaire, P. atrata. Au contraire, neuf différents stéroides et six
autres composés sont trouvés seulement chez le 1ézard continental P. hispanica. De plus, il y
avait des variations dans les proportions des composés partagés entre les especes. Aussi,
toutes ces différences étaient plus importantes entre ces deux especes, qu’entre les
populations de P. hispanica. Les différences chimiques seraient la conséquence de variations
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génétiques, mais aussi pourraient étre expliquées par 1’adaptation a différents habitats avec
des conditions climatiques ou ressources alimentaires différentes. Les composés qui sont
spécifiques de chaque espece, ou les différences du patron chimique, pourraient expliquer la
reconnaissance entre les especes. Finalement, ces résultats de la composition chimique et
I’antérieure étude de reconnaissance chimique renforcent le fait que les différences génétiques
entre P. hispanica et P. atrata pourraient conclure a une isolation de reproduction effective
entre ces deux taxa.

In Press in Biochemical Systematics and Ecology
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INTRODUCTION

Signals favored by sexual selection may
play an important role in species
recognition, reproductive isolation and
speciation (Andersson 1994; Boughman
2001; Panhuis et al. 2001). Species
recognition  mechanisms  based on
behavior, visual, olfactory, auditory and
tactile cues may prevent interspecific
mating between sympatric related taxa
(Cooper and Vitt 1986; Shine et al. 2002).
Lizards and snakes have a well developed
chemosensory system (Mason 1992) and
chemical stimulus can be the basis of
interspecific recognition and speciation in
reptiles and many other animals (reviewed
in Smadja and Butlin 2009), such as in
sympatric sea snakes species (Shine et al.
2002), or in different populations of the
same species of red-garter snakes
(LeMaster and Mason 2003) and in closely
related species or populations of lizards
(Cooper and Vitt 1986; Barbosa et al.
2005, 2006; Martin and Lopez 2006a,b).
Many lizards have epidermal
structures on the ventral surface of the
thigh (femoral pores) connected to
holocrine femoral glands that secrete
chemical cues. These secretions are
especially abundant in males during the
reproductive season (Mason 1992; Alberts
1993), and chemicals secreted are thought

to be important compounds involved in

communication and sexual selection
(Mason 1992; Martin and Lopez 2006c).
Femoral gland secretions of males could
advertise residence in a home range and/or
inform other males on a male’s status and
competitive ability (Aragén et al. 2001
2006; Carazo et al. 2007; Martin et al.
2007). They may also transmit information
about a male’s quality, which females may
use to select potential mates (Olsson et al.
2003; Martin and Lopez 2006c¢). Finally,
femoral secretions can also be used in the
context of interspecific recognition
(Cooper and Vitt 1986; Cooper and Perez-
Mellado 2002; Gabirot et al. in press), and
potentially lead to reproductive isolation
and speciation processes. For example, in
Podarcis lizards, chemosensory
recognition 1is well-developed. These
lizards can  discriminate  between
conspecifics and more genetically distant
heterospecifics (P. hispanica vs. P.
bocagei or P. carbonelli vs. P. bocagei),
and between sexes by chemical cues alone
(Lépez and Martin 2001; Cooper and
Pérez-Mellado 2002; Lopez et al. 2002;
Barbosa et al. 2005, 2006).

Podarcis lizards are highly variable
in size, shape, escalation and color pattern,
not only between -currently recognized
species (Arnold and Ovenden 2002), but
also between populations and individuals.

Recently molecular and morphological

studies suggest that the Iberian wall lizard,
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P. hispanica, is paraphyletic, and forms a
“species complex” with at least five
monophyletic lineages. This suggests the
existence of ongoing speciation processes
within taxa previously considered to be
conspecific (Harris and S4-Sousa 2001,
2002; Pinho et al. 2007). The genetic
divergence’s analyses in this ‘“species
complex” help to distinguish the island
lizard P. atrata from the mainland P.
hispanica (Castilla et al. 1998b).

The Columbretes wall lizard, P.
atrata, is an endangered and endemic
lacertid lizard from the Columbretes
archipelago

(Castilla et al. 1998a,b). This is the

(Mediterranean, Spain)

European lizard with the smallest (19 Ha)
distribution area, and has a small
population size (total of ¢a.12000
individuals) (Castilla and Bauwens 1991).
In contrast, in the Iberian Peninsula, the
Iberian wall lizard, P. hispanica, 1is
common and widely distributed
(Barbadillo et al., 1999). P. atrata is
genetically distinct (Castilla et al. 1998b),
but much more closely related to some
populations of P. hispanica than
previously thought (Harris and Sa-Sousa
2002) and the risk of possible
hybridization of the endemic island P.
atrata  with introduced mainland P.
hispanica has been suggested (Castilla et

al. 1998a; Gabirot et al. in press; see

Chapter 7).

These two lizard species that are
genetically very closed could, however,
diverge in chemical signals or in
communication, thus allowing species
recognition and avoiding hybridization. In
a previous experiment, differential tongue-
flick rates of lizards in response to
different scents indicated that P. hispanica
and P. atrata can discriminate between
species based on chemical cues alone
(Gabirot et al. in press; see Chapter 7).
Lizards of both species and sexes have
more “interest” for exploring the scent of
conspecific lizards than the scent from
lizards of the other species (Gabirot et al.
in press; see Chapter 7). This indicates the
occurrence of a clear interspecific
chemosensory discrimination and suggests
that chemicals of P. hispanica and P.
atrata used in intraspecific communication
might be different in composition and/or
proportions. Other studies have shown that
chemical secretions of lizards of different
taxa differ in composition and proportion
of compounds, even when the species are
sympatric and closely related, which would
allow species recognition (Martin and
Loépez 2006a). In this paper, we aimed to
explore whether there were differences
between femoral secretions of male P.
atrata from Columbretes islands and male
P. hispanica from different mainland
populations. For this, we used gas

chromatography-mass spectrometry (GC-
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MS) to analyze and compare the chemical
composition of the lipophilic fraction of
femoral gland secretions of males of both

species.

METHODS

Study area and species

The Columbretes wall lizard P. atrata, is a
small lizard (mean adult snout-vent length
of 50-70 mm)
Columbretes archipelago (39°55° N, 0°40°

endemic from the
E, Mediterranean Sea, Castellén, Spain),

which inhabits three small islands

characterized by high aridity and
vegetation dominated by perennial shrubs,
herbs and grasses (Castilla and Bauwens
1991, 2000; Castilla 2000). We collected
by noosing 15 adult males in the main
island, Columbrete Grande (13 ha), during
the reproductive season in April 2008.

The Iberian wall lizard, P.
hispanica, is a small lizard (mean adult
snout-vent length of 49-61 mm) with a
widespread distribution in Spain and the
south east coast of France (Barbadillo et al.
1999). We captured by noosing adult male
P. hispanica lizards at five localities within
the Madrid Province (Central Spain)
during the reproductive season in May-
June 2008 (Fig. 1). Three of these were
located in the mountain northern area

(‘Fuenfria’, ‘Cercedilla’ and ‘Pedrezuela’),

Valle de Fuenfria Pod |
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®
@®

f Cercedilla
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Fig.1: Localization of the populations studied of Podarcis

hispanica and of Podarcis atrata

and the other two were located in the plain
southern area (‘Belmonte’ and ‘Aranjuez’).
In the north, we captured lizards from a
population occupying granite rock-cliffs at
the edge of a pine forest in the upper part
of ‘Fuenfria’ Valley (‘Phl’) (40°47° N,
4°03°W; 1750 m altitude; n = 21 males),
and from old stone walls near to cultivated
fields in the ‘Pedrezuela’ village (‘Ph2’)
(40°44’ N, 3°36° W; 800 m altitude; n = 19
males). Finally, we caught lizards on
granite rocky outcrops in a large oak forest
(‘Golondrina’, ‘Ph3’)
village (40°44° N, 4°02° W;

near Cercedilla
1250 m
altitude; n=29 males). In the south, we
captured lizards on human constructions in
a public garden in the ‘Belmonte del Tajo’
village (‘Ph4’) (40°8” N, 3°20° W; 735 m
altitude; n = 22 males), and on chalk and

gypsum rocks in deforested bushy hills

S

Belmonte del
i Ph4

®
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near ‘Aranjuez’ (‘PhS’) (40°2° N, 3°37°
W; 494 m altitude; n = 21 males).

Analyses of femoral gland secretions

Immediately after capture in the field, we
extracted femoral gland secretion of males
by gently pressing with forceps around the
femoral pores, and collected secretion
directly in glass vials with Teflon-lined
stoppers. Vials were stored at —20 °C until
analyses. We also used the same procedure
on each sampling occasion but without
collecting secretion, to obtain blank control
vials that were treated in the same manner
to compare with the lizard samples. Before
the analyses we added 250 pl of n-hexane
(Sigma, capillary GC grade) to each vial,
We analyzed lipophilic compounds in
samples by using a Finnigan-ThermoQuest
Trace 2000 gas chromatograph (GC) fitted
with a poly (5 % diphenyl/95 %
dimethylsiloxane) column (Thermo Fisher,
Trace TR-5, 30 m length x 0.25 mm ID,
0.25-mm film thickness) and a Finnigan-
ThermoQuest Trace mass spectrometer
(MS) as detector. Sample injections (2 pl
of each sample dissolved in n-hexane)
were performed in splitless mode using
helium as the carrier gas at 30 cm/sec, with
injector temperature at 250 °C. The oven
temperature program was as follows: 50 °C
isothermal for 5 min, then increased to 270

°C at a rate of 10 °C/min, isothermal for 1

min, then increased to 315 °C at a rate of
15 °C/min, and finally isothermal (315 °C)
for 10 min. Ionization by electron impact
(70 eV) was carried out at 250°C. Mass
spectral fragments below m/z = 39 were
not recorded. Impurities identified in the
solvent and/or the control vial samples are
not reported. Initial identification of
secretion components was done by
comparison of mass spectra in the
NIST/EPA/NIH 1998 computerized mass
spectral library. Identifications were
confirmed by comparison of spectra and
retention times with those of authentic
standards from Sigma-Aldrich Chemical
Co. For unidentified or unconfirmed
compounds we report here their
characteristic ions, which we used together
with retention times and characteristic m/z
ratios to confirm whether these compounds
were present in a given individual.

For the statistical analyses of
secretions, the relative amount of each
component was determined as the percent
of the total ion current (TIC). Then,
relative areas of the peaks were
transformed following Aitchison’s
formula: [Z; = In(Y;/g(Y))], where Zij is the
standardized peak area i for individual j,
Yij is the peak area i for individual j, and
g(Yj) is the geometric mean of all peaks for
individual j (Aitchison 1986; Dietemann et
al. 2003). The homogeneity of variance of

these variables was tested with Levene’s
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test, and Bonferroni’s correction was
applied. The transformed areas were used
as variables in a principal component
analysis. The eight principal components
(PC) extracted (with eigenvalues > 1;
which explained 82.26% of variance) were
used as independent variables in a
multivariate  analysis  of  variance
(MANOVA) to determine whether the five
populations of male P. hispanica
(mainland) and P. atrata (island) differed
in the relative proportion of compounds. In
addition, we used these extracted principal
components (all 8 PCs) as covariates in a
subsequent discriminant analysis. We used
this test to verify whether chemical
compounds in femoral secretions could be
used to predict the population of origin of a
male lizard.

In a further similar analysis, we
selected the 28 compounds that were
presented in all  populations, re-
standardized their TIC areas to 100% and
used a MANOVA with transformed areas
to test for differences between populations
in the relative proportions of shared

compounds.

RESULTS

We found 47 lipophilic compounds in
femoral glands secretions of male P. atrata
(see Table 1). These secretions were a

mixture of steroids (78.47% of TIC),

carboxylic acids ranged between n-C;4 and
n-Cyo and their esters (9.89%), six waxy
esters (8.30%), four alcohols between n-
Ci6 and n-Cy; (2.75%), squalene (0.35%), a
ketone (0.13%), and an unidentified
terpenoid (0.11%). On average, the five
most abundant chemicals were cholesterol
(63.38% of TIC), an unidentified waxy
ester (3.61%), octadecanoic acid (3.19%),
hexadecanoic acid (2.98%), and
campesterol (2.66%) (see Table 1).

The femoral gland secretions of
male P. hispanica (all five populations
pooled) were composed by 53 lipophilic
compounds, which were a mixture of
steroids (83.64% of TIC), and carboxylic
acids ranged between n-Cj4 and n-Cp, and
their esters (10.30%), but we found also
five alcohols between n-Cis and n-Coyy
(1.26%), four waxy esters (3.53%),
squalene (0.60%), two terpenoids (0.40%),
a ketone (0.18%), and a furanone (0.09%)
(see Table 1). On average, the five most
abundant chemicals were cholesterol
(63.24% of TIC), cholesta-5,7-dien-3-ol
(5.16%), hexadecanoic acid (3.73%),
campesterol (3.66%) and octadecenoic acid
(2.46%) (Table 1). However, when
considered separately, there were some
clear differences between populations of P.
hispanica (see below).

There were differences between P.
hispanica and P. atrata in the

presence/absence of several compounds in
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femoral secretions. Male P. atrata from
Columbretes islands had nine chemical
compounds (seven steroids and two waxy
esters) that were not found in mainland P.
hispanica males (see Table 1). On the
other hand, secretions from mainland P.
hispanica (all populations pooled) had 15
compounds (nine steroids, three carboxylic
acids, one alcohol, one furanone and one
terpenoid) that were not found in island P.
atrata lizards (see Table 1).

Also, proportion of the main classes
of chemical compounds in secretions
varied between species. In comparison
with P.  hispanica, P. atrata had
significantly higher overall proportions of
alcohols (ANOVA: Fy119=44.22
P<0.0001) and waxy esters (F}119=38.53,
P<0.0001), and significantly lower
proportions of low molecular weight (Ci4.
18) fatty acids (F119=28.39, P<0.0001),
high molecular weight (Cyo.c22) fatty acids
(F1.119=6.75, P=0.01), and
(F1.119=23.07, P<0.0001).

steroids

Multivariate analyses on the 8 PCs
for all the 62 compounds found in femoral
secretions showed that there were
significant differences in the relative
proportions of some compounds between
species and/or populations (MANOVA,
Wilk’s 4=0.0001, F0.473=904.56,
P<0.0001). Moreover, the discriminant and
the canonical analyses showed that PCs

scores of chemical compounds in femoral

secretions of male P. atrata clearly
allowed differentiating them from males
from any of the five mainland populations
of P. hispanica (Fig. 2). This analysis
classified correctly 100 % of individual P.
atrata as belonging to this species.
Moreover, the squared Mahalanobis
distances between groups showed that all
P. hispanica individuals had significantly
shorter distances (based on chemical
components) to individuals from any P.
hispanica population than to P. atrata
individuals (F5535=632.92, P<0.0001) (Fig.
3).

According to the correlations of
relative proportions of all compounds
found in femoral secretions with the PCs,
the PC-1 scores were related negatively to
the proportion of tetracosanol, cholesta-
2,4-diene, ergosta-5,8-dien-3-ol, cholesta-
4,6-dien-3-one and stigmasterol, and were
related positively with the proportions of
the unidentified waxy esters 1 and 3,
cholest-3-ene and six unidentified steroids
2, 3, 11, 12, 13 and 15). PC-1 scores
varied significantly between populations
(ANOVA, Fs5;15=2092.48, P>0.0001) (see
Table 2). Island P. atrata had positive and
significant different PC-1 scores than all P.
hispanica populations, which had negative
values (Tukey’s tests: P<0.0002 for all).
PC1 scores of Phl and Ph3 were not
significantly different (P>0.60), but both
differed significantly from values of Ph4
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Compounds Characteristic ions observed RT Podarcis hispanica P. atrata
(m/z) (min) Phl Ph2 Ph3 Ph4 Ph5

Steroids:
Un.ster.(18,145,213,248,353,368,387) 29.92  0.01+0.01 - 0.17+0.05 1.49+0.56 - -
Cholesta-2-4-diene 30.58  0.68+0.11 2.66 +£0.44 0.44 £0.08 2.59+0.46 0.96 +0.35 -
Un.steroid (141,156,209,281,350,365) 30.64 - - - - - 0.44 +0.06
Un.steroid (143,253,350,367) 30.74 - - - - - 0.09 +0.01
Cholesta-3.5-diene 30.81 0.42+0.10 0.23 +0.04 0.30+0.07 0.13+£0.03 0.25+£0.07 0.05+£0.01
Un.steroid (155,197,251,350,365) 3096  1.32+0.16 1.00+0.14 0.55+0 0.45 +0.06 0.45 +0.17 0.79+£0.10
Cholesta-5,7,9(11)-trien-3-ol 31.06  1.62+0.18 1.07 £0.24 094+0.11 0.65+0.11 0.29 £0.07 0.94+0.18
Un.steroid (207,251,350,365) 31.13  0.40+0.08 0.16 £0.02 0.18+£0.02 0.18 £0.07 0.08£0.04  0.18+0.04
Un.steroid (143,195,207,351,366) 31.20  0.19+0.02 0.08 +0.01 0.15+0.04 0.18 +£0.05 022+0.06 0.35+0.17
Un. steroid (141,156,209,350,365) 31.37 0.37+0.05 0.03 +0.01 030+0.06 247042 - 0.52+0.12
Un. Steroid (155,197,251,365,379) 31.64  0.06+0.01 021 +£0.02 0.08 £0.02 0.43 +£0.07 0.45+0.18 0.31+£0.08
Un.steroid (195,209,251,365,379) 31.84 - 0.07 £0.01 0.27+0.07 0.51+0.08 032+0.12  0.34+0.22
Cholesterol 3243  59.74+£279 6233+1.68 66.61 £+2.00 53.03+2.51 74.51+£2.04 63.38+2.26
Cholestan-3-ol 3247 140+0.14 0.53 +£0.08 090+0.11 0.60 +0.06 0.55+0.12 1.33+£0.18
Cholesta-5,7-dien-3f-ol 32,65 13.41+1.85 2.68 £0.54 8.02+1.33 1.16%0.19 0.54 £0.17 0.62+0.30
4-Methyl-cholestan-3f-ol 32.73 - - - - - 0.12£0.03
Un.steroid (105,213,255,353,368,386,415)  32.75  0.02+0.01 0.03 £0.02 035+£0.11 0.09+0.03 0.39+£0.16 -
Ergosterol 33.00 - 0.05 +0.02 - 0.17+0.11 - 0.09 +0.02
Campesterol 3317  1.61+022 3.76 £0.28 327+£036 546+0.28 422 +0.57 2.66 +£0.37
Cholest-4-en-3-one 3341  0.17+0.03 0.53+0.17 0.19+£0.05 0.20+0.02 0.92 £0.38 1.33£0.42
Un.steroid (215,374,384,400,416) 33.45 - - - - - 2.02+0.33
Ergosta-5,8-dien-3-ol 3350 243030 1.58 £0.22 238+037 131024 0.56 £0.14 -
Cholesta-4,6-dien-3-one 33.69 0.24+£0.06 0.53+£0.08 0.29+0.06 0.40 +0.06 -
Un.steroid (267,339,366,383) 33.72 - - - - - 0.48 +0.09
Sitosterol 3392 0.65+0.10 0.74 £0.16 094+0.15 1.18+0.11 1.13+0.23 1.25+0.17
Ergostanol 34.02  0.07+0.01 0.08 +0.03 0.10+£0.02 0.11 +£0.02 0.33+0.11 0.13£0.03
Stigmasterol 3413 0.31+0.06 027 +0.13 028+0.04 122022 0.44 £0.26 -
Un.steroid (267, 366,381) 34.17 - - - - - 0.37 £0.04
Un.steroid (221,253,281,355,380,430) 3430 2.23+0.32 0.70+£0.18 1.01 £0.16 - - -
Un.steroid (143,253,354,380,395,413) 34.31 - - - - - 0.30 +0.07
Cholest-5-en-3-one 34.38 - - - 1.33+0.24 091 +0.28 -
Ergosta-5.22-dien-3-ol 34.47 - 0.13 +£0.07 0.12+0.03 0.15+0.04 - 0.36 £0.08
Un.steroid (214,267,395) 3530  0.12+0.04 021+0.11 - 0.56 +0.44 0.22 £0.09 -
Carboxylic acids and their esters:
Tetradecanoic acid 20.64  0.16+£0.04 0.38 +0.13 022+0.06 0.24+0.05 0.85 +0.55 0.21 £0.05
Pentadecanoic acid 21.68  0.13+£0.02 0.15+0.12 0.10+£0.03 0.18 £0.05 0.41+0.19 0.25+0.08
Hexadecanoic acid. methyl ester 22.33 - 0.05 £0.02 - 0.09 £0.02 0.25+0.08 0.11 +£0.04
Hexadecenoic acid 2254 0.16 £0.02 040+020 0.25+£0.07 0.57+0.33 0.28 £0.09 0.17 £0.05
Hexadecanoic acid 22776 3.68 £0.32 436 +0.65 3.11£035 5.98+0.51 1.54+0.23 2.98 £0.20
Hexadecanoic acid, ethyl ester 22.98 - 0.37+0.11 - 0.19 £0.06 0.40+0.17 -
9,12-Octadecadienoic acid 2435 0.10+0.01 0.11+0.02 0.12+0.02 0.27+£0.08 0.06+0.02  0.18+0.04
Octadecenoic acid 2443  1.99+0.18 1.76 £020  2.76+0.57 4.82+141 1.01 £0.21 224+0.21
Octadecanoic acid 2460 1.39+0.12 2.52+0.34 141+£0.13 255+023 0.99 £0.18 3.19+0.22
Octadecanoic acid, ethyl ester 24.82 - 0.51+£0.23 - 0.14 £0.04 0.55+0.23 -
Eicosanoic acid 2631  0.46+0.09 0.63 +0.15 076 £0.11  0.59+0.17 0.64 £0.18 0.53+0.21
Docosanoic acid 28.00 - 0.01 £0.01 - 0.01 £0.01 - 0.03+0.01
Docosanoic acid, ethyl ester 28.21 - 0.45+0.12 - 0.21 £0.05 0.23+0.12 -
Alcohols:
Hexadecanol 21.02  0.23+0.05 - 0.19+£0.07 0.16 £0.04 0.16 £0.05 0.26 + 0.06
Octadecanol 23.87 0.26+0.05 0.69+0.16 0.19+£0.06 0.29+0.08 - 1.58 +0.45
Eicosanol 25.67 0.17+0.03 0.55+0.13 028 £0.08 0.21 £0.05 0.81+0.28 0.59 £0.10
Docosanol 2733  0.23+£0.05 0.52+0.15 023+0.04 0.23+0.04 0.73+£026  0.32+0.10
Tetracosanol 29.80  0.03+0.01 0.07 £0.01 0.02+0.01 0.07+0.02 0.01 £0.01 -
Waxy esters:
Un.waxy ester of hexadecanoic acid 1 28.47 - - - - - 0.08 £0.04
Un. waxy ester of octadecanoic acid 2 2945  0.28+0.08 0.98 £0.20 - 1.37 £0.47 0.75+0.23 0.74£0.16
Un.waxy ester of hexadecanoic acid 3 35.00 - - - - - 0.03+£0.01
Un. waxy ester of hexadecanoic acid 4 35.57  0.58+0.10 2.61 £0.60 042+0.08 2.84+045 0.69 +0.26 3.61 £0.69
Un. waxy ester of octadecnoic acid 5 38.06 0.23+0.06 0.29 +£0.06 0.20£0.05 0.09+0.03 0.37+0.23 1.47£0.26
Un. waxy ester of octadecanoic acid 6 3827  0.63%0.11 1.78 £0.26 047+0.10 2.26+0.30 0.82+£0.16 237+0.29
Others:
Tetradecanone 22.11  0.20+0.05 0.27£0.11 0.13+0.03 0.15+0.03 0.18 £0.06 0.13+0.03
Unidentified furanone 2419  0.12+0.02 0.10+0.03 0.06 +0.01 - - -
Squalene 30.07 0.93+0.26 0.70 £0.10 0.66 020 0.35+0.04 0.40£0.19 0.35+0.08
Unidentified terpenoid 1 30.83  0.09+0.03 0.07 £0.03 0.08+£0.02 0.03+0.01 0.13 £0.07 -
Unidentified terpenoid 2 31.94 0.48+0.09 - 048 +0.12  0.05+0.01 - 0.11 +0.05

Table 1: Lipophilic compounds found in femoral gland secretions of male lizards, Podarcis hispanica from five distinct populations
of the mainland Iberian Peninsula, and P. atrata from Columbretes Islands. The relative amount of each component was determined
as the percent of the total ion current (TIC) and reported as the average (+ SE). Characteristics (m/z) are reported for some
unidentified compounds.
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and Ph5 (P<0.0002); Ph4 and Ph5 were
significantly different (P=0.00012).

The PC-2 scores correlated
positively with the proportion of
tetracosanol, cholesterol, cholestanol,

cholesta-3,5-diene and campesterol, and

negatively with the proportions of
ergosterol.  There  were  significant
differences between populations
(Fs.115=144.64; P<0.0001) (Table 2).

Males from Phl, Ph2 and PhS5 had positive
values whereas Ph2, Ph4 and P. atrata had

negative values. PC-2 scores of Phl and
Ph5 (P=0.11) and those of P. atrata and
Ph2 (P=0.31) were
different,

not

all

significantly

whereas the rest of
comparisons were significantly different
(P<0.00011 for all).

PC-3 scores described negatively
the relative proportions of hexadecanoic
acid ethyl and methyl esters, octadecanoic
acid ethyl ester, docosanoic acid ethyl
cholest-5-en-3-one  and

ester, and

positively the proportions of octadecanol,

Podarcis hispanica

PCs Eigenvalue P. atrata
Ph 1 Ph 2 Ph 3 Ph 4 Ph 5
PC-1 16.59 -0.33£0.02°  -0.36+0.02° -0.31+£0.02° -0.59 +0.02° -0.06 +£0.02°  2.81+0.02°
PC-2 15.33 0.79 £ 0.07* -0.71 £0.08" 0.4 +£0.07° -1.48 +0.08" 1.09 + 0.08" -0.43 £0.10°
PC-3 7.67 0.96 +0.03" -0.05 £ 0.04* 0.97 £ 0.03° -0.18 £ 0.04¢ -1.79 £ 0.04° 0.20 + 0.05
PC-4 3.88 1.37 £ 0.06° 0.28 £ 0.07° -1.57 £0.06" 0.15 +0.06™ 020 £0.07°  0.03+0.08"
PC-5 2.84 -0.12£0.04°  2.06 % 0.05° 0.10 +0.04° -1.19 £ 0.05* -0.47 £0.05°  -0.08 £ 0.06™
PC-6 1.83 0.30+£0.20 -0.46 +£0.23 0.17+£0.20 -0.19 £0.21 0.04 £0.22 0.002 £ 0.27
PC-7 1.67 -0.35+0.20 -0.01 £0.23 0.27 £0.20 0.35+0.20 -0.21 £0.22 -0.09 £ 0.27
PC-8 1.16 -0.11 £0.20 0.02 +0.23 0.11 £0.20 0.21 £0.21 0.31 £0.22 0.08 +0.27
Table 2: Principal components (PCs) scores (mean + SE) from a PCA for relative proportions of compounds in femoral secretions
of P. hispanica populations (Phl: Aranjuez, Ph2: Belmonte, Ph3: Golondrina, Ph4: Fuenfria and Ph5: Pedrezuela) and P. atrata.
Same small letters on means indicated lack of significant posthoc differences (Tukey’s tests) between populations within each PC.
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the unidentified steroid 7, and the
unidentified terpenoid 2. PC-3 values
differed significantly between populations
(F5.115=610.65, P<0.0001) (Table 2). Males
from Phl and Ph2 had similar positive
values (P=0.99), while other populations
had negative values. All other comparisons
of PC-3 scores between populations were
significant (P<0.0002 for all).

The PC-4 scores were negatively

related to the proportions of the

unidentified steroid 16 and positively with
the proportions of the unidentified steroid
9. PC-4 scores differed significantly
populations  (F5115=205.39,
P=0.0006) (Table 2). Males from Phl had

between

positive PC-4 scores, while the rest of
populations had PC-4 scores around zero
and negative. The comparisons between
populations were all
(P<0.0002), except between Ph2 and Ph4
(P=0.84) or between P. atrata and Ph2

significant

2400

2200

2000

1800

1600

1400

1200

1000

800

600

400 | — — —_—

——

200

Squared Mahalabobis distances of P. hispanica males
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Fig. 3: Squared Mahalabobis distances (mean * SE), obtained from a discrimimant analysis of chemical components’ PCs scores,
of individual P. hispanica to individuals from all P. hispanica populations (Phl: Aranjuez, Ph2: Belmonte, Ph3: Golondrina, Ph4:
Fuenfria and Ph5: Pedrezuela) or to P. atrata individuals.
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(P=0.31), Ph5 (P=0.34) or Ph4 (P=0.89).

Finally, the  proportion  of
hexadecanol in secretions (i.e., PC-5
scores) differed with the population of
origin (Fs115=386.05, P<0.0001) (Table 2).
Males from Ph2 showed positive PC-5
scores whereas all other populations had
negative values. All comparisons of PC-5
scores  between  populations  were
significant (P<0.0001), excepted between
P. atrata and Phl (P=0.99) and Ph2
(P=0.18).

There  were not  significant
differences between populations for PC-6
(Fs.115=1.59, P=0.16), PC-7 (Fs115=1.75,
P=0.12) or PC-8 (Fs115=0.76, P=0.57)
(Table 2).

In an additional analysis, when we
selected only the 28 compounds shared
(i.e. presented) between all populations,
the relative proportion of these shared
chemicals also varied significantly with the

population of origin (MANOVA, Wilks’
l=0.03, F125,452=8.29, P<0.0001).

DISCUSSION

The analyses of chemical composition
showed that similarly to other lacertid
lizards, femoral gland secretions of P.
hispanica and P. atrata have steroids and
carboxylic acids as  predominant
components (reviewed in Weldon et al.,

2008). Among steroids, in both species,

cholesterol was the main steroid, which
was also presented in abundance in
secretions of many other lizard species
(Weldon et al., 2008). More interestingly,
chemicals found in femoral gland
secretions of males differed in composition
and proportion between the two species,
and secondarily between populations of P.
hispanica. The chemical differences
between island P. atrata and mainland P.
hispanica were higher than between
continental populations of P. hispanica
alone. For some chemicals, there were
clear differences in presence/absence
between species. Some steroids and waxy
esters were presented only in secretions of
P. atrata, whereas other chemicals such as
tetracosanol or cholesta-2,4-diene, ergosta-
5,8-dien-3-ol or stigmasterol, were found
only in secretions of P. hispanica. Also,
the proportions of the main classes of
compound varied between species. For
example lizards from the islands had
secretions with higher proportions of
alcohols and waxy esters. In addition, the
proportions of shared chemicals also varied
between P. atrata and P. hispanica.

These chemical differences
between species could result from the
different habitats where each lizard species
lives. A first possible explanation is that
these differences in lipidic secretions might
be the consequence of different diets

(Symonds and Elgar, 2009), or different
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available food sources in the island and in
the mainland. Interestingly, for example,
the few existing studies on the diet of P.
atrata indicates that this species includes
in its diet marine isopods and poisonous
scorpions, while this has never been
reported for any mainland populations of
P. hispanica (Castilla et al., 2008c,d;
Castilla and Herrell, 2009). Although, to
confirm this relationship we would need
more studies of diet, and also experiments
examining whether different diets lead to
differences in femoral secretions.
Alternatively, or in addition, these
variations in chemical composition and
proportions in secretions might be
correlated to the different microclimatic
conditions of different geographical areas.
Presumably, the variation of femoral
chemical composition also would reflect
the environment where each lizard species
lives (Alberts, 1992; Escobar et al., 2001,
2003). Therefore, it is likely that selection
for a better efficiency of chemical signals
used in intraspecific communication had
led to differences in composition of
femoral secretions of lizards inhabiting
different environments (see Alberts, 1992).
The abiotic conditions in a small island and
in the continent may be very different (e.g.,
altitude, temperature, wind, relative
humidity) and this could have influenced
the characteristics of chemical secretions

of lizards. A study showed that femoral

secretions of two populations of P.
hispanica inhabiting areas with different
microclimatic conditions differ in the
abundance of more stable waxy esters and
long chain fatty acids, which are more
abundant in lizards from areas with higher
humidity levels (Martin and Lopez,
2006a). These less volatile compounds
would confer more stability to secretions
under conditions where high levels of
humidity increase evaporation (Alberts,
1992). Similarly, our results indicate that
waxy esters, which would confer more
stability to secretions in the humid
conditions of the island environment, are
more abundant in P. atrata.

Finally, differences in chemicals in
femoral secretions may simply result from
genetic differences between populations
and species. The Iberian wall lizard, P.
hispanica is paraphyletic with respect to P.
bocagei, P. carbonelli, and P. atrata and
appears to form a species complex (Harris
and Sa-Sousa, 2002; Pinho et al., 2007).
Genetic divergence is high between the
population of P. atrata from the
Columbretes islands and a population of P.
hispanica from the continent, which
justified that it was described as a different
species (Castilla et al., 1998a,b; Harris and
Sa-Sousa, 2001, 2002). Chemical
differences in femoral secretions may
result of colonization and adaptation to

different habitats; or just from random
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genetic divergence due to the geographical
isolation, such that each species could have
evolved in different ways and produce
different chemical signals. Similarly, in
some rodents, genetic differences within a
species complex seem to explain
differences in scent characteristics (Heth
and Todrank, 2000; Heth et al., 2001;
Talley et al., 2001).

The question that arises is whether
these differences in chemical signals affect
recognition systems and whether this may
have had consequences for speciation. A
previous experiment of chemosensory
recognition by tongue-flick tests between
P. hispanica and P. atrata lizards (Gabirot
et al., 2010) and the results of the current
study suggest that these differences in
chemical signals could allow species
recognition. This chemosensory species
discrimination could have been an
important requisite to preclude
reproductive interactions between P.
hispanica and P. atrata. This is something
that has been already observed within other
wall lizard species (Cooper and Pérez-
Mellado, 2002; Barbosa et al., 2005, 2006;
Martin and Lépez, 2006a,b). Compounds
that are specific for femoral secretions of
each species could allow species
recognition. Furthermore, chemical
recognition between species could not be

only based on differences in one or a few

compounds alone, but also on the pattern

of compounds found in each species. In
vertebrates, pheromones are often a
mixture of several chemical compounds
with  different  properties  (Miiller-
Schwarze, 2006). These multicomponent
pheromones may have different functions,
but may also act together providing
specific “odor profiles”, also named
“gestalts”,  “patterns”, or  “mosaics”
(Johnston, 2005). Not only the mixture of
chemicals, but also the relative proportions
or concentrations of these chemicals, are
often needed to be biologically active as a
pheromone. Thus, a vertebrate pheromone
may be defined as a group of active
compounds in a secretion that supply
information to, or change behavior in,
another conspecific (Miiller-Schwarze,
2006), and that could also allow species
recognition.

In summary, our study showed that
chemical signals (femoral secretions) of P.
hispanica and P. atrata lizards were
different in composition and proportions of
chemical compounds. Moreover, this
difference is higher between these two
species than between any distinct
population of P. hispanica. All these
chemical differences could be the
consequence of random genetic variation,
but could also be due to adaptation to
different habitats, with differences in

climatic conditions or diet resources. This

chemical variation could be used by
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individuals to recognize lizards from their
own species. Therefore, these results of
chemical composition and previous studies
of chemosensory recognition reinforce the
fact that the genetic differences between P.
hispanica and P. atrata may reflect
reproductive isolation between these two
taxa. Our results could be a preliminary
cue of the high improbability of
reproduction between P. hispanica and P.
atrata. If individuals do recognize and
discriminate between species, which may
be based on differences in chemical
compounds in  femoral secretions,
interspecific mating could not occur.
However, further experiments of mate
choice and staged encounters should be
done to ensure that premating reproductive
isolation may actually prevent
hybridization between island and mainland

lizards.
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- Parte 1 - Morfologia y sefiales quimicas de las lagartijas

La lagartija Ibérica Podarcis hispanica pertenece a un taxén muy complejo y sobretodo
“inestable”. Esta especie se compone de individuos con morfologia similar en general pero
con unas variaciones intrapoblacionales sustanciales. En la region de Madrid por su
localizacién, su historia paleo-geografica y su dispersion, se encuentran diferentes
poblaciones con una variedad de morfologias y coloraciones; algunas de estas poblaciones
viven en localidades muy cercanas sin aislamiento geogréfico efectivo (Gabirot et al. datos no
publicados). Durante esta tesis, hemos estudiado individuos (hembras y machos) de varias
poblaciones en la region de Madrid. Las poblaciones estdn separadas entre si por entre 10 y
100 Km. de distancia: las mas alejadas son las de Fuenfria, Pedrezuela y Aranjuez. Los
individuos de Fuenfria se encuentran en el noroeste, en la parte de la Sierra de Guadarrama,
Pedrezuela en el Norte debajo del Puerto de Somosierra, y Aranjuez en el extremo Sur,
cercana a Toledo. A estas tres poblaciones afladimos otras dos intermedias: Golondrina, justo
al Sur de Fuenfria, y Belmonte al este y cerca de Aranjuez. Las poblaciones las hemos
clasificado como del Norte (Fuenfria, Golondrina y Pedrezuela), o del Sur de Madrid

(Aranjuez y Belmonte).

Comparacion morfologica (Capitulo 1)

Ademads del dimorfismo sexual, en estas poblaciones de la zona de Madrid existen otras
diferencias a nivel morfol6gico: los individuos del Sur y los del Norte son muy distintos. Las
poblaciones de Fuenfria y Golondrina, mds la de Pedrezuela (i.e. del Norte) se caracterizan
por tener individuos mds robustos, con cuerpos y cabezas mds grandes, y con un peso mayor.
Al contrario los individuos del Sur (Aranjuez y Belmonte) se caracterizan por tener individuos
mads estilizados, con cuerpos y cabezas mds pequefios, y menos pesados. Se observd un
gradiente entre los dos extremos geograficos (de Fuenfria a Aranjuez). Un gradiente de
tamafio, peso, y tamafio de la cabeza, que va de los mas grandes en el Norte hasta los mas

pequeiios en el Sur.

Los individuos del Norte tienen un nimero mayor de poros femorales que los individuos del
Sur. Al contrario, los individuos del Norte tienen menos ocelos azules laterales que los del
Sur. Estos ocelos azules podrian ser una sefial visual utilizada en los procesos de

comunicacion y de seleccion intrasexual (Lépez et al. 2004). Muchos animales tienen colores
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llamativos como indicadores potenciales de calidad individual porque esta coloracion tiene
una respuesta rdpida a los cambios de condiciones (Lozano 1994; Favre et al. 2003). En
algunas lagartijas, en los géneros Lacerta y Podarcis por ejemplo, el macho muestra unos
ocelos pequeiios laterales situados justo después de las patas delanteras (Barbadillo et al.
1999). En Lacerta monticola, el nimero de estos ocelos estd relacionado con el tamaiflo
corporal, la edad, la condicién corporal y la dominancia (machos més viejos) (Lopez et al.
2004). Existe dimorfismo sexual en este cardcter y por eso tendrian un papel importante

durante la seleccion sexual (Lopez et al. 2004).

Relacion de la morfologia y el habitat

Estas diferencias de morfologia entre las poblaciones se explicarian porque las poblaciones
ocupan distintos hdébitats, localizaciones geograficas y/o condiciones climatoldgicas
diferentes. La variacion del tamafio corporal de los individuos de muchos animales estaria
relacionada con el factor climatico. Muchas especies tienden a tener un tamafo de cuerpo que
sigue la regla de Bergman: los individuos en condiciones frias tienen un cuerpo mayor que los
de zonas mads cdlidas (Yom-To y Nix 1986). Entonces, en la poblaciéon de Fuenfria, la
seleccion natural presionaria en direccién a alcanzar tamafos corporales mayores que
permitirian una mejor eficacia frente a las condiciones abidticas del habitat. Ademas los
animales en condiciones ambientales frias tendrian una coloracién adaptada para poder captar
los rayos de sol o el calor con mds eficacia. También la iluminacién tipica de cada habitat
serfa importante en relacién a las sefiales visuales y su evolucién (Endler y Thery 1996).
Como complemento se examinaria la coloracion de los individuos de cada poblacién, para ver
si también a este nivel visual existen variaciones y si estdn de acuerdo con lo esperado por la
adaptacién al clima local. Asi, en un hédbitat mds cdlido, como es el caso de Aranjuez, un
tamafio mds pequefio y una coloracién mds reflectante (o menos absorbente) serian més
eficaces para la termorregulacion y también para disminuir el riesgo de depredacion en este

tipo de habitat.
Variacion de las sefiales quimicas (Capitulo 1)
Las secreciones femorales de los machos de cada poblacién se componen en su mayoria de

esteroides, dcidos carboxilicos, alcoholes y otros compuestos como el escualeno (Tabla 1;

Capitulo 1). El compuesto mds abundante es el colesterol, seguido por el colesta-5,7-dien-3-
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ol, y después por el dcido hexadecanoico, el campesterol y el d4cido octadecenoico. Esto estd
de acuerdo con lo que se ha encontrado en otras especies de lagartijas (Weldon et al. 2008).
Existen diferencias entre las poblaciones estudiadas en la presencia/ausencia de algunos
compuestos quimicos en las secreciones femorales de los machos. Por ejemplo, las lagartijas
del Norte no tienen colest-5-en-3-one, ni tampoco los etil-ésteres de acidos carboxilicos que si
aparecen en las del Sur; o también las secreciones de los machos de Aranjuez no contienen

octadecanol, al contrario que todas las otras poblaciones.

La composiciéon de las sefiales quimicas varian seguin las poblaciones estudiadas; cada
poblacion tiene su propia composicion, y también proporcion, de compuestos quimicos en las
secreciones femorales. Esta alta variacion podria ser una adaptacién local al hédbitat donde
vive cada poblacion. Estas secreciones son dependientes de la alimentacion y una variacién en
los nutrientes provocaria una sintesis diferente al nivel de las glandulas femorales como por
ejemplo ocurre en las moscas Drosophila serrata las cuales modifican los compuestos
quimicos cuticulares cuando se les modifica la dieta (Symond et al. 2009; Rouault et al.
2004). Entonces, en cada habitat se encontrarian nutrientes diferentes; las fuentes de
alimentacién varian ademads con las zonas geogréficas pero también con la estacion, con el
clima, con el tipo de hébitat. etc. Las secreciones serian un reflejo instantdneo de lo que pasa
en el organismo: el individuo consume un tipo de nutriente, entra en su organismo y en sus
células, y finalmente seria secretado por las glandulas femorales. Asi que una parte de esta
variacién quimica entre las poblaciones vendria de las posibles diferencias en la dieta. Pero

para comprobar esto, se requieren mas estudios de comparacion del hébitat y de la dieta

Ademads, para algunos compuestos de las secreciones femorales, se encontré una relaciéon con
la clasificacion Norte vs. Sur. Algunos esteroides como el colesta-5,7-dien-3-ol, el ergosta-
5,8-dien-3-ol, el tetracosanol y el escualeno se hallan en mayor proporcion en las secreciones
de los machos de las poblaciones del Norte que en las del Sur. Al contrario, el colesterol esta
en mayor proporcion en las del Sur. Estas variaciones entre las zonas Norte y Sur podrian
estar relacionadas con las diferencias de microclimas entre estas areas geograficas (Alberts
1992; Escobar et al. 2001,2003). Las lagartijas del Norte ocupan hébitats con un nivel de
humedad alto y temperaturas bajas; al contrario las del Sur se localizan en sitios muy secos y
calurosos. Como la persistencia de las marcas quimicas es necesaria para su eficacia en el

habitat, en cada zona se produciria una seleccién de los compuestos que permiten una mayor
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duracién de las sefales quimicas, y por eso podriamos observar diferencias segun el habitat

(Norte vs. Sur) con condiciones abidticas distintas.

La seleccion de compuestos tendente a una mejor eficacia de las sefiales quimicas utilizadas
en la comunicacién intraespecifica llegaria a producir diferencias en la composicién de las
secreciones femorales entre las distintas poblaciones de los machos de lagartija Ibérica que
viven en medios ambientales diferentes; con moléculas menos voldtiles y estables en los

habitats donde la evaporacion es elevada.

Algunos de los compuestos de las secreciones tienen un papel en la comunicacion entre los
individuos y especialmente pueden informar sobre el estado de salud de los machos, lo que
serviria a las hembras para elegir su pareja potencial de reproduccion. Estudios anteriores han
sugerido que en esta especie el colesta-5,7-dien-3-ol seria una sefial para las hembras que
emplearian en su eleccion de pareja; las hembras lo reconocen y distinguen mediante su
sistema quimiosensorial dentro de las marcas quimicas de los machos. El colesta-5,7-dien-3-
ol es un precursor de la vitamina D3 con importantes funciones metabdlicas (absorcién del
calcio y regulacion del sistema inmune) (Griffin et al. 2003; Hayes et al. 2003). Es interesante
que este compuesto aparezca en mayor proporcion en las lagartijas de las poblaciones del
Norte que en las del Sur. Eso podria interpretarse como que los individuos del Norte secretan
mds colesta-5,7-dien-3-o0l porque la comunicacion intraespecifica depende mas de este
compuesto. Al contrario los animales del Sur no lo utilizarian tanto, o bien podrian depender
mas de otros tipos de sefiales. Esto ultimo, lo sugiere la comparacion de la importancia de las
sefales visuales (i.e., ocelos azules) y quimicas (nimero de poros femorales) entre las
poblaciones. Los machos del Sur tienen un mayor nimero de ocelos azules, pero menos poros
femorales, que los del Norte. Asi, estas diferencias entre las poblaciones apoyarian que los
individuos de cada poblacién se han podido adaptar a las condiciones climéticas geograficas
de cada sitio, lo que resultaria en un uso diferencial del tipo de sefiales usadas para
comunicarse. Estos elementos nos permiten pensar que los individuos de la Sierra del
noroeste de Madrid en un hébitat con humedad y temperaturas mds bajas utilizarian e
invertirian mas en las sefiales quimicas que los individuos del Sur; y al revés, los individuos
del Sur en un drea més seca y calurosa podrian utilizar m4s otro tipo de comunicacién como la

visual.
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En resumen, las caracteristicas del hédbitat donde se encuentran las poblaciones jugarian un
papel importante en la evolucién de las variaciones de morfologia y sefiales quimicas
encontradas en las poblaciones de la zona de Madrid; las condiciones ambientales de cada
sitio afectarian a cada poblaciéon y conducirian a distintos procesos evolutivos. Las
poblaciones estudiadas en la regiéon de Madrid son diferentes a varios niveles: morfolégico y
sefiales quimicas. Todas estas diferencias caracterizadas entre las poblaciones también se
observarian a nivel genético, pero se necesitan mds andlisis moleculares para confirmarlo.
Esta adaptacion a un habitat diferente también afectaria a la comunicacion intraespecifica y a
las sefales involucradas. Estas poblaciones que viven en dreas con condiciones climdticas y
geograficas distintas desarrollarian ticticas diferentes o comunicacién a base de sefiales de
tipos diferentes, cada una adaptada a su medio ambiente. Estas variaciones en las sefiales
podrian tener consecuencias a nivel de la comunicacién inter- e intrasexual, afectando a la
capacidad de reproduccién entre poblaciones, como ocurre con los peces del género

Pseudotropheus de los lagos Malawi o Victoria (Danley et al. 2001).

- Parte 2 - Comunicacion quimica y comportamiento interpoblacional

Reconocimiento quimico interpoblacional (Capitulo 2)

Los resultados de los experimentos de reconocimiento quimiosensorial mostraron claramente
que cada poblacion de la region de Madrid estudiada distinguirfa los olores de lagartijas de un
control no oloroso (agua), pero ademas, los individuos respondieron de forma distinta segtin
el origen poblacional del olor presentado. Los machos tienen un interés mayor (i.e., un mayor
numero de protusiones linguales) por los olores de machos de su propia drea (Norte vs. Sur).
Los machos de las poblaciones del Norte (Fuenfria, Golondrina y Pedrezuela) sacaron maés la
lengua en respuesta a olores de machos del Norte, y lo contrario para las lagartijas del Sur
(Belmonte y Aranjuez). Sin embargo, unicamente hemos encontrado un interés mayor por
olores de machos de su propia poblacién, en los machos de Fuenfria, pero en el resto sélo se
observé un reconocimiento y mayor interés por olores de machos de su drea, pero sin

distinguir los machos de su propia poblacion de las otras de su area.

También, los machos discriminaron entre olores de hembras segtin su poblacién de origen. De
la misma manera encontramos una preferencia de area: es decir que los machos de las zonas

del Norte hicieron mds protusiones linguales en respuesta a olores de hembras de las
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poblaciones del Norte, y lo contrario para los machos del Sur. Sin embrago, encontramos una
diferencia para las poblaciones mds extremas (i.e., Aranjuez, Fuenfria y Pedrezuela); los
machos de estas poblaciones tuvieron una discriminacion y un interés mayor por los olores de
hembras de su propia poblacién que por los olores de las hembras de otras poblaciones;
manteniendo el interés relativo por hembras de su zona. Por ejemplo, los individuos de
Aranjuez tuvieron respuestas mas elevadas a olores de hembras de su poblacion, después por
las hembras de Belmonte, y finalmente por las hembras de las poblaciones del Norte sin
diferenciar entre ellas. Para estas poblaciones extremas (a nivel geografico) se observé
primero una preferencia por olores de hembras de su poblacién, después una preferencia por
zona y finalmente un menor interés por los olores de hembras de la otra zona. Por el contrario,
los machos de las poblaciones menos aisladas a nivel geogriafico (i.e. Belmonte y
Golondrina), no demostraron estas preferencias por olores de hembras de su propia poblacion,

sino s6lo un interés mayor por olores de hembras de su zona.

Las hembras reaccionaron de manera similar a los machos en cuanto al reconocimientos de
olores de machos: las hembras mostraron un reconocimiento y preferencia de olores segun el
origen de la poblacién dnicamente segin su zona (Norte vs. Sur). Las hembras del Norte
sacaron mas veces la lengua en respuesta a olores de machos de su propia zona que a los de la
otra, sin diferenciar entre el origen de las poblaciones dentro de cada zona. Sé6lo las hembras
de Pedrezuela mostraron respuestas elevadas a los olores de machos de su poblacién frente a

olores de machos de otras poblaciones de su zona.

Por lo tanto, las lagartijas de las cinco poblaciones discriminaron y reconocieron los olores
presentados segtn el area de origen de las secreciones. S6lo los machos de las poblaciones
extremas mostraron una discriminacion interpoblacional de olores de hembras; en el resto se
encontrd s6lo un reconocimiento quimico y preferencia por olores segin la zona (Norte vs.
Sur). Pero, el hecho de que las poblaciones e individuos no mostraran una preferencia por su
poblacidn, o al contrario que haya una preferencia de zona, no significa que no puedan ocurrir
copulas entre individuos de distintas poblaciones o zonas. Las hembras podrian elegir
territorios marcados con olores de machos de su propia poblacién, o de su zona, o, por el
contrario, no tener ninguna preferencia a la hora de elegir entre dos territorios con olores de

machos de poblaciones o zonas distintas.




Resultados y Discusion integrados

Eleccion de olores de machos por parte de las hembras (Capitulos 2 y 3)

El experimento de eleccion de olores de machos por parte de las hembras informé que la
elecciéon varia seglin el origen poblacional del macho y ademds, varia segin el dia del
experimento. Este experimento se hizo sélo con tres de las cinco poblaciones: Fuenfria y

Aranjuez (las dos extremas) y Golondrina (intermedia y cercana a la del Norte).

En el primer dia, las hembras no habian tenido contacto con ningun olor de macho, ni visto
ningin macho en esta temporada reproductiva, y no mostraron una preferencia por un tipo de
olor; pasaron el mismo tiempo en lados del terrario con olores de machos de distintas
poblaciones. Pero en el segundo dia de las pruebas, las hembras tuvieron una preferencia por
un olor, o bien un rechazo por el otro tipo de olor. Las hembras de las poblaciones extremas
(Aranjuez y Fuenfria) disminuyeron el tiempo pasado en las zonas con olores de machos de la
poblacién més lejana a la suya. Las hembras de Aranjuez estuvieron menos tiempo en las
zonas con olores de machos de la poblacion de Fuenfria, pero mantuvieran el mismo
porcentaje de tiempo pasado en los olores de machos de Aranjuez y Golondrina; y lo contrario
para las hembras de Fuenfria. Sin embargo, las hembras de Golondrina no mostraron cambios
en el porcentaje de tiempo pasado segtn el origen de los olores, ni segin el dia de la prueba.
Por lo tanto, este experimento de eleccion de olores de machos por parte de las hembras
sugiere que las hembras podrian tener preferencias por algunos olores segin el origen de la
poblacién, pero eso solo a partir del segundo dia del experimento, tras haber tenido contacto

previo con olores de machos.

Si las hembras se establecen en un territorio, independientemente del origen poblacional del
macho que lo ha marcado, tendrian la misma posibilidad de reproducirse con machos de su
poblacién que con los de las otras. El primer dia del experimento, las hembras no conocerian
los diferentes olores, pero el segundo dia ya tendrian més experiencia. Cuanto mds se presenta
un olor a un individuo mds lo conoce, obtiene més informacién, y més lo reconoce. Asi por
ejemplo, el segundo dia tras reconocer el olor de la poblacién de Fuenfria, las hembras de
Aranjuez pudieron no necesitar, o querer, mas informacion acerca de estos machos y pasar
menos tiempo en presencia de estos olores, mientras que para los olores de su poblacion o de
Golondrina su interés seguiria siendo alto. Lo mismo pasaria en las hembras de Fuenfria, cuyo
interés por las secreciones de los machos de Aranjuez disminuiria con las sucesivas

presentaciones.
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Copulas inter e intrapoblacionales (Capitulo 3)

Finalmente, los encuentros reproductivos y los experimentos de eleccion de olores indicaron
que los machos y hembras de las dos poblaciones cercanas del Norte, Fuenfria y Golondrina,
tienen comportamientos sexuales similares con individuos de su misma poblacién o de la otra.
Las hembras de Fuenfria y Golondrina no mostraron una preferencia por olores de machos de
su misma o de la otra poblacién. Ademds, en los encuentros intersexuales el nimero de
cOpulas y la duracion de las cépulas fueron similares, independientemente de las poblaciones
de origen de la pareja. Por lo tanto, a pesar de que entre estas dos poblaciones existen
diferencias a nivel morfolégico y quimico, cuando se trata de reproducirse, los individuos de
distintas poblaciones copularon entre ellos. Falta por saber si los huevos procedentes de
cOpulas intrapoblacionales son mds fértiles, y/o si las crias son mds viables, que los
resultantes de cépulas interpoblacionales. Pero, al menos a nivel precopulatorio, no hubo
diferencias, ni barreras de aislamiento entre poblaciones cercanas como Fuenfria y

Golondrina.

Esta falta de aislamiento reproductivo a nivel precopulatorio se explicaria por una incapacidad
de las hembras de Golondrina para discriminar entre los olores de machos de poblaciones
distintas, pero de la misma zona. Los experimentos de reconocimiento quimiosensorial han
sefialado que en esta poblacion los individuos podian discriminar los olores de individuos de
su poblacién de los olores de individuos del Sur, pero que entre olores de poblaciones del
Norte la discriminacién no estd tan clara. Un estudio anterior comparando las poblaciones de
Fuenfria y Golondrina sugiero que sélo los machos, pero no las hembras, podian discriminar
entre olores de diferentes poblaciones (Golondrina vs. Fuenfria). Aqui encontramos los
mismos resultados. Los machos si que muestran un reconocimiento poblacional, pero las
hembras s6lo uno de zona. Quizas las hembras no diferenciaron entre olores de machos de
poblaciones de la misma zona. Las hembras se establecerian en cualquier drea marcada por
cualquier macho (de su zona) y aceptarian reproducirse con todos los machos que tienen una
relativa similitud genética, morfoldgica, de coloracién, etc. Esta incapacidad podria explicar
el hecho de que haya un flujo de genes y hibridaciéon posible entre taxones del género
Podarcis, incluso entre especies bien distintas (por ej., observaciones en laboratorio, P.
bocagei x P. carbonelli, Galdn 2002). Otra explicacion alternativa, seria que las hembras si

diferencian los olores de los machos, pero no eligen segun la poblacién de origen sino segin
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otro criterio. Las hembras seleccionarian el olor de un macho basdndose en un criterio de
calidad individual (indicado por compuestos de las secreciones femorales) y no segun el

origen poblacional.

Los resultados han demostrado que las poblaciones mds lejanas geograficamente fueron las
mads diferenciadas, y eso a varios niveles: morfoldgico, quimico, y de comportamiento
precopulatorio en el reconocimiento quimico y elecciéon de olores. Lo que apoya la idea de
que las poblaciones en la regiéon de Madrid estdn en proceso de adaptacion a diferentes
habitats y a largo plazo podrian llegar a un proceso de especiacion. Las distintas poblaciones
podrian estar en diferentes etapas de este proceso. S6lo los machos mostraron una preferencia
poblacional a nivel quimico; las hembras sélo una preferencia del area de origen. Ademds los
experimentos de eleccion de olores y cruces reproductivos mostraron que las hembras siguen
sin diferenciar, o seleccionar, entre los tipos de machos. Pero los resultados indican que entre
el Norte y el Sur de Madrid las poblaciones e individuos se reconocen, se diferencian y
prefieren olores de su zona, basdndose s6lo en sefales quimicas. Pero cuando las poblaciones

son de la misma zona, la comunicacién se hace casi como si fueran de la misma poblacion.

De acuerdo con la historia genética y los escenarios paled-geoldgicos, la zona de Madrid
tendria los dos morfotipos definidos 1 y 2. Las poblaciones estudiadas aqui mostraron que
entre las del Sur y las del Norte se podia observar una discriminacién quimica. Cabria
preguntarse sobre el origen de las poblaciones estudiadas. Si las del Sur y del Norte tienen el
mismo origen o si vienen de origenes distintos. La primera posibilidad seria que ambas zonas
y todas las poblaciones tengan el mismo origen, por ejemplo, con una poblacién ancestral del
Sur que se fue dispersando hacia el Norte hasta llegar a la sierra madrilefia. Durante la
dispersion, las poblaciones van adaptandose a cada hébitat que se encuentran. La adaptacion y
evolucién seria gradual en la zona de Madrid. La otra hipdtesis seria que las poblaciones
tienen un origen distinto. Las del Norte vendrian de una poblacion ancestral del morfotipo 1 y
las del Sur de Madrid del morfotipo 2; estaria ocurriendo una doble dispersion hacia el centro
de Madrid. Un andlisis genético podria solucionar esta duda, pero los resultados de
comportamiento y reconocimiento quimico nos permiten pensar que seria mds correcta la
segunda hipdtesis de la doble dispersion. Los individuos del Norte serian cercanos al
morfotipo 1 y los del Sur al morfotipo 2, mientras que el centro de la zona madrilefia seria una

zona de contacto con posibilidad de hibridos entre los dos tipos.
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Las observaciones de comunicacién entre poblaciones cercanas como Fuenfria y Golondrina
sugieren que el proceso de especiacion no ha terminado, sino al contrario que estd sélo
empezando en esta zona. La comunicacién quimica precopulatoria de las poblaciones de los

extremos parece indicar que estas poblaciones son més especificas y estdn mas aisladas.

- Parte 3 - Reconocimiento de compuestos de las senales

Interés diferente por los esteroides (Capitulo 4)

Sin embargo, durante los cruces interpoblacionales entre Fuenfria y Golondrina, las hembras
parece que seleccionaron los olores de los machos segtin la proporcién de un compuesto de la
secreciones femorales. Las secreciones femorales de las lagartijas se componen de proteinas y
lipidos, y estos ultimos estdn involucrados en los mecanismos de comunicacién (Mason
1992). En las lagartijas las marcas quimicas de las secreciones de los machos podrian advertir
sobre el territorio, el estatus social y la habilidad competitiva (Aragoén et al. 2001; Lépez y
Martin 2002a; Lopez et al. 2003; Martin et al. 2007), o informar sobre caracteristicas de los
machos que las hembras puedan utilizar para elegir una pareja (Martin y Lépez 2000, 2006c¢;

Lopez et al. 2002, 2003; Olsson et al. 2003; Lépez y Martin 2005¢).

Dentro de los esteroides, el colesterol es un compuesto de origen animal que se encuentra en
abundancia en las secreciones de los machos de muchas lagartijas (Alberts et al. 1992;
Escobar et al. 2001; Lépez y Martin 2005a,b,c). Estudios anteriores han mostrado que los
esteroides serian importantes en la seleccion sexual de las lagartijas y en particular de las
Podarcis. El reconocimiento de esteroides y en especial del colesta-5,7-dien-3-ol revela que
todas las poblaciones estudiadas aqui pueden discriminar este compuesto. Ademds las
poblaciones indicaron un interés distinto por este esteroide segun el origen de los individuos.
Las lagartijas de poblaciones con temperaturas frias y humedad relativa elevada (i.e., Norte de
Madrid) tuvieron respuestas elevadas a este compuesto, mientras que lo contrario ocurrié en
lagartijas de poblaciones que ocupan hébitats secos y calidos (i.e., Sur de Madrid). Resulto
interesante que la intensidad de protusiones linguales en respuesta al colesta-5,7-dien-3-ol se
relacionaba con la abundancia de este compuesto en las secreciones de los machos de cada
poblacién. Esto sugiere una vez mds que este esteroide es importante en la comunicacién de
las lagartijas en especial en las de la zona Norte, pero la importancia parece menor para las

lagartijas del Sur, las cuales utilizarfan otro tipo de sefial (e.g., visual).
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Finalmente, los experimentos de cruces entre las poblaciones de Fuenfria y Golondrina han
sugerido que las hembras podrian utilizar como indice de calidad de un macho la proporcién
de un compuesto en sus secreciones femorales como una sefal para decidir si reproducirse
con el individuo en cuestién. Las hembras de ambas poblaciones prefieren las secreciones de
machos con altas proporciones de colesta-5,7-dien-3-ol (= provitamina D3). Este criterio de
eleccién de pareja podria explicarse por la relacion entre el colesta-5,7-dien-3-ol en las
secreciones y la calidad de la respuesta del sistema inmune de los machos que existe en esta y
otras especies de lagartijas (Lopez y Martin 2005¢c; Martin y Lépez 2006c¢; Lopez et al. 2009).
Por lo tanto podria existir un compromiso entre destinar este compuesto al metabolismo
general o a las secreciones femorales. En estas poblaciones cercanas del Norte, las hembras
no tienen un interes mayor por los machos de su propia poblacion, sino que mdas bien eligen
marcas quimicas segun un criterio comun a las dos poblaciones, la abundancia de colesta-5,7-

dien-3-ol.

Reconocimiento de los alcoholes (Capitulo 5)

Los resultados indicaron qué P. hispanica puede discriminar quimiosensorialmente esteroides
como el colesta-5,7-dien-3-ol; las hembras pueden elegir su pareja en base a la proporcion de
este compuesto en las secreciones de los machos. Pero, a pesar que los esteroides son mds
abundantes en las secreciones femorales, las secreciones se componen de otro tipo de
moléculas. Quizds los esteroides no sean los unicos compuestos con un papel en la
comunicacion y reconocimiento quimico o en la seleccion sexual. Los alcoholes, también
presentes en las secreciones, podrian también ser importantes en la comunicacién quimica

entre individuos.

En un primer paso, se probo si los individuos de P. hispanica eran capaces de detectar, o no,
algunos de los alcoholes que se encuentran en las secreciones femorales de los machos. Los
individuos discriminaron los alcoholes testados (hexadecanol, octadecanol, docosanol y
tetracosanol) del control (i.e., agua), y algunos alcoholes, como el hexadecanol y el
tetracosanol, despertaron un interés mayor a los individuos. Por lo tanto, de la misma manera
que las lagartijas pueden reconocer los esteroides en las secreciones femorales, también lo

harian con algunos alcoholes.
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Las lagartijas sacaron la lengua con mucho mads interés frente al tetracosanol o lignoceril
alcohol (i.e. alcohol graso con 24 carbonos). Este compuesto podria ser importante en la
sefalizacion quimica de la condicién de un macho, ya que estudios previos han sugerido que
el tetracosanol disminuiria el nivel de colesterol afectando a la oxidacién LDL en mamiferos
(Hagiwara 1987, Shimura et al. 1987; Hagiwara 1987). Pero de momento no se conoce el

papel y los efectos de este compuesto quimico en los reptiles.

Ademads, las lagartijas detectaron y tuvieron un cierto interés por los alcoholes hexadecanol,
octadecanol y docosanol, pero no hubo una clara discriminacién entre ellos. De modo que
considerarian estos alcoholes como muy parecidos o idénticos. Esto se explicaria porque estos
compuestos tienen una conformacion quimica y una masa muy similar (cadenas de
hidrocarbonos con 16 a 20 carbonos) ademds sus proporciones en las secreciones femorales
de los machos también son muy parecidas; lo que proporcionaria una distincién mas
complicada aun entre estos alcoholes. También es posible que no solamente fuera un alcohol
en concreto el que interesara a las lagartijas como sefal, sino un complejo o una mezcla de
varios alcoholes en proporciones y concentraciones variables. El hexadecanol ademads del
octadecanol tendrian una funcidn en la sefializacién de la dominancia en la lagartija Lacerta.
m. monticola (Martin et al. 2007); el hexadecanol seria una sefial del estatus de dominancia de
los machos: sélo los machos con comportamiento mds agresivo tienen un nivel alto de este

alcohol.

En nuestro estudio, inicamente se encontraron diferencias de interés quimiosensorial entre las
poblaciones por el hexadecanol: los machos de Fuenfria mostraron mds interés por el
hexadecanol que los de Golondrina. Esta diferencia podria venir del hecho que en sus
secreciones también existieran diferencias en este compuesto, sin embargo las proporciones
en las secreciones femorales son muy parecidas. Por tanto es posible que estas dos
poblaciones utilicen de manera distinta este compuesto y su informacion. Este resultado es un

dato més para clasificar como diferentes las poblaciones dentro de la zona de Madrid.

En resumen, la lagartija P. hispanica muestra un interés por los alcoholes presentados en este
trabajo. Tal vez estos compuestos son una sefial quimica y transmiten informacién a los
individuos, pero de momento no se puede concluir si tienen un papel de comunicacién sobre
el estado fisiologico o de salud del individuo, o sobre la especie, etc. Ademads, son necesarias

mads pruebas con el hexadecanol y el octadecanol para comprobar si existe también en esta
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especie una relacion de estos compuestos con el estatus de dominancia de los machos. Los
alcoholes serian una oportunidad mds para informar sobre la identidad y calidad de un macho,

pero también podrian reforzar el mensaje de otras sefiales quimicas.

- Parte 4 - Relacion entre el sistema inmune y las sefales quimicas

(Capitulo 6)

Numerosos animales utilizan sefiales quimicas en la seleccién sexual. Pero existen dudas
sobre como han evolucionado estos caracteres sexuales como senales honestas de la condicion
de los individuos. Los ornamentos y sefales costosos podrian sufrir un compromiso entre
mantener un buen sistema inmune y la elaboracién de estos caracteres sexuales secundarios.
En este capitulo hemos examinado experimentalmente la relacion entre el sistema inmune y
las sefiales quimicas de los machos de una poblacion de P. hispanica, activando su sistema
inmune con una inyeccién de un antigeno bacteriano (LPS, lipopolisacaridos de la pared

celular de E. coli), pero sin efectos patdgenos sobre los individuos.

Los resultados indicaron que la activacion del sistema inmune modificaba la proporcion de
algunos compuestos en las secreciones femorales de los machos. Estos cambios sugieren la
posibilidad de un compromiso entre la activacién del sistema inmune y la elaboracion de las

sefales quimicas de esta especie.

En las secreciones femorales de los machos, las proporciones de colesta-5,7-dien-3-ol
disminuyeron después de la activacién inmunoldgica. Esto se explicaria si el aumento de los
costes del sistema inmune debido a su activacion, llevaran a una imposibilidad de los
individuos para destinar suficiente colesta-5,7-dien-3-0l a las secreciones, sin modificar
negativamente las funciones metabdlicas en las que participa este esteroide. Este trabajo
confirma que las secreciones femorales y la proporcion de este compuesto estarian
relacionados con el estado de salud en esta y otras especies de lagartijas (Lopez y Martin
2005c; Martin y Lopez 2006¢). Otro estudio mostré que un suplemento experimental de
testosterona en la misma especie implicé una disminucién de este esteroide en las secreciones
femorales de los machos (Martin et al. 2007). Ademds las hembras son capaces de detectar
cambios en la proporciéon de este compuesto en las secreciones de los machos (Martin y
Lopez 2006d,e), y las hembras prefieren olores de machos con altas proporciones de este

compuesto (Lopez y Martin 2005¢). Las proporciones de colesta-5,7-dien-3-ol en las sefales
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quimicas de los machos se relacionarian con el estado de salud de los machos, lo que podria
ser detectado por las hembras. Al contrario, el colesterol no se vio afectado por la activacién
inmunoldgica, lo que apoya la idea de que este compuesto (el esteroide mas abundante en las
secreciones) seria Unicamente una matriz apolar no reactiva que ayudaria a mantener la

eficacia de las sefiales de los otros compuestos de las secreciones (Escobar et al. 2003).

De acuerdo con otros estudios, las sefiales quimicas de P. hispanica proporcionarian
informacion a los demads individuos, sobre el estado de salud de los machos, existiendo un
compromiso con el papel de estos compuestos quimicos, en especial los de las vitaminas, en
las cadenas metabodlicas. De modo que las moléculas quimicas secretadas por las glandulas

femorales serian una sefial honesta.

- Parte 5 - Comunicaciéon quimica con P. atrata (Capitulos 7 y 8)

En las Islas Columbretes, cerca de Valencia, vive la lagartija endémica Podarcis atrata, la
cual es una especie muy cercana genéticamente a Podarcis hispanica. Ambas pertenecen al
mismo género y al mismo complejo de especies, y se han diferenciado hace s6lo unos miles
de anos segin el estudio filogenético de este género (Pinho et al. 2007). Las visitas de
humanos a estas islas han aumentado considerablemente en los ultimos afos, y varios
individuos de P. hispanica continentales han sido encontrados en las islas. Por tanto, estd
aumentando el riesgo de que los individuos introducidos de P. hispanica pudieran hibridar
con la especie endémica de las islas, P. atrata. Por eso hemos intentado estudiar los procesos
de comunicacién y especialmente el reconocimiento quimiosensorial entre especies para saber
si entre estas dos especies cercanas existe o no una barrera reproductiva interespecifica que
impidiera la mezcla de genes, ademds de contemplar la comunicacién quimica entre especies

del mismo complejo de especies.

Los resultados de los experimentos de reconocimiento quimiosensorial revelaron que P.
hispanica y P. atrata detectaron y discriminaron entre los olores de cada especie en base a
sefiales quimicas, y también diferencian los olores de machos y hembras del control (Capitulo
7). Los individuos de los dos sexos mostraron mds interés por el olor de su propia especie que

por el de la otra, lo que indicarfa una clara discriminacién quimica entre estas especies. Esto
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sugiere que los compuestos de las secreciones quimicas de estas dos especies serian diferentes

en composicién y proporciones.

El andlisis de las secreciones femorales de los machos de P. atrata reveld que las sustancias
quimicas mayoritarias son los esteroides, dcidos carboxilicos, alcoholes, ésteres céreos,
escualeno, y algunos otros compuestos como terpenoides (Capitulo 8). Los cinco compuestos
mas abundantes en las secreciones son el colesterol, un éster céreo sin identificar, el acido
octadecanoico, el dcido hexadecanoico, el campesterol, y el dcido octadecenoico. Las sefiales
quimicas de las lagartijas endémicas y continentales difieren en la proporciones de los
compuestos quimicas, pero, sobre todo, varian en composicion (i.e., presencia/ausencia): siete
esteroides y dos ésteres céreos han sido encontrados en las secreciones de P. atrata pero no en
P. hispanica; y al revés, nueve esteroides, tres dcidos carboxilicos, un alcohol, una furanona y
un terpenoide estdn presentes Unicamente en las P. hispanica continentales. Estas diferencias
a nivel de las sefiales quimicas entre estas dos especies jugarian un papel importante a la hora
de reconocerse como especies distintas. Estas variaciones podrian ser debidas a una
adaptacién diferencial entre el habitat de las islas y el continental, pero también serian el

reflejo de la variacion ya descrita a nivel genético entre estas especies.

Anteriormente, hemos comparado las variaciones quimicas entre poblaciones de la misma
especie, poblaciones distintas a varios niveles, y encontramos diferencias significativas en la
proporcién y composicion de las secreciones femorales de los machos, sin embargo estas
diferencias se acentian cuando analizamos dentro de este complejo, especies definidas ya

como tales y no poblaciones o morfotipos.

Podarcis atrata también desarroll6 un sistema de reconocimiento quimico en los procesos de
comunicacion y de seleccion sexual. Los resultados de estos capitulos (7 y 8) serian unos
primeros indices de la imposibilidad de reproduccién entre estas dos especies insular y
continental. Si los individuos insulares no reconocieran a los individuos continentales como
de una especie distinta y tuvieran el mismo interés a nivel quimico, entonces las copulas entre
ellos serian posibles. Pero, aunque hacen falta otros experimentos de cruces reproductivos
interespecificos, parece que ese no es el caso. A pesar de la presencia escasa de lagartijas
continentales en las Islas Columbretes, de momento no se han podido observar individuos
hibridos, ni tampoco se han observado comportamientos de acercamiento o comunicacion

entre especies.
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Finalmente aunque no se crucen, ni vayan a mezclar su patrimonio genético con la especie
endémica de las Islas Columbretes, la introduccidén de la especie continental sigue siendo
peligrosa, pues puede tener consecuencias indirectas sobre la poblacién endémica. La especie
introducida podria encontrar un hébitat favorable en las islas y podria convertirse en un

competidor por los recursos alimenticios o del habitat con la especie endémica.

El riesgo de hibridacion entre lagartijas de especies cercanas del continente e insulares podria
no ser alto gracias a un reconocimiento quimico entre especies, explicado por las diferencias
en las sefiales quimicas entre especies. Aunque existiera una conexion entre el continente y las
islas, el riesgo de hibridacién estaria atenuado por el posible aislamiento reproductivo y
efectivo entre estas especies. El patrimonio genético de la especie insular (y endémica) estd
todavia protegido por esta barrera interespecifica. Pero se necesitan mds experimentos de
comportamiento reproductivo con cruces para apoyar estos resultados de reconocimiento

quimico entre especies.
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B Las poblaciones de Podarcis hispanica estudiadas en la Comunidad de Madrid
manifiestan diferencias morfolégicas pero también a nivel de las sefales
quimicas. Los individuos de las poblaciones del Norte son mds robustos y
grandes, mientras que las lagartijas del Sur son mds pequeias. Las secreciones
femorales de los machos se componen en su mayoria de esteroides, alcoholes y
acidos carboxilicos. La composicidn y proporcion de sustancias quimicas varian
entre poblaciones, en especial respecto al esteroide colesta-5,7-dien-3-ol. Las
lagartijas que viven en las zonas serranas del norte, con humedad alta y
temperaturas bajas tienen proporciones mds altas de este esteroide que los machos
del sur que viven en dreas mds 4ridas y con temperaturas altas. Las caracteristicas
del hébitat donde se encuentra cada poblacion conducirian a diferentes
adaptaciones locales, lo que podria tener efectos en los procesos de especiacion.

B La capacidad de las lagartijas para discriminar y reconocer los olores de lagartijas
depende del area de origen. La distincién entre estas poblaciones de la zona de
contacto de Madrid es efectiva entre las zonas del Norte y del Sur. Unicamente
los machos de las poblaciones extremas muestran una discriminacién
interpoblacional de los olores de hembras; en el resto sélo existe un
reconocimiento quimico y una preferencia por olores segin la zona (Norte vs.
Sur). Estas preferencias por parte de las hembras podrian llevar a un aislamiento
reproductivo entre poblaciones de las dos zonas.

B Pero cuando se refiere a las poblaciones mas cercanas o intermedias, la
discriminacién y preferencias no tienen lugar. Los experimentos de cruces entre
poblaciones cercanas indican que las hembras no tienen un interés mayor por los
machos de su propia poblacion, sino que parecen utilizar como indice de calidad
de un macho la proporcién de colesta-5,7-dien-3-ol en sus secreciones femorales,
independientemente de su poblacion de origen. Los encuentros intra e
interpoblacionales indicaron que los machos y hembras de dos poblaciones
cercanas del Norte tienen comportamientos sexuales similares con individuos de
su misma poblacién o de la otra. De modo que el aislamiento reproductivo entre
estas poblaciones cercanas no es enteramente efectivo.

B Las lagartijas de las poblaciones del Norte utilizarian el esteroide colesta-5,7-
dien-3-ol, para obtener informacion sobre los machos, mientras que las del Sur no
muestran un interés tan notable por este compuesto. Las diferencias de interés en
cada poblacion se relacionan con la abundancia de este compuesto en las
secreciones de los machos de cada sitio. La comparacién del nimero de ocelos
azules laterales y poros femorales, mas el andlisis de la comunicaciéon quimica
sugieren que estas poblaciones del Norte y Sur se han adaptado a diferentes
habitats, y han evolucionado para utilizar diferentes tipos de sefales: las del Norte
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tendrian una comunicacién quimica mds desarrollada que las del Sur, que
utilizarian mds otro tipo de sefiales como las visuales.

B Las lagartijas son capaces de detectar algunos de los alcoholes presentes en las
secreciones femorales de los machos. Los individuos discriminan los alcoholes
testados (hexadecanol, octadecanol, docosanol y tetracosanol) del control y
algunos alcoholes, como el tetracosanol, despiertan un interés mayor. Ademas, los
animales detectan y muestran un cierto interés por los otros alcoholes pero sin
discriminar entre ellos. Es posible que no sea sélo un alcohol en concreto el que
interese a las lagartijas como sefial, sino una mezcla de varios alcoholes en
proporciones variables. Unicamente se encuentran diferencias de interés
quimiosensorial entre las poblaciones por el hexadecanol: los machos de Fuenfria
muestran mas interés por el hexadecanol que los de Golondrina. Los alcoholes
podrian ser una oportunidad més para informar sobre la identidad y calidad de un
macho, pero también podrian reforzar el mensaje de otras sefiales quimicas.

B La activaciéon del sistema inmune mediante la inyeccién de bacterias (LPS)
modifica la composicion quimica de las secreciones femorales de los machos. Las
proporciones de colesta-5,7-dien-3-0l disminuyen después de la activacion del
sistema inmune. Esto se podria interpretar como un compromiso entre el
mantenimiento del sistema inmune y la asignacién de compuestos quimicos, en
especial el colesta-5,7-dien-3-o0l, a las secreciones femorales. Este compromiso
permitiria mantener la honestidad de las sefiales quimicas.

B Finalmente, dos especies proximas (P. atrata y P. hispanica) del complejo de
especies de Podarcis hispanica, que viven en sitios distintos y son genéticamente
diferentes, son también distintas a nivel de las sefiales quimicas. Las lagartijas
insulares P. atrata y las continentales P. hispanica tienen una composicion y
proporcion quimica de las secreciones femorales diferentes. Siendo ademds estas
diferencias entre especies mds importantes que las que hay entre las distintas
poblaciones de P. hispanica. Estas varaciones quimicas explicarian el
reconocimiento interespecifico por parte de los individuos de ambas especies, lo
que impediria los cruces reproductivos entre estas especies cercanas y permitiria
la proteccién de la identidad genética de la especie endémica insular.
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