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RESUMEN

Como todos los seres vivos, los parasitos gentrslestan sometidos a diversos
factores y mecanismos que controlan el flujo genéyi el aislamiento entre
grupos o poblaciones de individuos. Al mismo tiemgiversos procesos,
selectivos o no, controlan el grado de diferenéiagi divergencia dentro de las
poblaciones o conjunto de individuos. El resultdidal de la interaccion entre
estas dos fuerzas (flujo genético entre poblacimeesus divergencia dentro de
poblaciones) determina la estructura genéticagyaslo de diversificacion final de
los organismos. Dentro del gremio de los parasitpstdogenos en general, los
factores y rasgos, tanto de parasitos como de Hadpees, relativos a la
interaccion entre los dos componentes antagonigtbsistema juegan un papel
determinante en la diversificacion y tasa de fiygoético de los primeros, debido
a la intima interaccién y dependencia de las espegilas que explotan. Los
distintos factores y mecanismos que rigen los pagele diversificacion en
parasitos generalistas han sido tradicionalmeneréglos en el estudio de la
especiacion y diferenciacion genética en parasiiogletrimento de sistemas mas
especializados. Esto es debido en parte a: (Hekéxtendida de que este tipo de
sistemas no estan expuestos a presiones selediigaenciales derivadas de los
distintos hospedadores a los que parasita, commcsaire en parasitos
especialistas, y (2) la asuncién de estrategagajestas totales con que han sido
categorizadas multitud de especies parasiticas hisgaria natural y ecologia
bésica se desconoce en gran medida. No obstanitentes estudios tedricos y
trabajos experimentales con diversos sistemas ipapas aparentemente
generalistas comienzan a descartar esta idea pednda. La presente tesis
pretende contribuir al conocimiento de este tipo siemas y ampliar la
comprension sobre la evolucion y la ecologia dglosesos de diversificacion en
parasitos. Con tal fin, nuestro trabajo se centmmaek estudio del diptero
ectoparasitcCarnus hemapterysus hospedadores aviares y diversos aspectos del
resultado de la interaccion entre ellos; abordapdoa ello tres objetivos
principales: (1) exploraciéon y estudio de diversasacteristicas ecoldgicas y

comportamentales d€arnus hemapteruy de la interaccion de éstas con sus



hospedadores y el ambiente que los circunda, céin de identificar factores y
mecanismos implicados en la divergencia y diveraifion evolutiva de esta
especie. (2) Estudio de la variacién y plasticidkl ciclo de vida de este
ectoparasito y sus consecuencias en la sincrobizgmrasito-hospedador. Por
dltimo (3) examinar mediante analisis moleculares ADN mitocondrial la
estructura genética dearnus hemapteruson el fin de encontrar evidencias de
procesos de divergencia y diferenciacion a divegsaalas geograficas.

Se estudiaron rasgos claves que pueden afectasdale flujo genético y
diferenciacion en sistemas parasito-hospedador d¢arseleccién de hospedador,
la dispersion espacial y temporal (diapausa) dedgita, la sincronia parasito-
hospedador, el efecto de la fenologia reproduaderdos hospedadores y de la
temperatura de incubacion de éstos sobre el cielovida deCarnusy la
persistencia y predecibilidad de sus hospedadoresteempo.

La capacidad de discernir y seleccionar preferemtéen un tipo de
hospedador con unas caracteristicas determinadafia srelacionado con la
capacidad de transmision e infeccion diferencigb&rmsitos, que a su vez podria
determinar la direccion y tasa de flujo genétictreeindividuos conespecificos.
Para conocer mas profundamente las preferenciabogpedador erCarnus
hemapteruse investigo la seleccion de hospedador de esésiftaen uno de sus
hospedadores mas frecuentes en nuestra area dhboedtu Carraca Europea
Coracias garrulus Los resultados muestran q@arnus hemapteruselecciona
preferentemente pollos con una mayor respuestanemuno emplumados, en
detrimento de rasgos como el tamafio o la condic@poral. No obstante, la
preferencia por pollos mas sanos (mayor respuestare) solo se mantiene
cuando la densidad de parasitos dentro del nidaltas(mayor competencia
intraespecifica) y la condicién fisica de la nidedabaja (mayor probabilidad de
mortalidad dentro del nido). Esto sugiere que esf#cie posee una plasticidad
en los criterios de seleccién de hospedador y que gompletar su ciclo de vida
con garantias prefiere hospedadores persistentestempo més que la calidad

nutricional o el tamafio corporal de éstos.



El seguimiento de la fenologia de emergencia yoaile vida deCarnus
hemapterusdurante varios afios ha permitido registrar laterisa de diapausa
prolongada (dormancia de ciclo largo en la cuainds/iduos pierden una o mas
oportunidades de reproducirse) en este parasitte &30 de diapausa esta
asociada a especies que se enfrentan a altos giadiospredecibilidad de sus
recursos y es considerada una alternativa a leerdi®m espacial. Nuestros
resultados sugieren que esta estrategia ha sudgb@o a la fluctuacion y
variabilidad espaciotemporal de la distribucionlae hospedadores a escala de
nido y/o poblacional. En cuanto a la dispersionaei, los andlisis de ADN
mitocondrial encontraron una gran correlacién erdistancia geogréfica y
genética a escala continental (Europa). Estostegkd, junto con la expansion
demogréfica continua detectada y la falta de edidsn moleculares y
observacionales de eventos de colonizacion a ldig&@ncia por medio de
transporte y dispersion pasiva, sugieren una capaale colonizacién de nuevos
habitats continua pero restringida a sus propiodigse mediante la fase alada de
los imagos recién emergidos.

En el caso de sistemas generalistas como el quecnps, el ciclo de vida
de los parasitos y la capacidad de sincronizac@®gastos con una especie 0 mas
de hospedadores podrian limitar las interaccionek gontacto entre individuos
dentro y entre distintas especies de hospedaddrasés de barreras temporales
impuestas por la fenologia reproductiva de los édagores y por la variacion y
predecibilidad de ésta en el espacio y el tiempoelEcaso de parasitos con una
fase de dormancia estacional, el estudio de labiidad y el desarrollo de la
diapausa se hace indispensable para conocer cdfaonse sincroniza el ciclo de
vida del parasito con respecto a los de sus hodpega

Para conocer el papel y la importancia de la mlastil fenotipica en la
variabilidad y capacidad de sincronizacién de daofogia de emergencia de
Carnus hemapteruse realizaron dos experimentos, uno de campo ¢/ ar
laboratorio, en el que sometimos a pupasCdenus hemapterusn dormancia
provenientes del mismo hospedador a variacionesieatales mediante dos
aproximaciones experimentales distintas: (1) aésasle la simulacion de un

cambio de hospedador mas temprano que el originabry un patréon de



incubacion distinto, y (2) mediante experimentot@mslocacion de parasitos a
dos tipos de ambientes climatologicos distintoss Lresultados de ambos
experimentos demostraron que el desarrollo y texondm de la diapausa son
rasgos muy plasticos ebarnus hemapterugue pueden ser modificado por la
temperatura de incubacion impuesta por un hospedads temprano o por los
cambios ambientales en su entorno durante la Ultasa de terminacion de la
diapausa.

Se estudié la fenologia de emergencia Garnus hemapteruy su
capacidad de sincronizar su ciclo de vida con sade sus hospedadores
habituales en nuestras latitudes (nivel intere$ipegi asi como con la fenologia
reproductora de uno de sus hospedadores habitealesuestra latitudes, la
carracaCoracias garrulus(nivel intraespecifico), con el fin de compararbas
escalas de sincronizacion.

A nivel interespecifico, nuestros resultados maestque existe una
emergencia diferencial en el tiempo (emergencizréloca) asociada a tres
hospedadores distintos habituales de nuestragdesit(abubillaUpupa epops
mochuelo Athene noctuagarracaCoracias garruluy Ademas la distribucion de
la fenologia de emergencia de los individuos aslosia abubilla y carraca estéan
sincronizadas con la fenologia reproductora deespectivos hospedadores. Esto
sugiere la existencia de fenotipos distintos agdadmporalmente que podrian ser
el resultado de un proceso de diversificacion astacia la barrera temporal
impuesta por las distintas fenologias reproductodas los hospedadores
estudiados.

En cuanto al estudio de la sincronizacion y fenialqEarasito-hospedador
a escala intraespecifica, la fenologia de emergeleCarnus hemapterugario
entre afios y tipos de nido. Mantuvo una distribua@on asimetria negativa a
escala poblacional, con un incremento progresivtaemergencia de imagos y
un alto porcentaje de ellos emergiendo antes dapdaicion de los pollos de
carraca. A escala de nido, la distribucion denfergencia tuvo una asimetria
positiva, con mas del 50% de adultos apareciendasetuatro primeras semanas.
La sincronizacidon parasito-hospedador en generdbags y con valores muy

fluctuantes entre afios, debido principalmente aal@&acion de la fenologia de



emergencia d€arnus puesto que la fenologia reproductora de la camacvario
entre los afios de estudio. Este efecto asimétaclka dariacion interanual entre
parasito y hospedador podria explicarse por lanthsintensidad con que afecta la
variacién ambiental a invertebrados heterotermagnebrados endotermos. El
estudio de la repetibilidad de la fenologia repooia y la tasa de reutilizacion de
los nidos por parte de la carraca reveld valorgssbde predecibilidad de este
hospedador entre afios. Sin embargo, el tiempo @eodeccion de los
hospedadores influyé sobre la tasa de sincronizguadasito-hospedador, lo que
indica que la variacién de la fenologia de cria Hespedador tiene cierta
influencia sobre la fenologia de emergencia defgitr. Todos los resultados
arriba obtenidos relativos a la sincrorGarnusCarraca sugieren que otros
mecanismos no estudiados distintos de la sincroidizaparasito-hospedador
(dispersién espacial, explotacion de otras espep@drian ser importantes para
asegurar el éxito infectivo en este ectoparasitotrdedel marco temporal
estudiado.

La emergencia alocrénica en un parasito genergistde ser el resultado
de un mismo genotipo respondiendo polifénicamenbs aistintos hospedadores
(generalismo completo o extremo) o bien puedentiexisversos genotipos que
han divergido asociados a sus distintos hospedadomesponden de manera
diferencial (poliespecialistas). Con el fin de karsevidencias moleculares que
ayuden a despejar la estructura genética y diieasibn a gran escala (entre
poblaciones) y a escala local (entre hospedadorgssicos) de este parasito, y
ver la contribucién real de la emergencia aloc@m@omo barrera temporal que
limita el flujo genético entre grupos asociadosoa tistintos hospedadores,
realizamos un estudio de marcadores mitocondrete€arnus hemapterusn
diversas localidades de Europa y Canada. El amalgiocondrial revela una
acusada estructura filogeogréfica de las poblasiateCarnus hemapterusa
nivel continental. Diversos eventos geologicos digal Pleistoceno, como las
glaciaciones en Europa o la apertura del estreehdeting entre Eurasia y
Norteamérica, han podido tener un papel relevantdaeconformacion de la
estructura y diferenciacion genética de este parasilo largo del area de
distribucién estudiada. Estos resultados, junto leonorrelacion positiva entre



distancia geografica y genética encontrada, indiqan esta especie es bastante
sensible a las barreras fisicas y al aislamientsudepoblaciones por la distancia,
al menos cuando estudiamos escalas geograficagaampl escala local, los
resultados muestran que la poblacién @arnus hemapterusestudiada en
Tabernaspresenta una cierta diferenciacion genética en atifiap asociada al
periodo de emergencia del imago pero independiggitéospedador parasitado,
lo que sugiere la existencia de una barrera terhpp impide el libre flujo
genético en esta especie.

Los resultados de la presente tesis demuestranpariancia de estudiar
procesos de diversificacién de parasitos geneaaligtla necesidad de tener un
amplio conocimiento previo de la historia naturalayecologia de las especies
para abordar con fundamento cuestiones mas compgaan necesarias futuras
investigaciones ecolégicas y moleculares que pamgstablecer con seguridad el
efecto de las barreras temporales y geograficae dabdiversificacién y flujo
genético de este parasito, mediante el uso de dwes moleculares nucleares
y/o microsatélites, mayor esfuerzo de muestreo ysel de potentes técnicas de

analisis espacial y epidemioldgico.



INTRODUCCION GENERAL

ANTECEDENTES

Los pardasitos como objeto de estudio

El parasitismo es la estrategia ecoldégica mas ditanen la naturaleza (De
Meeus et al. 1998). En el sentido amplio de lanigfin de parasitismo (sin
cefiirnos al concepto clasico que tradicionalmeptéha centrado en parasitos
eucariotas de animales), practicamente todos kmés superiores existentes de
seres vivos (exceptuando las arqueobacterias,&Gikinkman 2011) incluyen
multiples especies parasiticas, tanto animaleg)tgday protozoos asi como
muchas bacterias y hongos y todos los virus (Madegaal. 2003, Dobson et al.
2008). Todas las especies conocidas de plantagnal@s se ven afectadas por
algun taxén parasitico asociado (Bush et al. 20@h)s6lo en los seres humanos
se ha estimado que las catorce enfermedades paessinds importantes hoy en
dia (sin incluir patégenos como bacterias y viraf¢ctan anualmente a mas de
5300 millones de personas en el mundo (Bush &08l1), lo que equivaldria a
decir que para un instante dado, aproximadament88# de la poblacion
mundial est4 siendo infectada por algin tipo cdocme parasitosis. Esta
ubicuidad y generalizacion del parasitismo entdogolos seres vivos se debe
principalmente a que desde un punto de vista davolukel parasitismo ha
aparecido a lo largo de la historia de la vidaaefierra en multiples ocasiones y
en gran cantidad de taxones distintos, produciamth ingente diversidad de
interacciones entre parasitos y hospedadores,teggtia ecoldgicas, grados de
diversificacion y/o rangos de hospedadores distifBush et al. 2001, Poulin
2007).

Los parésitos ostentan dos caracteristicas esescialle los hacen
organismos especialmente interesantes para lleveaba estudios de indole
ecoldgica y/o evolutiva: por un lado, poseen uta d¢épendencia del habitat que
explotan (hospedador), lo que favorece la aparidémdaptaciones por parte de
los parasitos para explotar de forma 6ptima a spdaador u hospedadores. Por

otro lado, los parasitos obtienen un beneficio enimiento del hospedador, lo que
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reduce la supervivencia y/o la eficacia biologi@ ébte. Esto implica que el
hospedador debe desarrollar diversas estrategias rpmimizar el dafio del
parasito y, que a su vez, el parasito tendra qoerge contradefensas para evitar
la disminucién de la eficacia biolégica que lasetbshs del hospedador pudieran
causarle. Este mecanismo de seleccidon reciproca antagonistas, conocido
como carrera de armamentos coevolutiva, puede denasse el extremo de una
extensa lista de adaptaciones a las que podriahuciorias interacciones mutuas a
las que continuamente son sometidas los sistermasifpahospedador, desde los
parasitos generalistas con muy baja especificidadaptaciones no especificas
para una o varias especies de hospedadores cen¢@dadon & Van Zandt
1998), hasta los parasitos con un grado de especidn o adaptacion local
extrema (ver, por ejemplo, Atyeo & Windingstad 19C8llins et al. 1996, Elmes
et al. 1999), pasando por un sinfin de estrategiakgicas intermedias a menudo
muy poco conocidas y estudiadas, con grados deiisjgiad y/o diversificacion
variables tanto a escala temporal como espacigloE&nto necesario aclarar que
la aparicibn de fendmenos de adaptacién y/o espéniaen parasitos y/o
hospedadores no tiene por qué derivar siempre deraceso coevolutivo y
viceversa (Ridley 1993; Paterson & Banks 2001, 12082).

Procesos de diversificacion en parasitos

Independientemente de la intensidad de las fueexadutivas que rijan las
continuas interacciones entre parasito y hospedador producto de esas
interacciones puede ser la aparicion de un proodso divergencia y/o
diversificacion que eventualmente puede conduain aroceso de especiacion en
una o varias poblaciones del parasito (Drés & Ma&@02, Coyne & Orr 2004).
Debido a la intima relacion que los parasitos neaeth con su hospedador, dichos
procesos de diversificacion son esperables y a@éarrfrecuentemente; sin
embargo la capacidad y potencialidad dentro de pabécion, linaje y/o taxon
para experimentar un proceso de diversificacibndpuser muy variable y
dependera principalmente de (i) las estrategiadegity caracteristicas ecolégicas
del parasito y de sus hospedadores, (ii) la intédaale estos rasgos entre si y con
las condiciones ambientales que los circundan,iily dél grado de variacion
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temporal y espacial del conjunto de estos rasgssingeracciones y el ambiente
gue los rodea. A lo largo de la historia del esiudé las relaciones parasito-
hospedador se han identificado diversas caradtedstde los parasitos y
hospedadores que pueden actuar como agentes muslate los procesos de
diversificacion entre parasitos tales como (a) Ildd del parasito para
dispersarse entre varios hospedadores (Johnsén2€02), (b) predecibilidad y
abundancia de los hospedadores en el tiempo vy pelcies (Combes 1997,
Véazquez et al. 2005), (c) método de transmisiorpdedsito (Barret et al. 2008),
(d) complejidad y caracteristicas del ciclo de \déaparasito (Blouin et al. 1998,
Criscione & Blouin 2004, Barret et al. 2008), o gghdo de especificidad o
especializacion de los parasitos (Norton & Cargeb®98, Criscione et al. 2005,
Simkova et al. 2006), entre otras. Como puede vass, muchos de estos
agentes no hacen sino determinar el grado de diico que puede haber entre
linajes o grupos de individuos que se encuentranpkmo proceso de
diversificacion o que ya han divergido. Dicho deaotorma, los eventos de
divergencia y especiacion son intimamente depetediede cualquier tipo de
barrera que disminuya el flujo génico y fomenteaislamiento entre grupos de
individuos (Coyne & Orr 2004), hasta tal punto qles procesos de
diversificacion pueden verse constrefiidos porugh fiyenético. De forma analoga,
los procesos de divergencia y especiacion, a trdgkaislamiento reproductivo
de los individuos implicados en éstos, ya sea daeslemado por procesos
ecologicos o0 no, pueden constrefiir el flujo gepétiatre individuos (Mayr 1976,
Coyne & Orr 2004; Kozak et al. 2006; Rasanen & Hegr2D08; Schluter 2009).
Por tanto, para desentrafiar y comprender con &ficlis procesos de
diversificacion y/o especiacion que pueden expertarelos parasitos y el resto
de seres vivos de la biosfera, es esencial detarr@naturaleza y el origen de
los agentes(ecolégicos 0 no) sobre los que actlanrtexranismos y fuerzas
evolutivas que modulan el flujo génico y el aislamiento ent@njuntos de
individuos, produciendo y/o manteniendo los prosede creacion de
biodiversidad (Coyne & Orr 2004).
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Parasitos generalistas y diversificacion

Existen multitud de sistemas que demuestran quedodsitos son candidatos
idéneos para estudiar los procesos de divergenespegciacion. Tradicionalmente
los procesos de diversificacion se han estudiadossistemas altamente
especializados, (por ejemplo, 4caros hematofagogmsp nematodos, o insectos
fitéfagos, ver ejemplos en Jaenike 1993, Proctddwens 2000, Drés & Mallet
2002, Johnsomt al 2002, Haas 2003, Giorgi et al. 2004, Tilmon 2068)los
cuales se predice que el flujo génico entre pasisie distintas especies de
hospedadores sera muy limitado, promoviendo undefukiferenciacion genética
y una mayor probabilidad de apareamiento entresftasaconespecificos (Feder
et al. 1988, Carroll & Boyd 1992). Ademas, en estistemas altamente
especializados, los distintos hospedadores tieadestar mas discontinuamente
distribuidos, lo que incrementa la probabilidad diéerenciacion entre las
poblaciones de parasitos geograficamente aisldisréon & Denon 1998). Los
procesos de diversificacion también se han estadie sistemas donde el
proceso de divergencia ya se ha completado y cintasacciones parasito-
hospedador son conocidas y relativamente estabtdduter 2001). Sin embargo
cuando estudiamos especies ya separadas haceomiiélenes de afios es dificil
conocer el origen de su divergencia o los agentaeganismos que la iniciaron y
mantuvieron (Coyne & Orr 2004); por ejemplo, si exgron a diferenciarse por
un simple proceso de aislamiento en el que pudeaatd seleccidén natural o no,
o por el contrario fueron realmente agentes selextios que desencadenaron el
proceso de diversificacion y su mantenimiento. Bs gsto que se hace muy
recomendable el estudio de estos procesos cuatdo astuando en sus etapas
mas tempranas (Schluter 2001), en organismos dée es sus primeras fases de
especiaciéon o en especies generalistas y/o pdifgga pudieran tener cierto
grado de diferenciacion y variabilidad entre sullpoibnes (por ejemplo,
ecotipos, razas de hospedadores, poblacionesroti8y/o linajes con un grado
variable de diferenciacion genética, ver McCoyle2@01, 2005, Drés & Mallet
2002, Berlocher & Feder 2002, Tilmon 2008, Drummatdal. 2010), aunque
siempre teniendo en cuenta que estas especieapadi candidatas a futuras

diferenciaciones mas intensas o quiza son simplenmaresultado de procesos
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de diversificacion fallidos (Via 2001). Independemente de esto ultimo, los
parasitos generalistas se alzan como un sistemaeadotradicionalmente
olvidado, para estudiar procesos de diversificaojdnque pueden tener una gran
importancia en las etapas previas a los eventasplecializacion, especiacion y
radiacion tanto a nivel micro como macroevolutiar(z & Nylin 2008).

A pesar del amplio espectro de hospedadores a uesuq parasito
generalista puede infectar, cabe la posibilidadjue dentro de esta estrategia
ecologica, algunas especies pudieran estar sometalaalgin tipo de
diferenciacién o barrera que impidiera el flujo é&ro normal entre individuos
asociados a los distintos hospedadores. En lanastiafios se est4 produciendo
un incremento en el interés de estudios focalizadagesentrafiar los mecanismos
y agentes de diversificacion en organismos paggitneralistas de animales
(McCoy et al. 2001, 2005, Bouzid et al. 2008, Ed®a et al. 2009, Haukisalmi et
al. 2009, Rudge et al. 2009, Archie & Enzewa 201hEluso en insectos
fitéfagos, que son considerados un modelo idonea patudiar procesos de
divergencia y especiacion ecolégica, debido al tikelapredominio de la
especializacion y especificidad de hospedador dimages dentro de este grupo
funcional (Futuyma & Moreno, Jaenike 1990, 1988g8r 2008, aunque algunos
recientes trabajos discuten esta afirmacion - vesilN2002, Futuyma 2005,
Nyman et al. 2010-), los estudios ecoldgicos y wnds sobre divergencia y
especiacion en fitéfagos generalistas son relatévdenmenos abundantes que los
estudios sobre fitdfagos especialistas (ver ejesngtosistemas de especiacion y
diversificacion en fitéfagos polifagos y/o genestas en Kelley et al. 2000, Nason
et al. 2002, Blair et al. 2005, Morse & Farrell 80@Weingartner et al. 2006,
Nyman 2002, 2010).

Por tanto, el estudio de los parasitos generaligtag gran importancia
debido al interés de éstos como precursores y cedenantes de procesos
incipientes de divergencia y posterior especialimag/ especiacion (Kawecki
1998). Aquellos paréasitos que, ademas de un ranydiaa de hospedadores,
poseen una amplia distribucién geografica estaresdos a una amplia variedad
de agentes selectivos con un grado de intensidaddinerso. Las condiciones

locales que puedan experimentar los parasitosrdegos particulares de las
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estrategias vitales de cada especie de parasitwogfredador, asi como el rango y
disponibilidad de hospedadores en cada poblac@rga geogréafica seran muy
variables a lo largo del &rea de distribucion dehpito (Janz & Nylin 2008). Por
tanto, el efecto de la seleccidn sobre los pasigitoospedadores y la interaccién
entre ellos puede ser muy importante y activo gares localizaciones pero no
en otras (Lajeunesse & Forbes 2002, Thomson 2003jnPet al. 2008). Esto
influye sobre la variabilidad de los diversos mésaos asociados a la
diversificacion, asi como en el efecto e intensidae los distintos tipos de
barreras tendran sobre el flujo genético de egtede organismos. Incluso si al
estudiar un sistema generalista no se encuentstrosade diversificacion o
especiacion, es igualmente (til su estudio, pugsela ausencia de divergencia
nos puede ayudar a comprender cudles son los agemwecanismos naturales
gue estan impidiendo la diversificacion en una eigpeoncreta, para poder luego

ser extrapolado a otros sistemas analogos.

La plasticidad fenotipica como motor de cambio evativo en parasitos

generalistas

Los parésitos generalistas, por ultimo, puedenosganismos muy Utiles para
contrastar la importancia de la plasticidad fenotipen los procesos de
especiacion. West-Eberhard (2003), en su influyeoitea “Developmental
Plasticity and Evolution”, propone la idea de qo® Hasgos y/o estrategias vitales
gue presentan alta variabilidad en la expresiésudienotipo (rasgos polifénicos)
pueden promover la especiacion. Si los distinta®otfpos existentes acaban
seleccionando de forma continua los habitats gseplermiten una eficacia
biolégica maxima, y a su vez estos habitats seierant estables y predecibles a
lo largo del tiempo, la seleccidon puede actuar praemdo la diversificacion y
divergencia en un organismo para cada uno de ltatécolonizados, partiendo
de la especie polifénica ancestral (West-Eberh&@3R2 En este contexto, el
estudio de la plasticidad en parasitos generalikiasuales normalmente poseen
multitud de respuestas alternativas para adaptrsenplio rango de recursos
(hospedadores) que explotan, nos brinda una opdaininica para profundizar
en los mecanismos incipientes de este tipo de sifigcion que podria ser de
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gran importancia en especies generalistas somegidais “escenario plastico”
(Janz & Nylin 2008).

Diapausa y sincronizacién parasito-hospedador: papeen los procesos de

diversificacién en parasitos

La diapausa que experimentan durante su desamallitud de animales (Tauber
et al. 1986), es un rasgo idéneo para ser utilizzamcestudios que impliquen
variabilidad, plasticidad fenotipica, diversificagiy/o especiacién en organismos
invertebrados, ya sean parasitos o no. Este mawarie dormancia, que permite
a los individuos sobrevivir cuando las condiciorsesm desfavorables para el
desarrollo y la reproduccion y asegura la sinciamién del ciclo de vida de los
organismos con la estacionalidad de los recurseautjlizan (Tauber et al. 1986,
Danks 1987) se caracteriza por una regulacion ehli&éndependiente de las
condiciones ambientales. Un nimero ingente dejoalsmbre cientos de especies
diferentes de invertebrados, ha demostrado que &hiticio, como la duracién y
la terminacion de la diapausa responden a facamdsentales y/o ecoldgicos
entre los que destacan la temperatura, fotoperibdmedad, disponibilidad de
alimento o densidad poblacional (Tauber et al. L9B6r otra parte, la diapausa
también tiene un fuerte componente genético quéavgeograficamente a
diversas escalas. Multitud de estudios han dentwstigue la variabilidad
intraespecifica y el polimorfismo genético de lapdiusa es una caracteristica
general y extendida en cientos de organismos (Taatbal. 1986, Leather et al.
1993). Por tanto, de todo lo anteriormente expbcags facil entender que la
expresion y la variacion fenotipica de la diapagsa podemos observar en un
organismo cualquiera, puede ser bien el resultadendbolimorfismo genético ya
fijado entre linajes, bien debido a la respueddatfla y regulacién promovida por
las condiciones ambientales y/o ecoldgicas expeiidas (actuando de forma
directa o indirecta), o bien por una combinaciorageanteriores (polimorfismos
genéticos con fenotipos individuales respondiendo diverso grado a la
regulacién ejercida por los factores ambientalesibEr et al. 1986).

Para muchos parésitos, la diapausa y otras adamptactiemporales para
sincronizar su ciclo de vida con la de sus hospa@ad son de vital importancia

33



Introduccién General

para su supervivencia y futuras reproducciones.fasasitos son especialmente
sensibles a la variacién en la sincronizacion de ciglos de vida con la
disponibilidad de los organismos que explotan peren general, se alimentan de
recursos efimeros que pueden estar muy irreguldentistribuidos en el espacio
y en el tiempo, por lo que estan sometidos a gepdesiones selectivas que
conducen a la aparicion de adaptaciones y estaatggrias para asegurar que sus
ciclos infectivos estén sincronizados con el perieh que sus hospedadores
proveen los recursos mas apropiados que maximiceficacia bioldgica (Tauber
et al. 1986). La sincronizacién de los ciclos ddavparasito-hospedador esta
sujeta a una fuerte variabilidad, debido a la cejigdd de la interaccion, sujeta a
variaciones espaciotemporales que pueden afectasoiwm al pardsito, sino
también al hospedador, y a las fuentes de alim#gitblospedador (Tauber et al.
1986). Tradicionalmente se ha reconocido que lauesta frente a la variacion de
los recursos en especies parasitas, se puedeareallien ajustando el ciclo de
vida y reproduccién con el ciclo de vida de lospgeatadores, principalmente a
través de la diapausa (dispersion temporal) o meslial uso de hospedadores
alternativos (dispersiones espaciales) (Taubel. 4986). Sin embargo, algunos
trabajos recientes argumentan que algunas estatelgi regulacion estocéstica
qgue dan lugar a una cierta asincronia parasitospduador (estrategias bet-
hedging, coin flipping u otras estrategias evohutiente estables reguladas de
forma estocéstica, ver West-Eberhard 2003) podaruna respuesta alternativa
y eficiente frente a la impredecibilidad e irregidad extrema de los
hospedadores (Singer & Parmesan 2010). Los padgiweralistas ampliamente
distribuidos de nuevo se alzan como modelos idépars estudiar sincronizacion
paréasito — hospedador puesto que la variedad ties de vida de hospedadores y
condiciones ambientales a las que pueden estartidoma lo largo de su rango
de distribucion, permite estudiar el grado de ajysestrategias de optimizacion
de sincronizacion a diversas escalas tanto geogsaomo temporales.

La variabilidad en la diapausa u otros tipos der@dmicia, asi como la
influencia de ésta sobre la sincronia parasito4aegor ha sido propuesta como
un importante mecanismo de aislamiento implicadprenesos de diversificacion

y especiacion de muchos invertebrados parasitofagos (Via 2001, Rundle &
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Nossil 2005) a través de la sincronizacion de éstosel ciclo de vida particular
de los distintos hospedadores que explotan (ven@gs y revisiones en Drés &
Mallet 2002, West-Eberhard 2003, Tilmon et al. 20@ste tipo de proceso de
aislamiento temporal debido a la sincronizaciénofégica diferencial de un
organismo con la fenologia de los recursos a lesegplota es un caso particular
del denominado aislamiento temporal o aldcronico,eé que la barrera que
impide el flujo genético es de naturaleza temperallugar de fisica (como
contraposicion a una barrera alopatrica) y que @uedencadenar un proceso de
especiacion entre especies simpatricas o alopaif@ayne & Orr 2004). A pesar
de la importancia que el aislamiento alocrénicorf@gdener en los parasitos
generalistas (Price 1980, McCoy 2003) y en los gsos de especiacion y
diversificacion de éstos, muy pocos casos de divaig debido a la
sincronizacion fenolégica diferencial entre linajesociados a distintos
hospedadores han sido constatados en parasitasirdales (Theron & Combes
1995, McCoy et al. 2001, 2005).

En este contexto, la busquedaealgdenciasde la existencia de procesos
de diversificaciébn en sistemas parasitos geneaalsospedador, asi como el
estudio de las estrategias vitales y caractersstealdgicas del parasito, sus
hospedadores, y el resultado de la interaccionsties gasgos entre si, se hace
todavia mas necesario si cabe. El conocimientouadiecde cualquier sistema
parasito-hospedador permite aumentar la probabilidadeteccién de potenciales
agentesy mecanismog(ecoldgicos o no), que pudieran desencadenar yemant
procesos de diversificacion en esos organismostaPtw, el trabajo desarrollado
en esta tesis pretende ayudar a clarificar y dedf@t algunas de las lagunas
todavia existentes en los procesos de divergemcagsitos y, por ende, en el

origen de la ingente biodiversidad que atesoratrauptaneta.
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INTRODUCCION AL SISTEMA DE ESTUDIO

Con el animo de profundizar sobre la variabilidagl grado de diversificacion de
los sistemas de parasitos generalistas, la presesigese centra en el estudio de la
interaccién entre el ectoparas@@@arnus hemapterug sus diversos hospedadores.
Debido a que se trata de un sistema poco conocata fa comunidad
investigadora en general, consideramos pertineaiezar una breve introduccion
sobre la ecologia e historia natural de esta espasi como de los hospedadores
con los que trabajamos en los distintos capitukpsi@stos en esta tesis. Para no
saturar de informacion al lector, nos centrarenmadiellos rasgos ecoldgicos y
estrategias vitales de cada organismo necesanascpmprender los objetivos y
metodologia de esta tesis.

Carnus hemapterudNitzsch 1818 (Diptera: Carnidae) es un pequefio
diptero muscomoérfido de aproximadamente dos mitsetde longitud,
ectoparasito de pollos de diversas especies de BvgénercCarnuscomprende
alrededor de 5 especies, la mayoria de distribuniddrtica (Brake 2011), aunque
Carnus hemapteruss la Unica especie presente en Europa. La mayte de
miembros de esta familia son moscas de habitosofgagr normalmente
asociados a carrofia, heces o nidos de diversasiesge aves (Papp 1998, Brake
2011), siendoCarnus el Unico género parasito dentro de esta familieak8
2011). Se le describe como un parasito generaiistpue tiene un alto namero de
hospedadores aviares (Capelle & Whitworth 1973kpétrick & Colvin 1989,
Dawson & Bortolotti 1997, Grimaldi 1997, Roulin 9wasa et al. 2008, Brake
2011) y un amplio rango geografico (se distribuge fodo el Paleartico y gran
parte de Norteamérica, Grimaldi 1997, Papp 1998k&2011).

Se sabe poco de su ciclo de vida. Los adultostdeespecie parasitan a los
pollos (preferentemente no emplumados) de sus Hadpees, ponen huevos, los
cuales eclosionan dando larvas que se alimenténrdateria organica que hay en
el nido. Hay tres estadios de desarrollo que daamoximadamente 21 dias
(Guigen et al. 1983), pupando en el mismo nido.aDi& la fase de pupa sufren
una diapausa, usualmente de varios meses, emavd&epdmavera siguiente. Se
ha descrito cierto grado de sincronia con la ajgaride los pollos de sus

hospedadores (Liker et al. 2001, Valera et al. 20p8ra comenzar un nuevo
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ciclo. Tras la emergencia los adultos tienen alary capaces de dispersarse
activamente (Grimaldi 1997, Roulin 1998, 1999); may dispersion forética
conocida sobre las aves adultas, y una vez harizada a un hospedador
adecuado, pierden las alas. Tras la emergenciadld®s pueden sobrevivir entre
2-3 dias sin alimentarse (Calero-Torralbo & Valeatos no publicados). El
apareamiento tiene lugar sobre el hospedador (Gigual. 1983). El abdomen de
las hembras, una vez fecundadas, se hincha hastaveces su tamafio
(fisogastria), y adquiere un tono blanquecino delgidos huevos que lleva dentro.
Carnus hemapteruse alimenta de la sangre de sus hospedadorepé@itidk &
Colvin 1989, Dawson & Bortolotti 1997), y posiblente de otro tipo de
secreciones cutaneas, pudiendo influir negativaenemtel desarrollo y condicion
de los pollos (Whitworth 1976, Cannings 1986, SeH886, 1990, Wiebe 2009,
Avilés et al. 2009, Hoi et al. 2010), aunque algurstudios no han encontrado
efecto alguno sobre los hospedadores (KirkpatrickC@lvin 1989, Dawson &
Bortolotti 1997, Liker et al. 2001).

En cuanto a sus hospedadores, éstos son muy ear@albhque parece que
tiene preferencia por aves nidificantes en huetogl¢ditas), asi como rapaces
diurnas y nocturnas y diversas especies de coryidiosaldi 1997, Brake 2011).
Sdlo en nuestra zona de estudio en la provinciAloeria, existen registros de
Carnusparasitando a 10 especies distintas (Ver tablaainque es posible que

algunas de estas citas sean de hospedadores ée®ntua
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Especie Familia Referencias

Clamator glandarius Cuculidae Calero-Torralbo, datos no publicados
Otus stops Strigidae Calero-Torrabo, datos no publicados
Athene noctua Strigidae Presente tesis

Coracias garrulus Coracidae Véclav et al. 2011. Presente tesis.
Merops apiaster Meropidae Valera et al. 2003. Presente tesis
Upupa epops Upupidae Valera et al. 2006

Falco tinnunculus Falconidae Presente tesis

Sturnus vulgaris Sturnidae Calero-Torralbo, datos no publicados
Petronia petronia Passeridae Valera et al. 2003

Corvus monedula Corvidae Calero-Torralbo, datos no publicados

Tabla I.1 Hospedadores registrados [zaenus hemapterusn la provincia de Almeria (Espafia).

Los parasitos que se utilizaron para el desard#lesta tesis provienen de
un rango diverso de hospedadores y localizaciorersTabla 1.2), con el fin de
responder a distintas cuestiones planteadas eressi#io. En muchos casos los
parasitos fueron recogidos de muestras de nidosuesori amablemente
proporcionados por parte de otros investigadorasa Rlgunos de los trabajos
expuestos en esta tesis, se manejaron directarakgueos de los hospedadores
habituales de este ectoparasito: concretament€ateaca EuropeaCpracias
garrulug) y la Abubilla Upupa epops A continuacion ofrecemos algunos datos
relativos a la biologia reproductora y ecologiasias especies:

La Carraca es un Coraciforme migrador que se repeén nuestra area
de estudio entre mayo Y julio (Vaclav et al. 208g.alimenta preferentemente de
grandes artrépodos (Avilés & Parejo 2002), aunquedp capturar pequefios
reptiles y roedores (Calero-Torralbo, observaciG@rsgnal). Prefiere zonas
abiertas de clima mediterrdneo con temperaturddasakn verano para criar
(Avilés et al. 1999, Vaclav et al. 2011). Es unpeese mondgama que usa huecos
en arboles, agujeros en acantilados y ramblas pidak por abejarucos y
también agujeros y huecos en construcciones hunfpoastes, cajas nido, casas
de campo, etc,) para criar (Avilés & Sanchez 19@aclav et al. 2011). No
incluye ningdn tipo de material en el nido, auntjmpia y prepara la camara de
incubacion cada afio (Calero-Torralbo, observacgnsgnal). Suele reutilizar los

nidos usados por carracas u otras especies deohidbjproductores similares
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(Parejo et al. 2003, VAclav et al. 2011). Es uneeae territorial (aunque puede
formar colonias laxas) y probablemente filopatri€aamp 1985). Realiza una
puesta asincronica de entre 4 a 6 huevos que esnpigcubar a partir del tercer
huevo (Cramp 1985), lo que resulta en una granetiféga de tamafos entre los
pollos de una misma nidada (Parejo et al. 2007hdabacion dura entre 17 y 19
dias. Los pollos nacen desnudos y suelen permaeacel nido hasta los 20-22
dias de vida (Cramp 1985).

La Abubilla es un Bucerotiforme residente, queeggaduce practicamente
a lo largo de toda la estacién reproductora entragktitudes (Martin-Vivaldi et
al. 1999), desde febrero a junio. Especie ampliaenextendida por el Paleartico,
tiene una dieta insectivora, incluyendo larvas ultad de diversos tipos de
artropodos (Cramp 1985). Cria en agujeros de &bpotauros y otras
construcciones humanas (Martin-Vivaldi et al. 198%) una especie mondgama y
territorial, que puede sacar adelante mas de weaial afio (Martin-Vivaldi et
al. 1999); pueden reutilizar los nidos entre afifis gntre puestas dentro del
mismo afio y suelen hacer puestas de alrededohdev®s de media (rango muy
variable entre 4 y 12, Martin-Vivaldi et al. 19983 incubacion dura alrededor de
17 dias, los pollos nacen de forma asincronicayudiss y suelen dejar el nido
entre los 25 y 30 dias de vida (Martin-Vivaldi et1®99).
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Areas de trabajo y muestreo| Coordenadas Hospedadores Capitulos
geogréficas
Tabernas, Almeria 37.066 N -2.218 E | Athene noctua, Coraciasl, Il, IV, V, VI
37.066 N -2.354 E garrulus, Merops apiaster)
37.083N-2.350 E Falco tinnunculus
Dofia Maria, Almeria 37.135 N -2.711 E | Upupa epops 11, VI
Guadix, Granada 37.306 N -3.183 E | Upupa epops 11, IV, VI
37.306 N -3.135 E
Andujar, Jaén 37.976 N -4.122 E | Merops apiaster \Y|
La Palma del Condado,37.583 N -6.750 E Merops apiaster 1]
Huelva
Céaceres 39.050 N -5.140 E | Coracias garrulus, Falcg Il
tinnunculus, Sturnu
unicolor
Daganzo, Madrid 40.547 N -3.567 E | Merops apiaster 11, VI
El Espinar, Segovia 40.686 N -4.350 E | Falco tinnunculus \Y|
Balmaseda, Vizcaya 43.198 N -3.181 E | Falco peregrinus VI
Castro Verde, Portugal 37.706 N -8.071 E | Coracias garrulus IV, VI
La Flotte, Francia 46.189 N -1.329 E | Buteo buteo VI
Paradou, Francia 43.690 N 4.787 E | Coracias garrulus VI
Parma, Italia 44.848 N 10.173 E | Falco tinnunculus VI
Gosing, Austria 48.469 N 15.812 E | Upupa epops VI
Pavlova, Eslovaquia 47.907 N 18.672 E | Merops apiaster VI
Dunajska Streda, Eslovaquial 47.994 N 17.617 B Falco cherrug VI
Piestany, Eslovaquia 48.595 N 17.834 E| Falco cherrug \Y|
Somotor, Eslovaquia 48.400 N 21.816 E | Merops apiaster VI
Albertirsa, Hungria 47.252 N 19.608 E | Merops apiaster \Y|
Riskecreek, Canada 52.066 N -122.519|EColaptes auratus VI
Lake Besnard, Canada 55.436 N -105.784 H-alco sparverius VI

Tabla 1.2 Localizacién y hospedadores de los pasisitilizados en la presente tesis, y capitulosdldse

incluyen individuos obtenidos de cada area de mamst
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JUSTIFICACION DEL SISTEMA DE ESTUDIO

Las principales caracteristicas que hac@amushemapteruy sus hospedadores
especialmente Utiles como modelo de estudio deeposcde diversificacion en

organismos parasitos generalistas son:
Taxonomia

Ciertos taxones tienen tendencia a desarrollar adad parasiticas, debido a la
existencia de rasgos comunes que les permitenrlgohaventaja en la carrera de
armamentos parasito-hospedador (Van Valen 1973)eadus 1998). Entre ellos
se encuentran los insectos y, particularmentetosigirdenes como los dipteros
(Waage 1979), que poseen una riqueza y diversidadsfdecies con conductas
parasiticas distintas sin parangon en la clasetag&rimaldi & Engel 2005). Por
otra parte, la mayoria de estudios sobre diveesifi; en insectos parasitos se
han realizado en especies especialistas fitéfagas &partado Parasitos
generalistas y diversificacignaunque en los Gltimos afios se esta prestando cad
vez mas atencién a la necesidad de identificarusdizonente la naturaleza y el
origen de los procesos de diversificacion y divecige en sistemas parasitos de
animales (ver apartad®arasitos generalistas y diversificacldnEl presente
trabajo, ademas de contribuir al estudio de lacggaly evolucién de sistemas
parasitos generalistas de animales, ayuda a qérdralmente la laguna existente
en estudios sobre divergencia y estructura de tadapiones de dipteros
ectoparasitos de aves, donde la informacion qustees escasa y de reciente
aparicion (Whiteman et al. 2007, Dudaniec et abl7)0a pesar de la abundancia e
importancia que este grupo funcional tiene comamiggselectivo y modelador de
estrategias vitales de los hospedadores (por ejerspimunidades aviares) de
todo el mundo (Grimaldi & Engel 2005).
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Rango de hospedadores

Como ya indicamos anteriormen€@arnus hemapterysarasita a un amplio rango
de hospedadores, en muchas ocasiones bastantedsep@xondémicamente y con
una serie de caracteristicas fenoldgicas, fisiolgi ecolégicas y conductuales
bien diferenciadas. Estas caracteristicas difeatggcpodrian actuar como agentes
selectivos y/o barreras que podrian interrumpirflgo génico entre linajes

divergentes asociados a los distintos tipos deduzsjores.
Predecibilidad y estabilidad de los hospedadores

Carnus hemapteruparece preferir especies que proporcionan un atdogde
predecibilidad y homogeneidad ambiental, como aerales trogloditas (crian en
agujeros, frecuentemente reutilizados, y que posesas condiciones
microclimaticas mas estables que las del exteEitis, 1982, Lill & Fell 2007). La
estabilidad y predecibilidad de los recursos quenganismo generalista puede
explotar en el tiempo y el espacio se considera aomalicion necesaria para
iniciar un proceso de especiacion en especies gétas polifénicas (West-
Eberhard 2003). Por otra parte es destacable tanthié Carnus hemapterus
completa su ciclo vital dentro del nido, pudiendwpgtuarse en el mismo lugar
durante varios afios si un hospedador cria tamliékl eon cierta periodicidad.
La fidelidad por los lugares de cria de muchasadeckpecies a las que parasita
podria actuar como un mecanismo de reforzamientoayera a través de
apareamientos concordantes entre linajes conepacifle cada hospedador
(Coyne & Orr 2004).

Seleccion de hospedador

En el caso de que se diera cierto grado de esjzecidn enCarnus hemapterys
es posible que aparezca algun tipo de compromitaae-off” entre los distintos
linajes de parasitos asociados a los distintosduzsgores, por lo que la eleccién
de un hospedador erroneo podria traducirse en émtidp de eficacia bioldgica
para el parasito (Futuyma & Moreno 1988). Paraaewiste problema, pueden

aparecer diversos mecanismos que sirvan para eslacaiferencialmente al
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hospedador que le reporte una eficacia biolégitenap como ya se ha visto que
ocurre en otros parasitos (Jaenike 1993, Krasnal. 2002, Ulloa et al. 2004,
Giorgi et al. 2004, Mikheev et al. 2004).

Ciclo de vida. Sincronia parasito-hospedador

El rasgo principal que regula el ciclo de vida @arnus hemapterugs la
diapausa, que se caracteriza por su enorme vatabihtraespecifica (Tauber et
al. 1986). Estudios previos (Liker et al. 2001, aralet al. 2003) han sefialado que
puede existir una sincronia entre la eclosion depollos hospedadores y la
terminacion de la diapausa y posterior emergeneidod adultos deCarnus
hemapterusLa variabilidad en la fenologia de emergenciapdeésito asociada a
la fenologia de cria de algunos de sus hospedapode& ser el resultado de una
respuesta plastica a las condiciones experimenthdaste el inicio, desarrollo o
terminacion del periodo de diapausa, lo que evénrge podria conducir a un
proceso de aislamiento en el tiempo (alocrénicoreetinajes asociados a
hospedadores con fenologia de cria distinta, coaeeyha visto que ocurre en
otros organismos (véanse ejemplos en West-Ebe2@08, Coyne & Orr 2004,
Tilmon 2008).
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OBJETIVOS

Una vez aclarado el atractivo y la utilidad detesiza de estudio de esta tesis, se
hace indispensable concretar los objetivos propagsra contribuir al avance del
conocimiento de los procesos de diversificacion sstemas parasito —
hospedador.

Como ya indicamos anteriormente este trabajo destigacion se ha

centrado en los siguientes objetivos:

1. Estudio de diversas caracteristicas ecoldgicas sgosa de
estrategias vitales del parasi@arnus hemapterusy de la
interaccién de éstas con sus hospedadores y etataljue los
circunda con el fin de identificar potenciales tames y
mecanismos evolutivos que pudieran desencadenaangener
un proceso de diversificacion en este sistema.

2. Estudio de la variacién y plasticidad en la fen@dogle
emergencia y diapausa de este ectopéarasito y feeaoencias
de esta plasticidad en la sincronizacion parasspadador.

3. Examinar mediante analisis moleculares la estraganética de
las poblaciones d€arnus hemapteryson el fin de encontrar
evidencias de procesos de divergencia y difereidcia@a

diversas escalas geogréficas.

1. Identificacién de factores y mecanismos de divaficacion: estrategias
vitales y ecolégicas deCarnus hemapterus y sincronizacidn parasito-

hospedador.

Como ya indicamos anteriormente, para que se deraseso de diversificacion
en una especie parasita, han de existir agentestiges diferenciales sobre los
gue puedan actuar la fuerzas evolutivas para dadenar un proceso de
divergencia entre grupos de individuos. Por otrdepaara que un proceso de
diversificacion se mantenga, es necesario querages$ previamente divergidos
tengan algin tipo de barrera (espacial, tempomkgproductiva) que impida el

libre flujo genético entre ellos (Coyne & Orr 2004s necesario, por tanto,
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indagar sobre los rasgos, estrategias vitales ®@riaisnatural, tanto de los
parasitos como de los hospedadores, que pudieflair Bobre el aislamiento y
flujo genético de la especie a estudiar. Nos cetras en estudiar rasgos claves
de parasitos y hospedadores y las interaccionee elibs, que se consideran
fundamentales a la hora de desencadenar procestdgedsficacion, asi como en
controlar y dirigir la intensidad del flujo gendtientre grupos de individuos
divergiendo. También abordaremos la variacién derads de estos rasgos a lo

largo de diversos gradientes espaciotemporales.
1.a. Ecologia de la seleccién de hospedad@agnus hemapteruCapitulo 1).

La preferencia d€arnus hemapterugor un tipo de hospedador u hospedadores
concretos es una estrategia comportamental queepagtientar el aislamiento
entre conjuntos de poblaciones que estén divergjepdpuede disminuir la
probabilidad de contacto y flujo genético de esapgrcon otros (Rasanen &
Henry 2008). Por tanto, esclarecer los criteriosaleccién de hospedador a nivel
intraespecifico en esta especie seria un factare ctmo paso previo para
entender los mecanismos implicados en un hipot@ticoeso de seleccion a nivel
interespecifico que pudiera influir sobre el aistmo y diversificacion de
individuos asociados a un tipo de hospedador ctmciel tamafio y otros
caracteres morfolégicos de los hospedadores, asd abversas caracteristicas
fisiologicas diferenciales de éstos, podrian setiofas clave para desencadenar el
proceso de seleccion preferenteGarnus hemapterud.a preferencia por un tipo
de hospedador con unas caracteristicas concretage pocurrir a nivel
intraespecifico, en ésta u otra especie que parsditre pollos de aves (Christe et
al. 1998, Roulin et al. 2003, Valera et al. 208@) gue una elecciéon no adecuada
podria afectar a su eficacia bioldgica (Tschirrérale 2007). Partiendo de la
hipotesis de queCarnus hemapteruspuede parasitar preferentemente a
hospedadores con unas caracteristicas ecoldgisaspdicas y/o ontogénicas
determinadas, se realiz6 el seguimiento de la qaagisita a nivel individual y de
nidada sobre pollos de carraca en Tabernas (Aljraufante varias estaciones de
cria, y se relaciond ésta con datos biométricaswuimolégicos y fisioldgicos
(temperatura) de los hospedadores.
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1.b. Dispersién temporal, estructura filogeografigaeventos histéricos de

colonizacion (Capitulos 11y VI) .

La capacidad de dispersion de un parasito es uarfamdamental que puede
explicar su distribucién actual y pasada, la cajmtide colonizar nuevos habitats
o el potencial de los individuos emigrantes paranumicar poblaciones
previamente aisladas (Begon et al. 1986, Perf@oi2). Individuos con baja
capacidad de dispersién tendran mayores dificudtpdea comunicar poblaciones
previamente aisladas o colonizar nuevos territoiSestrabajara en los siguientes

aspectos de la dispersiéon y movilidad@lnus hemapterus
Dispersién temporal. Diapausa prolonga@apitulo 1)

La diapausa es una estrategia extendida entrenestébrados cuya funcién es
combatir periodos adversos y asegurar el éxitootemtivo apareciendo cuando
las condiciones son favorables y los recursos esratlecuados (Enright 1970,
Tauber et al. 1986, Leather et al. 1993). Por téntdiapausa puede verse como
un tipo de dispersion temporal frente a condicioaebientales no favorables,
funcionalmente equivalente a la dispersién espdéairston 2000, Bohonak and
Jenkins 2003). En pardsitos la diapausa podriar ggaka evitar periodos donde
los hospedadores no se encuentran presentes graarilas fases infectivas de
aquellos con los periodos en los que los recursmouibles (hospedadores) son
mas abundantes y de mayor calidad. La diapausangadla es una estrategia que
consiste en una diapausa mas larga de lo habitualegperimentan algunos
individuos de una poblacién y que les impide apcbee una o mas oportunidades
de reproduccién (Danks 1987, Menu et al. 2000)e Epb de diapausa se suele
interpretar como una adaptacion a ambientes impitdds. ParaCarnus
hemapteruspodria ser una buena estrategia alternativadisfgersion espacial
gue una proporcién de los individuos de un nidemergiera durante dos afios o
mas, evitando asi los problemas derivados de lanaigs del hospedador en el
nido, emergiendo cuando haya de nuevo un hospedhsioonible en el nido.
Para comprobar si se da el fenémeno de diapausangeala en esta especie y

con qué frecuencia y periodicidad se produce, @ggieron muestras de pupas de
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Carnus hemapterusle distintas especies y se realizé el seguimiaiola

fenologia de emergencia durante varios afos.
Dispersion espacial, estructura filogeografica yarozacién(Capitulo VI).

Puesto queCarnus hemapteruso se ha encontrado en aves adultas fuera de la
época de reproduccion, es de suponer que los meeiadispersion que este
parasito posee son el vuelo activo durante la &ékdta de vida libre. Segun
Matyukhin y Krivosheina (2008Larnuses incapaz de realizar vuelos de larga
distancia. Una hipétesis que se deriva de estanmdtion y que pretendemos
testar es que poblaciones separadasamus hemapterus. diversas escalas
geograficas poseeran una estructura filogeograficzaada. Con el fin de conocer
la capacidad de dispersion y colonizacién de egtaae a una escala espacial y
temporal mas amplia, se muestrearon nidos parasitd diversas localidades de
la Peninsula Ibérica y parte de Europa y Nortearagiintentando cubrir el
méaximo posible de su area de distribucion actuas. individuos muestreados se
sometieron a un proceso de extraccion y amplifitacdie su ADN mitocondrial.
El ADN mitocondrial es un marcador idoneo para dlewa cabo inferencias
histéricas, filogeogréficas y evolutivas, puest@ aquo sufre recombinacion y se
transmite matrilinealmente, por lo que se puedstraar facilmente eventos que
nos ayuden a entender la estructura genética prlosesos de dispersion y/o
colonizacion en las distintas poblaciones a estyéizise 2004). Adicionalmente,
hemos rastreado en busca de eventos de colonizatadga distancia por parte de
este parésito. En caso de no encontrarlos, ayuaadafirmar la idea de que esta
especie no usa individuos adultos de hospedad@es gispersarse, como si
hacen otras especies de ectoparasitos conocidasio cpiojos, moscas

hipobdscidas o garrapatas (Marshall 1981).
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1.c. Polifenismo y emergencia alocrénica @arnus hemapteruasociada a la

fenologia reproductiva de sus hospedaddZepitulos IV y V).

ParaCarnus hemapterum®s recursos troficos (pollos no emplumados) aedél
nido en el que pasan el invierno estan disponibtds unas cuantas semanas
durante todo el afio. Planteamos la hipétesis deshfieal de la dormancia y la
emergencia de los adultos de este parasito debeaidio lo mas exactamente
posible con el periodo de eclosion de los huevosudeospedador y las primeras
semanas de vida del pollo. Se sabe que muchasiesgiéfagas ajustan su
emergencia con la fenologia de apariciéon de latplande partes de las que se
alimentan (Craig et al. 1993, Feder et al. 199%kanen & Lyytikainen-
Saarenmaa 2002). Por tanto es esperable que peedar & mismo en un
sistema andlogo paréasito-animal co@arnus hemapterug sus hospedadores. La
sincronizacion con las distintas fenologias repetidas de los hospedadores a los
gue parasita podria actuar como factor desencatdedardiversificacién a través

de un proceso de aislamiento temporal. Se trabajdos escalas diferentes:
Sincronizacion interespecifi¢aapitulo 1V).

Carnus hemapteruposee un amplio espectro de hospedadores que pueden
empezar a criar desde febrero-marzo (ej. buhoaesiubilla) hasta junio-julio
(ej. carraca o abejaruco). Esto significa que exist periodo continuo en que
tedricamentéCarnus hemapterysodria sobrevivir parasitando a cualquiera de las
especies habituales en un é&rea dada. Sin embaogop ga explicamos
anteriormente, es probable que aparezcan linajesita fenologia de emergencia
sincronizada con la de un hospedador en partic@amus hemapterupuede
realizar todo su ciclo en el hospedador o en susdiaciones (nido), por lo que si
la especie de la que se alimenta cria en el mistimode forma continua, la
predecibilidad y disponibilidad de ésta serd ghar;, lo que es esperable que
Carnushaga coincidir al maximo su emergencia con la desfgecie que parasita
afio tras afio, promoviendo el aislamiento entrejdiasociados a distintos
hospedadores con fenologia de cria temporalmeveesdi Es lo que se denomina

un proceso de emergencia alocronico, que puedesqeeca un proceso de
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diversificacion del mismo tipo. Para comprobar sis& una emergencia
alocrénica y sincronizacion d€arnus asociada con la fenologia de cria de
algunos de sus hospedadores habituales, se raaliegperimento en nuestra area
de estudio, en el que se obtuvieron muestras dehtrspedadores habituales de
Carnus hemapteru@bubilla, mochuelo y carraca) con fenologiasrite distintas

y parcialmente separadas en el tiempo. Se formgmgos de tres muestras (una
de cada hospedador), y cada grupo se coloc6 eaquealad natural similar a las
usadas habitualmente por estos hospedadores paraurante la primavera
siguiente se registré la fenologia de emergenciacaso la abundancia de
parasitos en cada muestra y se comparé ésta éendlagia de cria de dos de las
especies hospedadoras estudiadas mediante el nsodaééos nulos. El disefio de
“jardin comun” nos permitira aislar la contribucide los diferentes hospedadores
sobre la fenologia de los parasitos y minimizacdatribucion de la variacion
ambiental sobre la fenologia y la diapausaCdenus hemapteryugpermitiendo
establecer la existencia o no de emergencia alwer@m funcion de la fenologia
de los hospedadores. Los modelos nulos permitenpa@m la distribucion
fendlogica observada de los hospedadores y cadaeitms linajes del parasito
asociados a cada hospedador (y su correspondianterga) con la distribucion

esperada de ambos en el caso de que ésta fuerbetaumente al azar.

Sincronizacién intraespecifica y variabilidad de fenologia parasito —

hospedador(Capitulo V).

La sincronizacion parasito — hospedador dentro rde misma especie, y como
varia ésta en funcion de las condiciones ambientalede diversos rasgos
ecoldgicos de los hospedadores es un tema rararestutdiado. Sin embargo
podria ser determinante para explicar cdmo losgsa@xde diversificacion pueden
variar entre regiones o a lo largo del tiempo. iElesnaCarnus hemapterus

Carraca provee una excelente oportunidad para & cafecta la variacion
espaciotemporal de diversos factores en el resulthsl la interaccion y la
sincronia entre estas dos especies. Especificamesteplanteamos si (1) las
variaciones ambientales interanuales pueden afsgtdalarmente a parasitos y

hospedadores y a la sincronizacién de sus ciclasddede igual forma, (2) si los
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hospedadores pueden considerarse un recurso egfatadecible en el espacio y
en el tiempo y (3) LLarnus hemapterussa la presencia y/o fenologia de cria del
hospedador como pista para emerger y sincronizarickl de vida con el del
hospedador. A tal fin se realiz6 el seguimiento ni@os concretos de una
poblacion de carraca en el campo de Tabernas ¢(Ajneurante varios afos, y
se registré la fenologia de cria de los hospedadéeaologia de emergencia de
los parasitos, abundancia y periodo de infeccibrcada nido, con el fin de
conocer el grado de sincronia parasito-hospedadarwariacion de ésta a dos

escalas diferentes (poblacién de carraca en edéreatudio y nido).

2. Variabilidad y plasticidad de la diapausa y la énologia de emergencia en

Carnus hemapterus.

Cuando observamos un proceso de sincronizacidrréalice en un sistema
parasito-hospedador, éste no tiene porque debetse molimorfismo genético
entre linajes asociados a los distintos hospedadbiea hipétesis alternativa que
explicaria igualmente el fendmeno observado serialdsticidad fenotipica o
polifenismo en los rasgos que controlan la sin@exion en esa especie (West-
Eberhard 2003). Centrdndonos en nuestro sistendaiapocurrir que la duracién
de la diapausa estuviera controlada por estimufobiesmtales (por ejemplo
temperatura, como se ha visto en otros muchossstale invertebrados que
experimentan diapausa, Tauber et al. 1986, Lea&thal. 1993) y que la simple
presencia del hospedador o su temperatura corfuggedn condicién suficiente
para terminar la diapausa, produciéndose una enmegesincronizada pero
independiente de la especie parasitada. En este leasincronizacion seria el
resultado de la adaptacion por parte del pardsdéoemlista frente a la
impredicibilidad o irregularidad del recurso a etpt. Sin embargo, como ya
indicamos anteriormente, las hipotesis sobre eapiéci en especies generalistas
con expresion de rasgos polifénicos aplicadaseapestsito indican que si existen
respuestas plasticas en la duracién de la diammasaadas a la fenologia de los
distintos hospedadores que&arnus parasita, y a su vez, la fenologia de los
hospedadores se mantiene estable y predecibleriectd a o largo del tiempo, la
seleccion podria actuar promoviendo la diversifinag/ divergencia d€arnus
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hemapterusen los distintos hospedadores, partiendo de lacespelifénica de
respuesta plastica ancestral (West-Eberhard 2@@8)tanto, como primer paso
para comprobar si esta hipotesis es plausible tersetema parasitico generalista
es esencial conocer si la variabilidad y duraciériaddiapausa y la fenologia de
emergencia erCarnus hemapterugs un rasgo plastico y en qué grado. Para
comprobar este punto, realizamos dos aproximacidagsrimera de las cuales
implica el efecto y el grado de plasticidad dedadlogia de emergencia a un
cambio de hospedador a través de las diferenciksfenologia de incubacion del
nuevo hospedaddiCapitulo Ill) y la segunda, a través de un experimento de

translocacién de parasitaSdpitulo 1V).

2.a. Regulacion y control de la diapausaGarnus hemapterusEfecto de la

temperaturdCapitulo III) .

Como dijimos anteriormente, la variabilidad en laation de la diapausa podria
ser uno de los factores claves que podrian desemaadun proceso de
diversificacion en esta especie. No existe infoiGra@cerca de los mecanismos
de control de la diapausa €arnus hemapterysgde qué depende la duracién e
intensidad de ésta, o del grado de dependenciastdedé estimulos y pistas
ambientales para su inicio, terminacion o desarr@htre los posibles estimulos
ambientales, la temperatura aparece como un cdadidapeso entre especies de
climas templados (Leather et al. 1993). En el aegarasitos de vertebrados
homeotermos no sélo la temperatura ambiental pe@riamportante, sino que el
efecto de la temperatura del hospedador podriarsemmo pista para saber
cuando van a eclosionar los pollos de los que isgeata. En nuestro caso, la
temperatura de incubacion del hospedador durarépdea de cria podria regular
y controlar la emergencia y ruptura de la diapairsgernal de Carnus
hemapterusy de esta forma ayudar a sincronizar la emergetheilos parasitos
con la fenologia de cria de cada tipo de hospedémlque eventualmente podria
reforzar el aislamiento temporal y disminuir eljdlugenético entre linajes
asociados a hospedadores con fenologias de ctilsalifara testar la hipotesis
acerca de si la temperatura del hospedador a tideéla incubacién de éste
durante la estacién de cria pudiera afectar a tacthn y regulacion de la
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diapausa eriCarnus hemapterug como afectaria un cambio de hospedador con
una fenologia de cria distinta sobre la emergepdeanologia del parasito, se
realizaron experimentos sobre muestras contenigmglmas de Carnus en
diapausa. Las pupas se sometieron al efecto dmédofgia de cria de varios de
sus hospedadores méas habituales reproduciendoetaxdps de incubacion en
camaras climaticas en laboratorio. Se estudi6 ettefque un cambio de
hospedador con un perfil de temperatura distinfohdepedador origen podria
tener sobre la plasticidad y duraciéon de la diapassnulando los fenémenos
naturales de reocupacion interespecifica de nides agurren en la naturaleza
(Casas-Crivillé & Valera 2005).

2.b. Plasticidad en la fenologia de emergenci€a®mus hemapterudebido a la

variacion de las condiciones locales experimentd@apitulo 1V).

Los experimentos de translocacién son muy Utileglezstudio de adaptaciones
locales y plasticidad fenotipica, puesto que p@mibbtener la respuesta a las
condiciones ambientales experimentadas en el éaealdcada, aislandola del
efecto de las condiciones de origen (Nuismer & ®and008). Si la
sincronizacion entr€arnusy su hospedador es principalmente un rasgo plastico
esperaremos que no haya diferencias patentessnctanizacion y emergencia
de los parésitos translocados de Portugal y lossfias control de Almeria
(ambos experimentando el mismo ambiente) y vicevePer el contrario si la
sincronizacion esta localmente adaptada a las cionés de origen, esperaremos
un nulo o minimo efecto de las condiciones clingdtidel lugar de translocacion
por lo que no serdn esperables diferencias engremiaestras control y las
muestras traslocadas de cada una de las localidagksadas en el experimento.
Se utilizaron muestras de parasitos en diapausmaenisma especie (carraca)
que cria en dos localidades sometidas a condicemégentales (ej. temperatura)
diferentes: el desierto de Tabernas, en Almerieéchmediterraneo semiarido) y
Castro Verde, en Portugal (estepa de clima meditea con influencia atlantica).
Las muestras recogidas en ambas localidades gbedon en dos partes, una de
esas partes se traslocé y la otra quedé como tamtrda localidad origen,
almacenandose en oquedades semejantes a laglasligar la carraca para criar.
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Se estudi6 la fenologia de emergencia y abundaleitps parasitos en ambas

localidades.

3. Bulsqueda de evidencias de procesos de diversifithn en Carnus

hemapterus (Capitulo VI)

El estudio de la estructura genética de las paibiesi de cualquier organismo,
nos puede ayudar a conocer cual es el grado desifivcion de éstas y cuales
son los principales factores que han dado formaaeatructura genética observada.
La estructura y diferenciacion genética de unaaspe lo largo de su area de
distribucién va a cambiar debido a variaciones @spes, temporales y/o
ecoldgicas del ambiente que le rodea y que esfuyémdo sobre el grado de
conexion y flujo genético entre los individuos pblaciones. Por tanto para una
correcta exploracion de la estructura genéticarderganismo concreto, se hace
necesario abordar estudios que incluyan el maywend posible de escalas tanto
temporales, como geogréficas. Los parésitos, pdatimente, debido a su intima
relacion con los recursos que explotan (hospedajlesan sujetos a presiones
selectivas muy intensas, que pueden dar lugarracasias genéticas acusadas,
muy ligadas al hospedador u hospedadores que fparaSi se esta produciendo
un proceso de diversificacién en una especie, €sjgerar un cierto aislamiento y
reduccién del flujo genético entre los distintasajes, poblaciones o individuos
(Coyne & Orr 2004). Con el fin de conocer el gragodiferenciacion genética y
la influencia de las distintas fuerzas que puedgriocmar la estructura genética
de esta especie a diversas escalas geogréaficaapag con ADN mitocondrial
proveniente de moscas de distintos hospedadoresplazamientos geogréficos
diversos. Nuestra hipétesis de partida es quetdaotisra genética de este parasito
y las fuerzas que modelan la diferenciacion géminaesta especie, pueden
cambiar en funcién de la escala empleada. Mierjtess a escalas geogréficas
amplias los eventos historicos, barreras geogsaficael mero aislamiento
producido por la distancia que separa dos poblasioemotas pueden ser los
principales responsables de la estructura gengliservada, a escalas menores es
posible que la fenologia de los distintos hospedesdsimpatricos de una misma
regiébn puedan ejercer como barreras temporalé€saemus hemapterysislando
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las distintas cepas asociadas a la fenologia de dei cada uno de los
hospedadores. Esperamos por tanto encontrar diveistaucturas genéticas y
filogeograficas en funciébn del area y de la escadpacial empleada, que
expliguen y sugieran cuales podrian ser los pratefp eventos y barrreras
(selectivas 0 no) que han modelado la estructulimersificacion genética en este
diptero ectoparasito.
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Ectoparasite intensity is linked to ontogeny and dke
mediated immunity in an avian host system with
pronounced hatching asynchrony

Abstract: Several contrasting hypotheses have been proposadcbunt for host age-
biased parasite distribution, some of them sugygsti key role of ectoparasites in the
evolution and maintenance of weight hierarchiediwibroods. We examined parasite
distribution among individual hosts across the whpkriod of host exposure to the
parasite in a host system that shows distinct mitliood differences in age and age-
related mortality. In contrast to previous hypothewe found that the abundance of a
haematophagous, mobile ectoparasiEnushemapteruson nestling European rollers
(Coracias garruluy was highest approximately during the mid-nestlgigge of their
host, coinciding with the inflection point of thest growth phase. Parasite load increased
neither with absolute resource availability (i.edp size) nor body condition index. By
contrast to previous evidence, higher parasite loader natural conditions was
associated with a stronger cell-mediated immungorese. However, this association was
moderated by low parasite densities, as well agteebbrood body condition index.
Overall, although we revealed remarkable host amietic effects on parasite
distribution, the present study suggests that hlfigobile ectoparasite generally prefers
healthier hosts. We propose that, in host systeitis avmarked asynchrony of hatching
and background mortality within the brood, parasifavour persistence rather than
nutritional attractiveness of the host.

Keywords: density dependence - ectoparasites - host choicemunocompetence —
ontogenetic effects — phytohemagglutinin - tasigichypothesis.

Publicado como: Vaclav, R., Calero-Torralbo, M.Xalera, F., 2008Biological
Journal of the Linnean Sociedg, 463-473
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Introduction

Knowledge of host-choice strategies by parasitesasic to understanding the
evolution of host-parasite associations, the epidiegical significance of such
associations, and the fitness consequences fos KOkriste et al. 1998, Lively
2001, Galvani 2003, Giorgi et al. 2004). Whereasemé work reports host
preferences by a variety of parasite systems (Raatlial. 2003, Mikheev et al.
2004, Hawlena et al. 2005, Krasnov et al. 2005gb#ishing the general rules of
host-choice strategies by parasites has provee wifficult (Roulin et al. 2003,
Hawlena et al. 2005). One such area of controvexists over the host preference
by the parasite in relation to host age.

Several hypotheses have been proposed to accoutiofd age-biased
parasite distribution (Table 1). Evidence in favaumd against some of the
predictions and/or assumptions of these hypothéses been reported (e.g.
Descamps et al. 2002, Simon et al. 2003, Roulial.e2003, Valera et al. 2004).
The contradictory evidence obtained to date cowddekplained by particular
aspects of the host—parasite systems studied (Retlal. 2003, Krasnov et al.
2006), by the effect of confounding variables (dgst size, Valera et al. 2004,
parasite density, Hawlena et al. 2005, or seassif@tts, Roulin et al. 2007), or
because the basic assumptions of the hypotheses neerfulfilled. The results
obtained hitherto suggest that parasite host-seftectiteria are more complex
and dynamic than previously thought and our appresdo the problem may
have been insufficient. Several approaches haven liellowed to advance
knowledge in this issue. Some authors have focareddividual species (Christe
et al. 1998, 2003, Descamps et al. 2002, Simon. &083, Valera et al. 2004),
others have addressed the problem using a multiepp@pproach (Roulin et al.
2003), or novel host—parasite system (Hawlena &045).

Though parasite distribution has become increagirgildied across
different host—parasite systems, surprisinglydittiformation exists about the key
assumptions that are necessary to establish predicof parasite distribution
(e.g. ontogenetic variation in host immunity andiypcondition, Bize et al. 2003),
the applicability of predictions to different haststems (e.g. host systems with a

variable predictability of background mortality)r the flexibility of parasite
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decision criteria in relation to changing ecologjiizetors (Hawlena et al. 2005).
Thus, a detailed examination of age-biased parassteibution models under
natural conditions, with careful consideration afdarlying assumptions and
confounding variables, would be opportune to furthdvance our understanding
of parasite distribution.

In the present study, we examine current age-bipaeakitism hypotheses
(see Table 1), using a novel study system invohangectoparasitic flyfCarnus
hemapterugNitzsch, 1818; Diptera: Carnidae) and the nestlinfan avian host,
the European rollerGoracias garrulus Linnaeus, 1758). This system is relevant
for an investigation into age-biased parasite ithistion because&. hemapterus
only parasitizes nestlings (Grimaldi 1997), it doe$ need a host for transmission
(Grimaldi 1997), it is haematophagous and thereftoneay likely be affected by
host immune defence (Wakelin & Apanius 1997), amdtling rollers show
distinct within-brood differences in age and agetesl mortality. Thus,
considering their good chemosensory and locomoabijities and the close
spatial proximity of their potential hos8arnusflies are excellent candidates for

exhibiting host preferences at an individual level.

Hypothesis Assumption Prediction Reference

Tasty chick Junior nestlings are less immunocompetent ~ Within broods parasites prefer junior rather than Christe et al. (1998)
than their senior siblings senior nestlings

Well-fed host Older hosts represent better nutritional Parasites prefer older (well-fed) rather than Christe ef al. (2003)
resources than younger hosts younger (poorly-fed) hosts

Context-dependent  Quality of adult and young hosts is relative  Parasites change their preference for adult (well- Hawlena et al. (2005)

fed) and juvenile (poorly-fed) hosts depending on

host, parasite, and environment-related factors

Table 1. Hypotheses on host age-dependent variatiparasitism intensity
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Material and Methods
Study area and species

The study area was located at the Desert of TabdAlemeria, South-east Spain,
37°05’ N, 2°21' W). The landscape mostly considtbadlands and wadis with
olive and almond groves interspersed among numetngusverbeds. Climate in
this area is semi-arid with long, hot summers aigh fannual and seasonal
variability of rainfall (mean annual rainfall: 218m). There were strong inter-
annual differences in weather during the studygoeonf two years (2005 and
2006), with the winter in 2005 being the coldest amthe last 20 years (range of
minimum temperatures from 1 Jan to 31 Mar, 2005/°C to 13.4°C; 2006 =
—0.7°C to 10.0°C). This, together with an extrendly breeding season of 2005
(total precipitation from 1 Apr to 15 Jul: 2005 s66mm; 2006 = 129.8 mm)
reduced primary and secondary productivity in 26608 likely accounted for the
poorer breeding performance of rollers. Both clusibe and brood size were
significantly lower in 2005 than in 2006 (clutclzei+ SE, 2005 = 4.28 + 0.1K,

= 39; 2006 = 5.13 + 0.1\ = 45; separate variantdest:t = 4.15,P < 0.001;
brood size at the time @arnusparasitism assessment + SE, 2005 = 3.35 + 0.35,
N = 23; 2006 = 4.52 + 0.20§ = 25;t-test:t = 2.98,P < 0.005).

The European roller (hereafter just roller) is anomon avian breeder in
the study area, occupying natural holes excavatedandy cliffs as well as
cavities in human constructions. Because layinguiec@at 2-day intervals and
incubation begins before the clutch is completeg émtching in rollers is
distinctly asynchronous (within-brood nestling ages in the range 2-10 days; R.
Véaclav, unpublished data). We detected prominerg-agsed mortality in
nestling rollers. In particular, the mortality dfet youngest and second youngest
nestlings amounted to 82% (51/62 nests) and 39%22#ests), respectively. The
actual mortality rates of junior nestlings are ljkeeven higher because we
estimated mortality during the mid-nestling stalgestlings are naked at hatching,
but by the age of 13 days their body is almost detaly covered with closed
feather sheaths. The sheaths open from around 1days, with flight feathers
appearing first, followed by the feathers of theodt, belly, and rump (Cramp
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1998, R. Véaclav, personal observation). Nestlintgre fledge approximately 20—
22 days after hatching (R. Véaclav, personal obsenva

Carnus hemapteruéhereafter jus€arnug is a 2 mm-long, highly mobile
ectoparasitic fly that colonizes nestling birds if@aldi 1997), usually
concentrating on a few specific regions of the hesth as inguinal and axillary
areas and the skin at the base of wing axillae ¢NElI 1981). This
haematophagous parasite (Kirkpatrick & Colvin 1988wson & Bortolotti 1997)
can have detrimental effects on nestling healthiWMrth 1976, Cannings 1986,
Soler et al. 1999), even though some studies faumcevidence thaCarnus
infestation adversely affects hosts (Kirkpatrick @olvin 1989, Dawson &
Bortolotti 1997, Liker et al. 2001). Adult flies ¥ a winged and wingless phase.
After their emergence, adults are initially wingédt lose their wings as soon as
they locate a suitable host (Roulin 1998). Cartiesfdo not need a host for
transmission because they actively colonize haststs during the winged phase
of their life cycle (Grimaldi 1997). Therefore, ig unlikely that the need for
successful transmission could influer@arnushost choiceCarnusemergence is
usually synchronized with the occurrence of thet lao®l persists continuously
throughout the whole nestling period of the hose(¥alera et al. 2003). Other
aspects of the life cycle of this parasite, like lifie span of adult flies, or the rate

of feeding are, to our knowledge, unknown.
Field methods

Fieldwork was carried out in 2005 and 2006. Fromfitst observations of rollers
in early April, a population holding about 40 paivas visited at least five times
per week. After sighting first copulations, potehtnest cavities were inspected
every other day until the day of hatching of th&t lghick of the study population.
During regular nest inspections, we monitored pegrin egg laying and

hatching. We took measurements of wing length (maxn flattened chord

measured to the nearest 1 mm with a wing rule)y odss (with 0.1 g accuracy),
and tarsus length (with 0.1 mm accuracy) aftechitks in a brood hatched and

then always on both days of the nestling immurgst {see below).
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The relationship between wing length and body masbased on the
values taken at the day of phytohemagglutinin (Plddininistration for all the
nestlings involved in our analysds € 180). Based on the logistic term including
wing length and body mass, we calculated residady bmass, which served as a
body condition index (Schulte-Hostedde et al. 20@8jthin-nest (brood) body
condition refers to the mean body condition indéalbnestlings in the brood.

To estimate the size of habitat patch available @arnus flies, we
calculated nestling body surface area by raisingtling body mass to the 2/3
power (Heusner 1985). In 2006, nestling body tewripee (cloacal) for 22 broods
was measured with a thermometer immediately beRié administration. As
body temperature gradually increased with nestige, in the analysis @arnus
parasitism, we used the residuals of body temperdtom the linear regression

between body temperature and wing length.
Host immunity assessment

We estimated nestling cell-mediated immunity (CMi) administering to each
nestling 0.4 mg of PHA (PHA-P; Sigma L8754) in 400fi phosphate-buffered
saline, injecting PHA solution subcutaneously irttee nestling’s left wing
patagium. PHA is a mitogen stimulating the probfésn of T-lymphocytes, but
also other leukocyte types, with a resulting inflaatory response and a swelling
at the site of PHA inoculation (Elgert 1996). Wingb thickness was measured
five times at the injection site with a digital ¢khess gauge (Mitutoyo 7/547)
before and 24 h after PHA administration. In anadysve used mean values of
wing web thickness. The PHA skin-swelling respomgas estimated as the
difference between mean initial and final left wingb thickness (Smits et al.
1999, Martin et al. 2006). PHA treatment was uguedirried out when the oldest
nestlings in the brood reached 8-12 d of age. paiod was chosen because it
coincided with the most intensive brood infestatiynCarnusflies. All nestlings

in the nest were injected with PHA solution at aene day and only once during

the nestling period.
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Carnus hemapterus sampling

Within-brood variation inCarnusload was studied in 2005 (23 nests) and 2006
(25 nests) at the day of PHA administration. Rollewods were carefully taken
from the nest and placed in a cotton bag. Subsdégueach nestling was
separated and placed in an individual cotton baptla®m number of carnid flies on
the body surface of each chick was counted twités Visual census method has
been found to be reliable (Roulin 1998, Roulin le2801). The number of flies
recorded in both counts for 195 nestlings was kighpeatabler( = 0.98,df =
194, 195P < 0.001). Thus, we used means calculated frontvthecounts. Every
nest was sampled once. Additionally, to study tb&ationship between the
occurrence of the flies on a nestling and adBahusparasitism, we recorded the
occurrence of bites b@arnusflies (conspicuous bloody marks distributed mainly
under the wings and along feather sheaths, see 8blal. 1999) for all the
nestlings sampled at the day of PHA administraitiof006 (N = 114). We found
a significant positive association between the oernce of fles and the
occurrence of skin lesions (of 101 nestlings v@drnusflies, 101 nestlings had
wounds, whereas of 13 nestlings with@adrnusflies, 5 had and 8 did not have
wounds; Yates corrected = 57.75,df = 1, P < 0.001), suggesting th&arnus
flies used the nestlings on which they were foundféeding. In most cases the
only ectoparasite found on nestling rollers washemapterus Exceptionally,
Ixodes ticks and haematophagous mites infesteddliar nests in 2005, and four

nests had haematophagous mites in 2006.
Data analysis

We studiedCarnusparasitism across all developmental stages ofimgsbllers.
Therefore, the first step was to scale nesti@ernus load intensity, immune
response, body temperature, and body mass to aireeafsnestling age. We used
wing length as a measure of nestling age (see llegsAvery 1988 for a similar
avian system). The relationships between the ddudégiables and wing length
were examined with quadratic (parasite load; seesulR®, linear [body
temperature (°C) = 3799 + 0.25 (wing lengt)z 0.19,F; ¢3= 21.83P < 0.001],
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sigmoidal (logistic: body mass &[1 + be """ g™ \weibull, Gompertz, and
Richards) and rational models (including polynosiiaiational: CMI response;
see Results). The most successful model (explaimagt of observed variance)
for each relationship was used to calculate ressdua

In 2006, 20 nestlings from four nests showed mbaa three times higher
Carnus infestation rates than usual for nestlings of rttagje. Also, unlike for
nestlings from other nests, the nestlings in the foests were clearly apathetic
and lethargic. Therefore, to avoid skewing the @sgion computation toward the
20 nestlings, we established the regression cuetwwdenCarnusload and wing
length without the 20 nestlings. However, we calted residuaCarnusload and
examinedCarnus parasitism for all nestlings. Including the 20 tliegs into
analysis orCarnusload does not change main results.

The predictors o€arnusinfestation intensity were examined with general
linear models; we checked the assumptions of naym@hapiro-WilksW test),
homoscedascity (Cochran test), and linearity (rediglots inspections). Also, we
tested the assumption that there is no interadieiween categorical factors and
continuous predictors with homogeneity-of-slopesegalized linear model
(GLM). To overcome the problem of intercorrelatidretween continuous
predictors, we included in the model the interactierm between significantly
correlated predictors (Neter et al. 1996). To aghieormality,Carnusload data
(counts) and nestling body surface area were sqoateand square-transformed,
respectively, before analysis.

Because we detected significant inter-annual diffees in CMI, body
condition index, andCarnusload intensity (see Results), we controlled fag th
effect of year by calculating residuals from a #ineegression of a respective
variable on year, entering year as a dummy variable

We studied host-parasite relationships at nesting brood levels. In
order to avoid the problem of pseudo-replicationemtusing nestlings as data
points and to control for parental effects (e.girlg date), we used general linear
mixed models with nest as a random effect. Basecb@ur ringing, we estimate
that about 30% (14/46) of adults bred in the stpdpulation in both years. In

order to see whether pseudo-replication could aféer results, we randomly
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subsampled (10 times) the original data set wislarapling rate of 70%. Because
subsampling did not affect our main findings, tleenplete data set was used for
analyses. Unless otherwise stated, means = 1Skrasented throughout the

article.
Results
Patterns of Carnus parasitism

Infestation of nestling rollers by carnid flies wailespread among nests in both
study years, with 100% prevalence @&rnus parasitism found both in 2005
(range: 5-120 flies/nedy = 23) and 2006 (3—458 flies/nekt= 25). TheCarnus
load of examined nests was considerable in bottlysperiods (2005: 14.42 +
4.28 carnid flies/nesl\ = 23; 2006: 29.62 + 4.1N = 25), but it was significantly
higher in 2006 than 2005 (separate variaa@st:t = 2.54, df = 40.9P = 0.015).
Carnusload varied extensively within nests (2005, rar@e83 flies/nestlingN =
72; 2006: 0-179 flies/nestlingy = 108). Of 14 (of 180) nestlings showing no
Carnusinfestation, nine nestlings were youngest and $ieond-youngest in the
brood age hierarchy.

Overall, there was a quadratic relationship betw@amusload and roller
wing length [Sgrt-transformedCarnus load = -3.88 + 2.29(wing length) -
0.16(wing lengthf;, Fs1s7 = 239.44,P < 0.001], so that the former increased
sharply until the nestling’s wing length reached® &m (~13-14 d of age), after
which it declined rapidly (Fig. 1)Carnusload was not influenced by habitat
availability (i.e. nestling body surface area) hesmthe relationship between the
nestling’s body surface area a@hrnusload was quadratic [sqrt-transformed
Carnusload =-2.51 + 0.02(squargansformed body surface)0.000022(square
transformed body surfa@eﬁ 157= 207.51P < 0.001)]. That is to say, nestlings

weighing around 100-120 g carried more flies thaalker and bigger nestlings.
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10

Sqrt-transformed Carnus load

Wing length (cm)

Figure 1. Relationship between nestling wing len@th), age andCarnusload. Except for four nests with
extremelyCarnusinfested nestlingsN = 20 chicks), the&Carnusplot shows data for both study years (2005:

grey circles; 2006: black circles).

Patterns of host body condition and immunocompetenc

The relationship between body mass and wing lefaliiwed a logistic function
[body mass (g) = 138.58/(1 + 5.61&%"ng lendthy .-~ = 5441.85P < 0.001;
Fig. 2]. Nestlings and broods in 2006 showed hidiwety condition index than in
2005 (nestlings: separate variangest:t = 4.05,P < 0.001,N = 180; broodst-
test:t = 2.27,P = 0.028,N = 48). A body condition index did not show anyatle

relationship with wing length (linear modef:= ~0,F; 175< 0.01,P = ~1).
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Figure 2.Relationship between nestling wing length (cm) &oedy mass (g). The graph includes data for
both years (2005: grey circles; 2006: black circles

The CMI response peaked when the nestling’s wimgtte reached 6-7
cm (i.e. ~12 d of age), and a gradual fall contthtigereafter until the fledging
date [rational function, CMI response (mm) = (0-87.27[wing length])/(1 —
0.17[wing length] + 0.02[wing lengtf)] F4176 = 294.87,P < 0.001; Fig. 3]. The
relationship between CMI and wing length was natfeanded byCarnusload
(CMI response corrected faCarnus load = (0.80 + 0.35[wing length])/(x
0.06[wing length] + 0.01[wing length] F4176 = 516.05,P < 0.001]. The CMI
response was higher in 2006 compared to 2005 batim andividual {-test:t =
2.85,P < 0.005N = 180) and, marginally, at a broaeté¢st:t = 1.82,P = 0.075N
=48) level.
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CMI response (mm)

Wing length (cm)

Figure 3. Relationship between nestling wing lengtin) and CMI response (mm). The graph includea dat
for both years (2005: grey circles; 2006: blackleis).

General predictors of Carnus parasitism

The nestling’s CMI response was a significant priediof Carnusload (Table 2);
Carnusload was positively related to the CMI respons$eps = 0.131109 = 2.12,
P = 0.036), though this relationship seemed to hbgen mediated through

interaction with body condition (Table 2).

SS df F P
Nest 42.83 47 6.79 0.001
CMI response 0.60 1 4.49 0.036
Body condition index 027 1 2.00 0.16
CMl response x Body condition index 052 1 3.84 5.0
Error 17.32 129

Table 2. Predictors of nestling Carnus hemaptevad.|The nestling’s CMI response was standardiged f
wing length through non-linear (rational) regressi®he nestling’s body condition index was calcedaby
scaling body mass to wing length using a logistgression model. Both predictors were correcteg/dar.

Nest was entered as a random factor.

74



Host selection and within-brood parasite distributi

When comparing the pairs of siblings showing similang lengths but
contrasting CMI responses (wing length: high-CMipense chicks = 6.31 + 0.31
cm; low-CMI response chicks = 6.03 + 0.33 cm; mhireest,t = 1.71,P = 0.094,

N = 45 sibling pairs; wing length- and year-corrdc@MI response: high-CMI
response chicks = 0.58 £ 0.09 mm; low-CMI respartgeks =—0.46 + 0.08 mm;

t = 10.23,P < 0.001,N = 45), we found that siblings with a stronger CMI
response showed heavigéarnusinfestation than their siblings with a lower CMI
responset(= 2.37,P = 0.022 N = 45 pairs; Fig. 4).
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Figure 4. Difference inCarnusload between pairs of siblings showing a contngstCMI response but
comparable size&Carnusload was sqrt-transformed, wing length-corrected then corrected for inter-annual
differences. The plot shows means (solid linesyeloand upper quartiles (boxes), 10th and 90thepgites

(whiskers), and outliers (dots).
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Figure 5. Relationship between nestling cell-metialmmunity (CMI) respons&arnusload and brood (a)
body condition index and (arnusload. Brood body condition was calculated by agirmg nestling body
condition indexes within broods. Overall, bro@&rnus load was calculated by averaging wing length-
corrected and sqrt-transformed nestli@arnus loads within broods. NestlingCarnus load and

phytohemagglutinin response were corrected for wength.

Context-dependent Carnus parasitism

Examining Carnus parasitism at a brood level, we found that thems va
significant interaction effect of the within-nesMC response and year on nest
Carnusload (homogeneity of slopes GLM: year x withindh€dI responsel; 40

= 5.61,P = 0.023). Consequently, analysing the two yeaparsgely, we found
thatCarnusparasitism within nests was a positive functionhef within-nest CMI
response in 2005 (multiple linear regressign= 0.29,F;20 = 4.06,P = 0.033;
within-nest CMI response, slope = 0.%&,= 2.83,P = 0.010, within-nest body
condition index, slope = —0.18, = —1.00,P = 0.33), but not in 2006 = 0.05,
F2.2,=0.57,P = 0.57; within-nest CMI response, slope = -0%387 -0.85,P =
0.40; within-nest body condition index, slope =31, = 0.73,P = 0.47).

Similarly, as for the within-nestarnusload, we found a tendency for the
interaction effect of year and nestling CMI resporihomogeneity of slopes
GLM, including year, nestling CMI response and badwndition index:F; 17, =
3.81,P = 0.052) but also year, nestling CMI response laodly condition index
(F1,172= 3.55,P = 0.061) on nestlin@arnusload. Year effects could be attributed
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to the inter-annual differences in brood body ctodi and Carnus load (see
above). Thus, to test whether there is a relatipnsetween a nestling'€arnus
parasitic load and its CMI response while contngllifor the year effects, we
examined the interaction effects of the nestlingidl response and brood body
condition index and broo@arnusabundance on nestlir@arnusloads (Table 3).
We found that when brood condition was low, thetlivegs with the strongest
CMI response were most highly parasitized, butr@od condition was high, the
link betwen the nestling’s CMI response d@arnusload was largely absent (Fig.
5a). In turn, if broods were more highly parasitizéhe most highly parasitized
chicks were those with the highest CMI responsejftlarood Carnusabundance

was low, the association between CMI &afnusload disappeared (Fig. 5b).

SS df F P
Nest 48.92 47 7.96 0.001
Nestling CMI response 028 1 2.10 0.149
Brood condition x Nestling CMI response 066 1 5.020.027

Brood Carnusload x Nestling CMI response 052 1 3.94 0.049

Error 16.88 129

Table 3. Predictors of nestlifgarnushemapterudoad, assuming that the form of the relationstepaeen
the nestling’s CMI response ar@arnus load is dependent on the within-nest body condlifiedex and
Carnusload, (i.e. the two traits that differed betweeang). The nestling’s CMI response was standardised

for wing length through non-linear (rational) regs®n. Nest was entered as a random factor.

Phenotypic cues to host immunocompetence

Apart from ontogenetic effects (see Fig. 3), negtiCMI could also covary with
body condition or body temperature. There was meraction effect of year and
body condition index on CMI response (homogenéitsiopes GLM: year x body
condition indexf; 176= 0.11,P = 0.74). Consequently, utilizing pooled data from
both years, we found that the nestling's CMI resmorwas weakly, but
significantly, related to body condition index @iar regressiorn? = 0.06, slope
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0.25,t378 = 3.41,P < 0.001). After examining nestling body temperatdata from
2006, wing-length corrected body temperature turmedto be a more sensitive
predictor of nestling CMI than body condition ind@multiple linear regressiom?

= 0.10,F,,92 = 4.92,P < 0.01; size-corrected body temperature, slop®.23,tg,
=-2.33,P = 0.022; body condition index, slope = 0.18,= 1.92,P = 0.059).
Despite this fact, the nestling’s CMI response resiathe most important

predictor ofCarnusload (Table 4).

SS df F P

Nest 453.91 21 6.95 0.001
CMI response 1391 1 4.44 0.039
Body condition index 0.13 1 0.04 0.84
Body temperature 0.42 1 0.14 0.71
CMI response x Body condition index 8.63 1 277 001
CMI response x Body temperature 0.58 1 0.19 0.67
Error 211.60 68

Table 4. Predictors of nestlingarnushemapterudoad including body temperature. The CMI resposaisé
body temperature were standardised for wing lefgtbugh non-linear (rational) and linear regression
respectively. A body condition index was calculabsdscaling body mass to wing length using a logist

regression model. Nest was entered as a randoor.fatte results are based only on data from 2006.

Discussion
Ontogenetic patterns of Carnus parasitism and frostunity and condition

Under natural condition€arnusloads on nestling rollers peaked approximately
during the mid-nestling stage when nestlings wast at the inflection point of
their growth phaseCarnusload did not increase with increasing absoluteusse
availability because host body mass increased aidtaly during the nestling
period. Carnusflies did not have a propensity to aggregate aerobr younger

hatchlings regardless of their position in the lbrbgerarchy.
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The immune activity of nestling rollers was norelmly related to a

measure of age; the immune response to a T-cebgmit (PHA) increased
sharply until ca 12 d of age when it started tolideqsee also Tella et al. 2002).
Because the inclusion of nestlings of the samebagevith a variable position in
the brood age hierarchy did not distort the sigmbi€MI-wing length
relationship, the ontogeny of the immune systemeappto play a vital role in
variation in the immune function of nestling roerwith mid-aged nestlings
showing a relatively stronger CMI response compaeedhat of older and,
particularly, younger nestlings.
By contrast to nestling immunity &@arnusload, an index of body condition did
not clearly change during the nestling phase. Nbegtss, a body condition index
still represents a relevant biological measure iiestling rollers because it
correlated positively with CMI.

Within-brood Carnus distribution

Three hypotheses were proposed about how parahitedd distribute themselves
among available hosts in relation to host age. gilesent study does lend direct
support to neither of them but instead stressegtpertance of the time at which
parasite load is estimated. Given that the paratfiéstation of an individual host
changes with its age, parasite loads for the saimedbcould be higher in senior
or junior siblings (i.e. in older or younger haffa brood) depending on the time
of parasite load estimation. For example, Valeral.ef2004) showed th&arnus
flies preferred bigger hosts in a similar host sys{European bee-eatekderops
apiaste) to that used in the present study. However, wiidera et al. (2004)
reported that the highe€arnusload occurs in bee-eater nestlings at the agé of 1
days (note that bee-eaters fledge at approxim&@lgays of age), Valera et al.
(2004) only examined the parasite choice for 5-4%-0ld nestlings. We propose
that the ontogenetic pattern of parasite infegstaitibensity and host immunity be
known before making any inference about the hogilogation strategy in
relation to host age.

We found that, irrespective of hatching order, livggtrollers until about 5

d of age were free or carried minimal number&afnusflies. After controlling

79



Capitulo |

for year and nest-related effects and for hostage body condition index, the
highest Carnus infestation rates were consistently found on thestlmgs
mounting the strongest CMI. Thus, our results disagvith the idea of Christe et
al. (1998) that parasites should distribute themesebn the most vulnerable host
within a brood. Roulin et al. (2003) suggested thatasites might not show a
consistent preference for the least resistantinasit host systems due to the low
nutritional profitability of “vulnerable” hosts atue to the high costs of sampling
and switching among potential hosts. Our study etpghe findings of Roulin et
al. (2003) demostrating th&arnusectoparasites avoid certain host phenotypes,
particularly feathered nestlings. There is evidehatC. hemapteruseeds on the
basis of growing feathers (Marshall 1981), and ttmesavoidance of older chicks
by Carnusflies may be due to the retraction of blood vesselurishing feathers
as well as the keratinization of feather sheaths.

The present study is apparently in agreement with “well-fed host
strategy” proposed by Christe et al. (2003) becauwsefound that the highest
Carnusinfestation coincided with the time when both fiegtgrowth and body
mass culminated. Nevertheless, when examined tegetastling CMI turned out
to explain significantly more of the variance @arnusinfestation intensity than
body condition. Nutritional status and immunity arsually tightly positively
correlated (for birds see Alonso-Alvarez & Tella02). Nevertheless, these two
parameters may provide different cues to host tyualilthough nestling body
condition can be a proxy for the quantity and/oalijy of food resources, nestling
immune function also is a reliable predictor of theg survival prospects (e.g.
Christe et al. 1998, Gonzalez et al. 1999, Chestal. 2001, see Mgller & Saino
2004). Moreover, the development of an immune fonctan be traded off with
other important functions such as growth (Sainalefi998; see Norris & Evans
2000). Therefore, immunity and condition may natajls covary. For example,
Dubiec & Cicha (2005) showed that although condition in late eady hatched
nestling great titsParus mayordid not differ, the nestlings hatching later
developed a less competent immune system. We pgdpasin host systems with
age-biased background mortality parasites prefgrfitter nestlings might not

seek abundant but persistent food resources (J&/8nirano 2002).
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The present study suggests that, under high bronditions,Carnusflies
moderated their preference for immunocompetentlingstollers. Christe et al.
(2003) proposed that parasites can exploit eithénevable or well-fed hosts
depending on between-host differences in physioldgstatus. In particular, it
was suggested that parasites switch between addlfuaenile hosts depending
on differences in host nutritional status. Howewvadults and juveniles differ
profoundly in more than just nutritional statusr E@ample, juveniles commonly
have lower survival prospects than adults (seeld@ailet al. 1998), which has
been attributed to the lower capacity of the immsya&tem in juveniles (Gonzalez
et al. 1999, Tella et al. 2000).

Independent of host-related effects, Hawlena e(28l05) found that the
switch in parasite preference occurs with changiampsite density. The present
study supports the result of Hawlena et al. (2G84} under high intra-specific
parasite density parasites prefer a less vulnetaide The Hawlena et al. (2005)
were not able to discriminate whether the switchuoed due to differences in
host mortality or nutritional status. By contrastyr results suggest that parasites
prefer a less vulnerable host due to its bettewigalr prospects rather than
nutritional quality because under high parasitesd@&s parasites seemed to
enhance their preference for the immunocompetest i@verall, we revealed a
high degree of flexibility in host-selection crii@r with respect to host-

(ontogenetic) and parasite-related (socio-ecoldgfiaators.
Why should host immunity be important?

Immune function is an important life history trdiitat has evolved to increase
fitness through longevity; yet immune function isntinuously traded off with
other bodily functions that are immediately morgoartant (Sheldon & Verhulst
1996). Thus, immunocompetence can be a sensitivkeméor the physiological
burden placed upon an animal, indicating whetherahimal trades survival in
immediately unfavourable conditions with a lessiwielveloped immune defence
mechanism (Lochmiller & Deerenberg 2000). The pasitand negative
relationships of CMI with body condition index ansize-corrected body
temperature, respectively, imply that the PHA-ireliégmmune response did not
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simply follow trends in parasite loads but insteaflected health status because
nestling rollers mounting a weaker CMI response lbagr body mass index and
elevated internal body temperature (Roulin et @07.

Nestling rollers represent a host system with diffidial within-brood
mortality where last-hatched nestlings face venalsmhances of survival until
fledging. Therefore, ectoparasites infesting negtliollers such a€arnusflies
could be under selection to aggregate on a morsispemt host because host
recolonization might imply switching to lower gquslihosts that are likely to
perish or to higher quality individuals that areékely already settled by
conspecifics. Provided that intraspecific compatitamong unrelated parasites
further increases parasite virulence and host titgrtéFrank 1996, Galvani
2003), the preference for a less vulnerable hostildhbe particularly important
under high parasite densities. Our results stressatct thatCarnusflies favoured
the most immunocompetent hosts consistently adnassds of all ages. However,
under closer examination, the preference for hgaitbstlings turned out to be
strongest particularly under conditions that heaghthe risk of host mortality, (i.e.
low brood condition and high parasite density). rEf@re, we propose that host
mortality can affect the preference for relativélgalthy hosts in systems with
high host background mortality.

Experimental work has shown that parasitisatioraligmegatively affects
host CMI (Christe et al. 2000, Martin et al. 2006he apparent lethargy and
apathy of heavily infested broods of rollers suggdsat highCarnusabundance
can be detrimental to nestling rollers. Howevergdamnatural conditions more
infested nestling rollers showed better CMI thaeirtHess infested siblings.
Therefore, The present stody implies t@arnusflies may flexibly switch among
hosts and select those with immediately betterthethtus.

In summary, after taking into account strong ontmge effects on
parasite distribution, our study strongly sugges$ist in a host system with
heterogeneous within-brood background mortality, [Rematophagous
ectoparasite preferred healthier hosts. This impl@n one hand, outstanding
discrimination abilities of the parasite becaussthwealth changes dynamically

during host ontogeny. On the other hand, the gbdft Carnusto moderate its
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preference according to ecological circumstanceplié@® some degree of
flexibility in host selection criteria. Finally, oustudy suggests that the host’s
health may not always be a consequence of parsitedance, but that parasites
might cue on hosts’ health status and colonize thecordingly.
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CAPITULO Il

Prolonged diapause in the ectoparasit€arnus
hemapterus (Diptera: Cyclorrhapha, Acalyptratae) - how

frequent is it in parasites?

Abstract: Prolonged diapause is usually interpreted as aptaiiien to unpredictable
environmental conditions and resource availabilany parasites usually face highly
unpredictable environments; therefore prolongegalise should be common among
these organisms. Here we examine the occurrencéremaiency of prolonged diapause
in the ectoparasit€arnus hemapteru@iptera: Cyclorrhapha, Acalyptratae). We found
that the studied population is polymorphic withpest to diapause duration. Emergence
of carnid flies after two and three wintering seesevas therefore detected in around
17% and 21% of the samples respectively. The nummbgies with prolonged diapause
ranked 0.88%-50% with respect to the number o #imerging the first spring. Both the
occurrence of prolonged diapause and the numb#iesfwith long life cycle are related
to the number of flies emerging the first sprindieTemergence pattern of flies with
prolonged diapause was very similar to the one rebgefor flies with short cycle and
occurred in synchrony with the occurrence of hoftmlonged diapause has been
frequently reported in plant-feeding insects andame host-parasitoid systems, but this
is, to our knowledge, the second report ever ofopged diapause in true parasites of
animals. We discuss the reasons for the appareity od prolonged diapause among
these organisms.

Keywords: Bet hedging,Carnus hemapterudife history, long life cycles, prolonged
diapause.

Publicado como: Valera, F., Casas-Crivillé, A., é€€aiTorralbo, M.A., 2006.
Parasitology133, 179-186.
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Introduction

Life cycles of parasites may provide important mfiation on the pathogenic
importance of each particular parasite, its epiddwgical significance in relation
to the development of effective control programs] ¢he evolutionary potential
of parasites. An important determinant of the cyofe parasites and insect
herbivores is resource location. For these orgasjigesource detection has a
double dimension: they must find an appropriatet o also ensure that their
host-feeding stages are synchronised with the tinten those hosts provide the
appropriate food resource. Therefore, these anitma® evolved dispersal and
developmental mechanisms (especially diapausegfieggard their success in
finding an appropriate host at the right momentri@ht 1970, Danks 1987,
Tauber et al. 1986, Jones 2001). Diapause is a ddmhormancy determined both
by genetic and environmental factors that allowdiviiluals to survive when
conditions are unfavourable for development androdyction, and ensures
synchronization of active stages with favourabladiions (Tauber et al. 1986,
Danks 1987, 1999, Soula & Menu 2003). Diapause disgdersal have been
considered as two alternative responses to unfabtaienvironmental conditions
(Southwood 1977, Hanski 1988, Bohonak & Jenkins32080 that temporal
dispersal via developmental mechanisms (espedalyause) is considered to be
functionally equivalent to spatial dispersal (H&irs 2000, Hairston & Kearns
2002, Bohonak & Jenkins 2003).

In many insect (Danks 1987, 1992, Tauber & Taul®&11 Hanski 1988,
Menu et al. 2000) and plant species (Philippi, 2998 Clauss & Venable 2000)
life cycle duration varies within the populationorSe individuals of the same
generation may miss one or more breeding oppoitsnity remaining longer in
diapause than others, a phenomenon called prolodggéduse (Hanski 1988).
Prolonged diapause is usually interpreted as arptafiien to unpredictable
environments (Hopper 1999) and has been investigaienarily in plant-feeding
insects and their parasitoids (Danks 1987, 1994)skia1988, Soula & Menu
2005). Parasites, probably more than any otherpgodurganisms, face kigh
degree of variability and unpredictability in theienvironment. Since

unpredictability in the temporal availability of steptible hosts is a likely
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selective pressure affecting the life history styits of parasites (Hakalahti et al.
2004), life cycle adaptations to such unpredictibilike prolonged diapause,
would be expected. Long life cycles that includelgnged diapauses are
especially common in plant-feeding insects dependenpotentially unreliable
food supplies (Danks 1987, 1992, Soula & Menu 20bB&) few studies report on
prolonged diapause in “true” parasites (i.e. p&adihat usually do not kill their
hosts) of animals (but see Baird 1975).

Here we report on intrapopulation variation in tapause pattern and
prolonged diapause of a widespread ectoparas#édarsfie number of bird species,
Carnus hemapteru@iptera: Cyclorrhapha, Acalyptratae) (Capelle & tlorth
1973, Kirkpatrick & Colvin 1989, Dawson & Bortolgtt1997, Grimaldi 1997).
We aim to contribute to the knowledge of life cyclef parasites by providing
evidence of prolonged diapause in a parasite spemiel by addressing the
question of how frequent is prolonged diapausetr parasites of animals and

the reasons for its apparent low frequency inghasip.
Material and methods
Study species

Carnus hemapteruis a 2-mm long blood-sucking fly that parasitisestling of a
variety of bird species (Grimaldi 1997). Neitheukldaarnid flies nor larvae have
been found on adult birds. The term host therefters in this system
exclusively to the nestlings of the attacked spec{@arnus hemapteruss
distributed throughout the Palearctic region andteza and northern North
America. Its life cycle comprises an adult stapege larval phases encompassing
around 21 days at 22 °C and 95% relative humidity @ nymphal stage. After a
diapause usually lasting several months (Guiguesl.et983) imagines emerge
the following spring at the time after birds haw®acupied nesting sites, thus
allowing the perpetuation dfarnusin the nest. Adults are initially winged and
capable of flying, but they typically lose theirngs once they have found a
suitable host (Roulin 1998, 1999). Flies are asslitnecolonise new host nests

actively during the winged phase of their life &/¢Grimaldi 1997, Roulin 1998,
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1999). Adults are short-lived (less than 2 days,AMCalero-Torralbo,
unpublished data) and copulations take place orhdis¢s (Guiguen et al. 1983,
pers. obs.).

HoopoesUpupa epopsLittle owls Athene noctuaEurasian kestrelBalco
tinnunculus European bee-eatekderops apiasteand European rolleGoracias
garrulus are cavity nesting bird species widespread in Spaihrere they
frequently occur in sympatry in arid areas. Therfer three are resident species,
whereas the bee-eater and the roller are migraas.din our study area bee-eaters
dig their burrows in sandy cliffs and hoopoes brigedatural holes in olive trees
and stone piles. Rollers, kestrels and little olrsed in holes in sandy cliffs as
well as in crevices and cavities in human consioust Bee-eaters seldom re-use
their nests but they usually re-occupy breedingories for several years.
Hoopoes’ nests are used exclusively by this spedidlers, little owls and
kestrels frequently re-use the same hole in suneesgears, although they
exchange their nests not infrequently. All bird gpe lay a single clutch
(although replacement clutches occur) with the ptior of the hoopoe, which
may lay a second clutch after raising a succedsfubd (Martin-Vivaldi et al.
1999).

Data collection

In the framework of a broader study on the relaiops betweenCarnus
hemapterusnd its hosts we collected nest material from sdverst species and
locations. Emergence of carnid flies did not octursome samples, probably
because the nests were not infeste€bgnus hemapterusdiere we report on the
samples on which the estimate of the frequencyabpged diapause is based on
(Table 1). Most samples were collected from nataests but some nest boxes
(probably used by rollers, kestrels, starliggarnus unicoloand sparrow®asser
spp.) were also sampled. All samples but 5 comen fdifferent nests. Five
cavities were used for breeding in successive y@athe same bird species (2 by
rollers and 3 by little owls). These nests were @achtwice (in January 2003 and
in March 2004, Table 1) and each sample was stapedt from the others and

subsequently monitored for several periods (seevbednd Table 1). Since
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environmental factors influencing the larval ando@lustage and diapause of
Carnus hemapteruare likely to vary among years we consider theparas the
unit of replication.

Sampling consisted in removing part of the matdrian the nest bottom
using a spoon attached to a stick long enough @ohréhe nest chamber or by
hand. Whenever the nest was made of vegetableialatke whole structure (i.e.,
the nest cup) and the earth below the nest wesntdihe amount of nest material
collected varied among nests.

Emergence patterns are ideally studied in the fidlevertheless this was
not possible since this would necessitate the gigidbsampling of nests occupied
by birds during the breeding season (i.e. wheniddlies emerge), which would
result in the disturbance of adults and nestlifderefore, the emergence of flies
was recorded in the laboratory. This approach,uim,tensured homogeneous
conditions (i.e., the same temperature) for thepdasn which it is not possible in
the field, where local conditions and the timingl@rgth of use of nests by birds
could influence emergence time.

After collection, the samples were kept in plastags and stored in the
Estacion Experimental de Zonas Aridas (Almeriayacb35 km from the location
where most samples were collected). The samples placed in a room with
open windows and drawn curtains to resemble thalitons experienced by
pupae in cavities in the wild (i.e. ambient temp@® moderated by partial
enclosure and semidarkness). All samples weredstiaréhe same place, except
for two roller samples collected in January 2008jclv were kept throughout the
winter season 2003-2004 in a cellar at a lower @watpre than the rest of the
samples. These two samples were moved the followiingering season to the
same room where most samples were stored.

Our initial sampling schedule contemplated monitgrof emerging flies
(approximately every 3-4 days until insect emergeneased) during the first
spring after collection (Table 1). Thus, the stysyiod lasted from 31 January
2003 until 8 July 2003 for the samples collecte@002-2003, from 9 March until
13 July 2004 for those samples collected in 200%ahernas and from 4 March

until 13 July 2004 for the samples collected in £28@m nest-boxes in western
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Spain. However, the 2 roller nests collected inuday 2003 were checked by
chance in mid June 2004 (i.e. the second sprirey efillection) and recently dead
flies and emergence of fresh flies were detecthds tsupplying evidence for
prolonged diapause. From then onwards, emergesl ifliethese samples were
counted but the flies that could have emerged befgr started our observations
were most probably missing by then. The informaadout flies with prolonged

diapause in these two nests is therefore conseevals it was too late to monitor
emergence in the remaining samples from differastdand localities, all the

samples were controlled again the next spring fBoMarch 2005 until 15 July

2005 (Table 1).

In summary, our data set consisted of 2 sampldterrastudied for 3
consecutive springs (2003 to 2005), 22 samples¢irdd, 4 little owl, 9 roller, 8
from nest boxes) for 2 consecutive springs (2004 2005), and 22 samples (11
bee-eater, 8 hoopoe, 3 little owl) for the firsdahe third spring after sampling
(2003 and 2005) (Table 1). Therefore, the numbercaitrolled samples for

prolonged diapause after at least two consecugikiags is 24.

Host species and Location Collection date  Monitoring period for short

no. samples cycle/long cycle emergence

Bee-eater 10 Madrid, Central Spain (40°32°N 03°27°W) July 2002
Spring 2003/Spring 2005
1 Almeria, Southern Spain (37°09'N 2°13'W) March 2003

Hoopoe 6  Granada, Southern Spain (37°18’N 3°11’W)  January 2003
Spring 2003/Spring 2005

2 Almeria (37°08°N 02°43°W)  January 2003
Roller 2 Almeria (37°05'N 2°21'W)  January 2003 Spring 2003/June
2004/Spring 2005
9 March 2004 Spring 2004/Spring 2005
Littleowl 3 Almeria (37°05'N 2°21'W)  January 2003 Spring 2003/Spring 2005
4 March 2004 Spring 2004/Spring 2005
Kestrel 1 Almeria (37°09'N 2°13'W) March 2004 Spring 2004/Spring 2005

Nest-boxes 8 Caceres, Western Spain (39°03°N 5°14°W)  January 2004 Spring 2004/Spring 2005

Table 1. Location, collection date and monitoringripd for emergence of short and long-cy€arnus

hemapterudlies from samples collected from different bigksies.
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Estimation of the frequency of prolonged diapause

The frequency of prolonged diapause was estimaitdraspect to the number of
flies emerging the first spring only on the sampléth prolonged diapause. We
refer to the samples in which we have not recoql®ionged diapause only to
estimate the proportion of samples with prolongiegause.

The samples collected in this study probably contpupae with different

diapause history. Flies emerging the first spriag therefore include individuals
that pupated more than one year before the firkigpOur data on frequency of
prolonged diapause are thus conservative bothdegathe number of flies with

a long-cycle and the duration (i.e. years) in pngled diapause.
Statistical analyses

Parasite distributions are known to be aggregatetiich makes their
quantification and comparison difficult (Rézsa et2000). Following Rébzsa et al.
(2000) prevalence (proportion of infected samplasii mean intensity (mean
number of individuals found in the infected sample$ flies were used for
quantification purposes. We compared median intgngnedian number of
individuals found in the infected samples) of fliag using Mood’s median test.
Statistical tests were done using the program Qa#mé Parasitology 2.0
(Reiczigel & Roézsa, 2001) and the STATISTICA 6.0cksge (StatSoft, Inc.
2001).

Results
Frequency of prolonged diapause in Carnus hemapteru

Emergence of carnid flies 1 year after the firsteegence was detected in 4
samples (Table 2) out of the 24 samples contrddegrolonged diapause after at
least two consecutive springs (Table 1), that i§%6 Compared to the number of
flies emerged during the first spring, we calcudaten average of 3.3% (S.E. =

0.91, range = 0.9%-5.3%) individuals with long eycl
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Roller Little owl Hoopoe Kestrel
Nest number 1 2 1 2 3 1 2 1
Emergence in the first 1416 684 194 4 78 65 83 19
spring (2003) (2003) (2003)  (2003)  (2004) (2003) (2003)  (2004)
prolonged diapause 45 6 - - 3 - - 1
(min. 1 year) (3.2%) (0.9%) (3.8%) (5.3%)
prolonged diapause 25 0 29 2 1 5
(min. 2 years) (1.8%) (0.0%) (14.9%) (50.0%) (1.5%)  (6.0%)

Table 2. Emergence @arnus hemapteruim nests where prolonged diapause was recordednimber of
flies emerging in successive springs in nests &emint hosts is shown (in brackets the percentzge
individuals compared to the number of flies emeaggihe first spring). Years in brackets refer to jear
when emergence is monitored for the first time.shis refer to years when emergence was not mashitore

whereas empty cells indicate that 2-year prolordjiadause should eventually occur in spring 2006.

Results obtained from a different set of sampleg (Fable 1) show that
emergence of carnid flies 2 years after the fireeence bout occurred in at
least 5 (20.8%) out of 24 samples (Table 2). Mamitp of the 2 roller samples
studied for 3 consecutive springs reveal that daffies emerged from both
samples the second spring, and that emergenceasasied in only 1 sample the
third spring (Table 2). Considering only the sampiath prolonged diapause, an
average of 14.8% flies (S.E. = 9.11, range = 1.%9%5the latter being of a nest
where emergence was low the first spring, Tabler¢rged after more than two
years of diapause with respect to the flies thatrged the first spring.

The median number of flies emerging the first apnimas significantly
higher in samples where prolonged diapause wasdeddhan in samples where
it was not (median values: 80.5 and 5 respectivielgpd’'s median testP =
0.018). The number of emerged flies after prolondieghause (all cases pooled)
was positively correlated with the number of fliemerging the first spring
(Spearman rank correlation= 0.89,P = 0.002,n = 8).

Phenology of emergence of Carnus hemapterus

The pattern of appearance of flies with protractedergence resembled very
much the one observed for flies emerging the 8ming. Flies with prolonged
diapause in hoopoe nests 1 and 2 (Table 2) emavghth the period observed
for flies emerging the first spring (Fig. 1a). Thgsalso the case for flies emerging
from little owl nests 1 and 3 (Fig. 1b, Table 2heTonly 2 flies with delayed
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diapause found in nest 2 (not represented in thed) emerged the first week of
May, well within the period observed for flies emigig the first spring in the

same nest (first week of April to second week ofyMa
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Figure 1. Phenology of emergence of short cycte§]) and long cycle (bar€arnus hemapteruslies from
nests of a) hoopoes, b) little owls, and c) roll€sr each species the emergence of flies thesfmsng (left
ordinate) and flies with prolonged diapause (rigtdinate) in several nests in successive springhasvn.
Data are referred to emergence per week from &éatgh to late June.

Concerning flies from rollers’ nests, we found amitr pattern for
individuals emerging in 2003 and 2005 (Fig. 1c)eHpparently late emergence
of flies in 2004 could be due to our missing thstfflies emerging (see methods)
(Fig. 1c only includes the flies whose emergencelccde dated accurately)
and/or to the lower storage temperature the wsgason 2003-2004 (see methods
and discussion).

The only fly with prolonged diapause found in atkelsnest (Table 2)
emerged 2 weeks later (fourth week of May) thandhest ones observed the first
spring in this nest (emergence period from the seageek of April to the first

week of May).
Discussion

We recorded emergence ©f hemapterusfter at least 2 and 3 wintering seasons
in around 17% and 21% of the samples respectilel,.sample emergence of
carnid flies was recorded for 3 consecutive sprifigge humber of flies emerging
in those samples ranked 0.9%-50% with respecteatimber of flies emerging

the first spring. Several factors suggest thafrdguency of prolonged diapause
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in C. hemapterusan be more frequent than these figures showt, giken that
both the occurrence and the number of flies witigliife cycle are related to the
number of flies emerging the first spring, the likeod of detection of individuals
with prolonged diapause in nests where little nesterial was collected and/or
with a low parasitic load (the range of emergenas Wv- 1416 flies) is low.
Second, we cannot discard that some of the fliexrgimg the first spring may in
fact be individuals with long cycle that startedlpnged diapause years before.

It is well known that many insect species can extdreir life cycle over
several years (Tauber & Tauber 1981, Danks 19892 ,1danski 1988, Debouzie
& Menu 1992). Long life- cycles are usually viewasl resulting from prolonged
diapause caused by extension of the usual winggradise. However, in contrast
to the usual hypothesis, Soula and Menu (2005) sddhat the long cycles in the
Chestnut weevilCurculio elephasis due to a prolonged diapause occurring
secondarily to a developmental phase. Thereforeintegpret the emergence of
carnid flies in samples stored two or more advessasons as the result of
prolonged diapause without information on the exaethanism. An alternative
explanation is that some flies emerging after @st kcontrol in the first spring
could have mated in the bags and produce larvae papée which would
overwinter and result in adults the next spring, this is unlikely as carnid flies
need to feed on a host to survive (Kirkpatrick & \@ro 1989, Dawson &
Bortolotti 1997, Grimaldi 1997), mating usually acs on the host (Guiguen et al.
1983, pers. obs) and adult flies live for less tRadays in absence of the host
(Calero-Torralbo et al unpublish data). Thus, wentaén thatC. hemapterusas
prolonged diapause.

A within-generation variation in life cycle duratiqmixing of short and
long cycles) occurs in many insects, crustaceams,pdants (see Soula & Menu
2005 and references therein). However, the occoeref prolonged diapause in
parasites is much less common. It does exist intfiteeding insects (Danks 1987,
1992, Soula & Menu 2005) and some host-parasitpstesns (see Danks 1987,
Hanski 1988), but a thorough literature review géel one study reporting
prolonged diapause in a “true” parasite (i.e. ngbaaasitoid) of animals, the
rodent botfly Cuterebra tenebrosgBaird 1975). Danks (1992) reviewed the
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occurrence of long life cycles in ectoparasiticerts like human fleasPllex
irritans), sand martin fleasQeratophyllus styx jordahior bugs Rhodnius
prolixus). He concluded that such long cycles were in atedgth the unreliable
availability of hosts. However, these cases carmotconsidered prolonged
diapause because individuals “do not skip an oppdst for breeding and opt for
survival” (Hanski 1988), rather they are the resil{prolonged dormancy until
host availability is detected.

Several hypotheses for the adaptive value of lopges have been
proposed (Tauber et al. 1986, Danks 1987, Hansd®,1®lenu et al. 2000, Soula
& Menu 2003). Long life cycles are correlated wéhvironmental adversities,
such as cold or unpredictable temperatures, patoirgliable or low quality food
supplies (Danks 1992). Prolonged diapause, usteglyiting in long life cycles, is
interpreted as a local adaptation to multiannualctélations in resource
availability (Debouzie & Menu 1992, Hopper 1999, Mdeet al. 2000, Soula &
Menu 2003, but see Menu 1993, Menu & Desouhant Z002ther selective
factors for variability in life cycle duration). Isome species it has been
considered a bet-hedging or risk-spreading strateggause it prevents extinction
when resources are lacking (Menu & Debouzie 1998niMet al. 2000). For
parasitic organisms that infect via free-livinggea actively seeking for a host,
the probability of host encounter is likely to bighly unpredictable (Hakalahti et
al. 2004). It is therefore not surprising that timéection strategies of such
parasites may be one of the most obvious traitshith bet-hedging life-history
traits are likely to exist (Fenton & Hudson 2002Kdlahti et al. 2004). Sindg.
hemapteruscan perpetuate by itself in a given nest, one caddume that
dispersal is not necessary for this species. Howéaetors like alterations in the
nest or its surroundings (making it unattractive lbirds), interannual nest-site
change of the host to avoid parasitism (Loye & @laf998) or predation before
hatching may result in vacant nests, which senojedpardises the future of the
lineage of parasites inhabiting that nest. In tzse, freshly emerged flies should
disperse and look for an occupied nest.

Dispersal is perhaps the most dangerous part of pavasites’ life cycles
(Ward et al. 1998). Several factors suggest thetadsal in time (i.e. prolonged
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diapause) can be better f6r hemapterushan spatial dispersal. Even though
hemapteruss a vagile insect, its flight range is probablyghand it is unclear
whether it can control its own flight direction. kéover, its dispersal ability is
probably limited by the short life span of aduledl (less than 2 days). If a suitable
host is not found rapidly, adult flies die. In tiekase where no dispersing fly
succeeds in finding a host, the survival of thedige is ensured by the pupae in
prolonged diapause. They give rise to adults irceeding years when the nest
can be occupied again by the same or other hosiespén agreement with this, it
is remarkable that the emergence pattern of fligh prolonged diapause was
similar to the one observed for flies with shortley Most flies with prolonged
diapause emerged between mid April and late Maynathicks of most of the
host species have already hatched, so that fliesns® synchronize their
emergence dates with host occurrence (Liker eR@D1, Valera et al. 2003,
Valera et al. 2006). Breaking of diapause and atitm of metabolic processes
commonly requires an exposure to one or severab digeg. changes in
temperature or photoperiod) (Tauber et al. 1986wdH (1989, 2001) showed
that environmental factors (i.e. temperature) pr@ahovariation in diapause
patterns in plant-feeding moth larvae. Observatiomad experimental data
(manipulating temperature during the pupal stagmjgsst that the emergence
time of C. hemapteruss determined by an endogenous annual timing nméstma
that can be modified, within certain limits, by feenature (Chapter lll), as is the
case for many insects in temperate climates (Ta&b&auber 1981, Smith &
Mclver 1984, Leather et al. 1993). The late emergeobserved in flies from
rollers’ nests in 2004 could be explained by thedotemperature experimented
by pupae during the winter season 2003-2004. kn ghidy system, appropriate
environmental cues are thus likely to favour disgadevelopment.

Whereas we cannot discard other selective factikes [gredation, larval
attack by entomopathogenic fungi or climate) fothimi-generation variability in
life cycle duration (see, for instance, Menu 198ignu & Debouzie 1993, Menu
& Desouhant 2002), our current knowledge suggdsdés host finding is an
important selective pressure for this study spedtesther work should focus on

whether the unpredictability of host encounter doptoduce bet-hedging for
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variability in life cycle duration irC. hemapterusWithin-generation variability in
diapause duration can result from diversified bedding éensu Seger &

Brockmann, 1987), from a mixed evolutionary stakteategy or a genetic
polymorphism of pure strategies (Soula & Menu 2008)though Hopper's

review (1999) suggests that genetic variation andditional responses to
environmental cues explain most phenotypic vanmtio diapause, without
invoking bet-hedging, he pointed out that diapaissein appropriate trait to
increase our knowledge of risk-spreading in inpepulations. Recently, Menu &
Desouhant (2002) and Soula & Menu (2003) providedemces of diversified
bet-hedging for variability in life cycle duration the chestnut weevil.

This being, to our knowledge, the second reporpratonged diapause in
true parasites of animals, the question arises hehethis mechanism is rare
among these organisms or whether it has passedticeoho Diapause and
dispersal are considered alternative ways of esgapnfavourable conditions so
that the frequency of prolonged diapause is negjgtieorrelated with dispersal
rate (Hanski 1988, Bohonak & Jenkins 2003). Theatslife-span of adult carnid
flies could account for the occurrence of prolond&gause in this parasite. Thus,
C. hemapterusould be considered a peculiar case in the “parasitmmunity”.
Alternatively, the occurrence of prolonged diapanss have been overlooked in
parasites for different reasons (e.g. the longopemeeded to detect it, the
complexity of host-parasite systems). Hanski (1988)ed, “Prolonged diapause
will rarely be detected where it is not looked fand it is generally only looked
for where it is expected to occur”. Since environtatunpredictability is the rule
for many parasitic organisms we suggest that pgedndiapause could occur in
other parasites. Here we stress the need of long4é&udies to fully understand

the life cycles of parasites.
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CAPITULO IlI

Synchronization of host-parasite cycles by means of
diapause: host influence and parasite response to

involuntary host switching.

Abstract: Parasites need synchronizing their infective phaststhe appearance of the
fittest resource (host) and, for many species; aliap is a mechanism contributing to
such coincidence. A variety of ecological factolike changes in host temperature
profiles produced by involuntary host switching lstitution of the usual host by an
infrequent one), can modify host-parasite synclaation of diapausing ectoparasites of
endothermic species. To understand the influent®sif switching on the mechanisms of
parasite synchronization, we conducted experimesisg the system formed by the
ectoparasitic flyCarnus hemapteruand its avian hosts. We simulated the occurrefice o
the usual host and natural cases of host switdhyrexposing overwintering carnid pupae
from Bee-eater nestderops apiasterto the earlier incubation periods of tW@arnus
host species that frequently reoccupy Bee-eatds.nBspae exposed to host switching
treatments advanced the mean date of emergenq@@shaced an earlier an faster rate of
emergence in comparison with pupae exposed batheta@ontrol (absence of any host)
and Bee-eater treatments. The effect was more mivide the treatment resembling the
host with the most dissimilar phenology to the afiehe usual host. Our results show
that host temperature profile is an environmental used by this parasite and reveal that
Carnus hemapterusas some potential to react to involuntary hostching by means of
plasticity in the termination of diapause.

Keywords: Carnus hemapterysliapause, ectoparasite, host temperature, hdasthavg,
life cycle, phenotypic plasticity.

Publicado como: Calero-Torralbo, M.A., Valera, BQ08. Parasitology 135,
1343-1352.
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Introduction

Synchronization of life cycles with the availaljliof resources is basic for many
organisms among which parasites are not an exceffoulin 1988). Parasitic
species, particularly those that feed on ephemesalurces, must ensure that their
host-feeding stages are synchronized with the tiwteen those hosts provide the
appropriate food resource. Therefore, many pasabiée evolved dispersal and
developmental mechanisms (especially diapausegfieggard their success in
finding an appropriate host at the right momentu@ex et al. 1986, Danks 1987).
Diapause is a form of dormancy that allows indialduto survive when
conditions are unfavourable and ensures synchriomizaf active stages with
favourable conditions (Danks 1987, Masaki 2002).adause regulation
mechanisms must achieve that induction, developrardtdiapause completion
are realized in most suited periods for every iitligl, responding to reliable
external stimuli and cues that modulate directhdirectly different physiological
events during the phases of diapause (Kostal 208@ulating its duration and
intensity (Hodek 2002, Masaki 2002). Although thessironmental factors are
diverse, numerous studies distinguish temperatae Ehotoperiod (single or
combined) as the most important controlling sigriaése references in Tauber et
al. 1986, Danks 1987).

Temperature has been acknowledged since long atflaential variable
for insects and development thermal responsesajmadise are well understood in
parasitic insects (Feder et al. 1997, Wharton 1%&&ndolph 2004). Ambient
temperature is a reliable signal specially in lowinter diapauses (several
months), due to the annual periodicity at regioleadel; or in places where
photoperiodic changes are small (tropical areashair appreciable and daily
temperature fluctuations are buffered (e.g. speicieshich some phases of the
diapause take place in holes, caves or into tHe (xnks 1987, 2006b). Several
authors have pointed out that, in ectoparasitesndbthermic hosts, temperature
of the host or its surroundings (burrows or nedtene they reside or breed) can
control and modify parasite life-cycle duration amdensity (Marshall 1981,
Danks 1992). Whereas some examples exist (e.g. lemand bug species use

host temperature to break their dormancy and ensose availability, Marshall
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1981, Danks 1992), to our knowledge there is ndysfocusing specifically on
the effect of host body temperature on insect [it@sakfe cycles. The influence of
host temperature on insect biology is likely to elegh on the ecological scenario,
being probably stronger in cold climates than inrmer ones (see Wetzel &
Weigl 1994). Our wide knowledge on thermal respopaterns in insects could
probably forecast the response of insects to lewspeérature. However there are
other scenarios where insect response to host tatape is probable less intuitive
and with deeper implications. The effect of hoshpgerature and host switching
on synchronization between trophic levels is adbrginexplored topic (but see
Marshall 1981, Wetzel & Weigl 1994) that is impartdor a better understanding
of the evolution of host-parasite interactions. Hbedies (and their intimate
environment like nests) of polyphagous parasites steow distinct temperature
profiles determined by physiological mechanisms/@andbehavioural features
(e.g. breeding phenology, roosting behaviour, typeest with varying insulation
characteristics...) that can vary remarkably amongmtel hosts. Moreover, for
those parasites that do not actively choose thest, lthanges in the habitual host
(i.e. host switching) are likely to represent anffigant challenge for the
parasite’s ability to exploit the new host. Vamatiin key features of the host, like
temperature, is likely to influence diapausing oregcent parasites that should
synchronize their infection phase with the new wvese. Nest parasites can be
particularly the case. Given that some nests camebeed by different bird
species, successive generations of a parasite magxposed to different host
species, which may have similar or very differergdaling biology and vary in
important features (e.g. temperature profiles)sThises the question of whether
the parasite is able to modify its life cycle iHate@n to the host species (i.e.
degree of host specificity, Roulin 1998, Valeraaét 2003). In summary, the
influence of host temperature and its variationpamasites life cycle is largely
unknown and experiments resembling natural circantss are required to better
understand the manner in which environmental factoay affect host-parasite
relationships via diapause in an ecological confesinks 2007).
The system formed by the ectoparasiteGrnus hemapteruNitzsch and

its avian host species provides us an excellenorppity to study parasite

109



Capitulo 1l

responses to host switching and the influence t kemperature on diapause
regulation. Carnus hemapteruparasitizes nestlings of bird species with very
different breeding phenologies, with some prefegefoe birds nesting in cavities
(Grimaldi 1997). This fly overwinters as pupae e hest and the emergence of
the infecting phase is partly synchronized with ¢fceurrence of their hosts (i.e.
hatching of nestlings) (Liker et al. 2001, Valettaaé 2003). Involuntary host
switching can occur if a different host from theeothat used it in previous
breeding seasons reuses the nest. In this studgiweo contribute to a better
understanding of the mechanisms involved in thelssonization of host-parasite
cycles by studying the influence of host tempemtur termination of diapause in
an ectoparasitic fly and by examining the respoofiseliapausing parasites to
changes in its intimate environment as a resuibwdluntary host switching. To
achieve these goals, we try to answer the followgogstions: i) What are the
environmental signals used Barnus hemapteru® resume metabolic arrest and
thus ensure the availability of resources? ii) Hiwes host temperature profile
influence parasite diapause? iii) How does the gi@aespond to host switching
and to what extent ca@arnusadapt its life cycle to different host species? We
hypothesise that differences in breeding phenodoggng alternative host species
will influence on Carnus diapause traits and that the parasite will respnd
changing temperature profiles. To answer these tigneswe experimentally
simulate natural cases of host switching by exmpgimerwintering pupae of
carnid flies parasitizing European Bee-eatéferpps apiasterto the incubation
periods of two commorCarnus hosts (the Little OwlAthene noctuaand the

HoopoeUpupa epopksthat frequently reoccupy bee-eater nests.
Material and methods
Study area and species

The study area is located at La Palma del Condgdigelva, South-west Spain
37° 35" N, 6° 45’ W) where Bee-eaters breed in shadlonies. The colony from
which samples were collected is situated in ansadd quarry and has been
occupied by Bee-eaters for years. More than 4G fmed during both study years
2005 and 2006. Climate in this area is typicallydilerranean with Atlantic
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influence, with long hot and dry summers and milshters. Precipitations are
abundant mainly in autumn/spring (mean annual adidiiring 2001-2006 period
= 588.2 mm) (Junta de Andalucia meteorological)data

Carnus hemapteruss a 2 mm long blood-sucking fly that parasitizes
nestlings of a variety of bird species (Grimaldi9IR Carnus is distributed
throughout the Palaearctic region and North Amefiisalife-cycle comprises an
adult stage, 3 larval phases encompassing aroundag4 at 22°C and 95%
relative humidity and a pupal stage (Guiguen el@83). The puparia are black,
short barrel shaped and very cryptic, simulatingt memains of chitinous parts of
arthropods consumed by the hosts. After a seveatinm winter diapause
(Guiguen et al. 1983) adult flies emerge in fhkowing spring approximately
when their nestling hosts hatch (Valera et al. 20@ult flies are initially
winged, but typically lose their wings once thegdte a suitable host (Roulin
1998).Since neither the adults nor the larvae have beandf on adult birds, flies
are assumed to colonise new host nests activelggithle winged phase of their
life cycle (Grimaldi 1997, Roulin 1998NonethelessCarnuscan perpetuate by
itself in the nest for several years since prolahdepause has been recorded for
this species (Valera et al. 2006a). Adult flies ahert lived during dispersion
(around 2 days, MACT personal observation).

The European Bee-eatilerops apiasters a single-brooded, migrant bird
that nests in cavities at the end of long burrdtwssually forms breeding colonies
(up to 80 pairs in the study area; MACT personakobation) that can be used for
many years becoming traditional breeding areasskg laid directly on the
sandy soil of the incubation chamber. Incubaticstslaaround 20 days starting
before the clutch is complete (Cramp 1985). Thealernsually sleeps in the nest
(Cramp 1985). Ar & Piontkewitz (1992) estimatedtttiee mean temperature in a
Bee-eater incubation chamber during the day way & + 1.6 °C.

Bee-eater nests are commonly used by a varietyirds for breeding
among which Hoopoeblpupa epopsand Little OwlsAthene noctuénave been
reported(Casas-Crivillé & Valera 2005). The latter specée resident, cavity
nesting birds commonly parasitized 6arnus hemapteru@/alera et al. 2006a).

They frequently occur in sympatry with the Bee-eateSpain. In southern Spain
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Hoopoes breed from February to June, with about 20%airs laying a second

clutch (Martin-Vivaldi et al. 1999). Incubation tasaround 17 days (Martin-

Vivaldi et al. 1999). Little Owls lay a single ctit although replacement clutches
occur. Incubation lasts around 27-28 days and teeding period is usually from

April to June (Cramp 1985). Thus, in our study are@poes start breeding first,

followed by Little Owls and Bee-eaters being thesabreeders.

Data collection

During February 2%:22" 2005 and February 8006 nests with evident cues of
having been used the previous breeding seasondaboa of arthropods remains
and bird pellets in the nest), and therefore mikeyl to containCarnus pupae,
were sampled. Twenty five samples were collectath g@ar from the breeding
chamber by using a spoon attached to a stick. Theuat of nest material
collected varied among nests (range: 417-1623 ghehtheless, the number of
emerged flies is not related to the amount of mesterial collected (Spearman
rank correlations for each treatment and yBar,0.1 for all cases; see also Valera
et al. 2006b). After collection, samples were kepttransparent plastic bags,
carried to the Estacién Experimental de Zonas Ari¢almeria, South-east Spain,
36° 50'N 02° 28'W) and stored in a dark room witen windows to resemble
natural conditions (i.e. ambient temperature maddréy partial enclosure and

semi-darkness).
Experimental design

The aim of our study was to evaluate the effecthef habitual host and of host
switching on the emergence dfarnus hemapteryssimulating situations

occurring in nature. Thus, our experimental degignsists of exposing carnid
pupae to three different situations: occurrence¢hefusual host (the Bee-eater),
occurrence of a different host (Little Owl in 20@%0opoe in 2006) and control
(resembling pupae in unoccupied nests). In 200%egperiment included a Little

Owl, a Bee-eater and a control treatment where29@6 it comprised a Hoopoe,

a Bee-eater and a control treatment (Figure 1).
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2005 Bee-eater

samples

Bee-eater treatment Little Owl treatment
- Control treatment L
(original host) host (host switching)

21 days at 27.5 °C from S(tno ost) 28 days at 27.5 °C from

11 to 31 May ore room 19 April to 16 May

2006 Bee-eater

samples

Bee-eater treatment
(original host)
21 days at 27.5 °C from
11 to 31 May

Hoopoe treatment
(host switching)
18 days at 27.5 °C from
24 March to 10 April

Control treatment
(no host)
Store room

Figure 1. Experimental design diagram for simuladi@f host occurrence and host switching in 2006 an
2006.

Samples of Bee-eater nests were thoroughly mingkatjomly split in
three subsamples of the same mass and arbitrabijgced to the following three
treatments: i) incubation by the original host: aréficially reproduced the Bee-
eater incubation period, keeping the subsamplemg@#l days at 27.5°C (JP
Selecta, model Incubat 150, ref. 2000994). Follgwthe Bee-eater breeding
period in our latitude (Cramp 1985, pers. obsg,tteatment began from 11 May
and lasted until 31 May (both in 2005 and 2006)nfrthen onwards the
subsamples remained in the store room; ii) hostetivig incubation: to test
whether a host change (with different breeding slaed/or duration than the
habitual host), can affe@arnusemergence, we artificially reproduced the Little
Owl and the Hoopoe incubation periods. Given theawa range of incubation
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temperature reported for very different bird spe¢@ebb 1987) and that thermal
microenvironment of burrows is very constant (Whie al. 1978, Ar &
Piontkewitz 1992, Lill & Fell 2007) we assume thainperature in the breeding
chamber in nests occupied by these two specigmiksto the one in Bee-eater
nests. Following the breeding dates and duratioouinlatitudes (Cramp 1985,
Martin-Vivaldi et al. 1999), we kept the samplesiniy 28 days at 27.5° C, from
19 April to 16May 2005 (Little Owl treatment), and for the Hooptmeatment
during 18 days at 27.5° C, from 24 March to 10 Ap@i06. From the end of the
treatment onwards subsamples remained in the siorg; iii) control treatment:
subsamples remained the whole time in the storeroom

Samples were periodically monitored (each 2-3 daf@) Carnus
emergence from 14 March 2005 until 9 July 2005 f@ach 14 March 2006 until
23 June 2006 (in both cases 10 days after thetastged fly was recorded). Flies
emerging from each subsample and date were selygreteerved in 99% ethanol
and subsequently counted and identified with tlidechia binocular microscope.
Emergence dates were grouped into weeks startorg the first week of April
(when earliest emergence was recorded). During ,26G6 temperature in the
storeroom was checked every three hours by meaagehperature data logger
(Maxim/Dallas Integrated Products, Inc.). At thadi of the bee-eater treatment it
averaged 25.5°C (range: 23.5 - 28.0°C).

Carnus hemapterugmergence was registered in 12 out of 25 nests
sampled in 2005. In 8 nests emergence was recandai treatments, in 1 nest
emergence was recorded only in the Little Owl amtiol treatment and in 3 nest
emergence was recorded in just a single treatnizuning 2006, 15 nests had
emergence in all three treatments. In one nestganee was recorded only in the
Hoopoe and control treatments and in 2 nests emeeg&as recorded in just a
single treatment.

A subsample of flies emerged during the study pewas deposited in the
Zoological Collection of the Estacion Experiment® Zonas Aridas (Almeria,
Spain) (reference numbers 6488 to 6496).
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Statistics

Except for the calculation of prevalence, analysese restricted to those nests
where emergence was recorded in all three treasmsinte the number of
emerged flies in the remaining nests (i.e. in thakere emergence occurred in
one or two treatments) was very low. Prevalenceprtion of infected samples
among all the samples examined) of parasites aramhn@ensity (number of
individuals found in the infected samples) of flieas calculated angf tests were
used for comparing prevalences. One-way withinestbj (repeated measures)
ANOVAs were used to test the effect of treatmemtstioe number of flies
emerged per sample, length of the emergence paniddnean date of emergence.

For the analysis of the effect of treatments ondheergence pattern of
flies our experimental design encompasses two mvihbject factors: i)
emergence time and ii) subsamples of the same exgsbsed to different
treatments. Thus, to analyse the effect of thetrtreats onCarnus emergence
along the emergence period we used multi-way wishibjects repeated measure
ANOVA tests (von Ende 2001). The dependent variabkés the cumulative
percentage of emerged flies per week after chedkingormality. Given that the
earliest emergences occurred intermittently, onlgdme treatments and at a low
number (see results) we focused on the main pefi@mergence and excluded
from the analyses the first week of emergence B62ihd the three first weeks in
2006. Anyway results did not change when includingh weeks. Weeks when
most subsamples had reached 100% emergence werdisdarded since they do
not influence the overall emergence pattern. Teasen weeks (from the fourth
week of April until the second week of June) angkfiveeks (from the fourth
week of April until the last week of May) were inded in the 2005 and 2006
analyses respectively.

We used Mauchly’s test to check the assumptiorpb&scity and, when
the latter was not met, we adjusted the degreedremfdom by using the
Greenhouse-Geisser and Huynh and Feldt estimatees\on Ende 2001). Here
we provide the conservative Greenhouse-Geissereated probability. We

followed both the univariate and the multivariatgpeach when possible (i.e.
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sample size did not allow testing the effect of thieraction between time and
treatment in 2005). Since both approaches gavesdahee results here we report
the results obtained with the more powerful unist&riapproach (von Ende 2001).
Given that the sample size in 2005 is low in consoar to the number of
dependent variables (i.e. seven weeks and thraemeats; see von Ende 2001)
we first analyzed our data pooled into three pexitvo first weeks, the main
emergence period of three weeks, and the latesimMeaks). Since the results do
not change when compared with the ones obtainedh vdomsidering seven
periods (i.e. seven weeks) and since a more aecwiatv of the effect of
treatments orCarnus emergence is gained in this way we prefer shovtireg
latter results.

Since we hypothesise that both experimental treatsrigave a differential
effect on Carnus emergence both when compared to each other andah whe
compared with the control, we performed univaritagsts of significance for

planned comparisons when opportune.
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Results
Effect of the incubation treatments on prevalenua @undance of flies

Prevalence ofCarnus hemapterugvas not affected by the treatments either in
2005 or in 2006 (Chi-square tesyé = 0.11,P > 0.10; > = 0.11,P > 0.10,
respectively) (Table 1).

Treatment | 2005 2006
Prevalence Mean n° flies Prevalence Mean n° flies
(range) (range)
Control 40% (25) 87.4 (1-281) 64% (25) 13.8 @7
Bee-eater | 36% (25) 71.4 (2-248) 64% (25) 14:845)
Little-owl | 40% (25) 56.6 (1-158) - -
Hoopoe - - 68% (25) 10.8 (1 -49)

Table 1. Prevalence (sample size in brackets) amddance ofCarnus hemapterulies in subsamples of
each treatment in 2005 and 2006.

Experimental treatments performed in 2005 did mfice the number of
emerged flies (Repeated Measures ANOWA4= 4.70,P = 0.027) since more
flies emerged in the control subsamples than inLittee Owl and the Bee-eater
subsamples (Univariate tests of significance fanpked comparison® = 0.045
and P = 0.024, respectively) (Table 1). In contrastatneents in 2006 did not
influence the number of emerged flies per nest éRsgml Measures ANOVA,
Fo.5= 1.8,P = 0.18) (Table 1).

Effect on the incubation treatments on the phenpolofjemergence of Carnus

hemapterus

In 2005 emergence was first recorded during thel thieek of April in some
subsamples of all treatments (Fig. 2a) and becaomemon in all treatments
during the fourth week of April. The earliest emamge in 2006, as early as the

first week of April, was recorded in subsamplesearmttie Hoopoe treatment.
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Figure 2. Mean cumulative emergence (+SE)Cafnus hemapteruander different treatments performed
during 2005 (a), and 2006 (b). Horizontal dottetkd represent the duration of the habitual hose-{E&xer)

incubation treatment in both 2005 and 2006; hotialocontinuous lines represent the duration oftbst-
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switching incubation treatment (Little Owl in 2088d Hoopoe in 20086, the latter startind' March).

At the end of April it became common in the Hoopaatment and it was
not until the second week of May when emergenceroed regularly in the Bee-
eater and control treatments (Fig. 2b). Nonethelkesatments did not influence

the length of the emergence period (number of wadien emergence occurred)
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in any year (Repeated measures ANOVA, 2085, = 0.05,P = 0.94; 2006F; 25
= 0.57,P = 0.57). Most nests reached 100% emergence bylumid in 2005 and
during the first week of June in 2006.
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Figure 3. Mean emergence date (+SE), ranging fréthNarch to 11 July (2 May = § — 14") of Carnus
hemapterusinder different treatments during 2005 (a) ands2@).
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Treatments did influence the mean date of emergkatein 2005 and in
2006 (Repeated measures ANOVA, 206534= 5.9, P = 0.013, adjusted =
0.027; 2006F, 25 = 12.1,P < 0.001, adjuste® < 0.001, respectively) so that the
mean emergence of flies from subsamples under itiie IOwl treatment (in
2005) and the Hoopoe treatment (in 2006) occureetiee in comparison to the
one of flies under the control (Univariate tests sifinificance for planned
comparisonsP = 0.004 and® = 0.005, respectively) and Bee-eater treatmi@nt (
0.063 andP < 0.001, respectively) (Figs. 3 a, b). The Hoopreatment had a
stronger effect than the Little Owl treatment sind@opoe-incubated flies
emerged on average 1.07 weeks earlier in compatsaontrol flies (Fig. 3b)
whereas Little Owl-incubated flies emerged justdOveeks earlier than control
flies (Fig. 3a).

2005 df F P Adjusted p
Treatment 2,14 8.4 0.004 0.005
Time 6, 42 277.4 <0.001 <0.001
Treatment X Time 12, 84 51 <0.001 0.014

Table 2. Results of the multi-way within-subjeatpeated measure ANOVA for the experiment in 200& T
dependent variable is the cumulative percentagenadrged flies per subsample, and treatment (L@,
Bee-eater and control) and time (seven weeks frér\@il until 11 June) are the predictors. Adjusted

values refer to the Greenhouse-Geisser correctdthpility (see Methods).

Analysing the weekly emergence of flies in eachttrent we found, both
in 2005 and in 2006, a significant treatment x timraction (Tables 2 and 3
respectively), indicating that treatments influethtiee emergence pattern of adult
flies. Specifically, in 2005 pupae started emergihthe same time regardless the
treatment) but from mid May onwards pupae under liide Owl incubation
treatment emerged at a faster rate (Fig. 2a). B628ome Hoopoe-incubated
pupae (two out of 176 emerged in this treatmerit3%) appeared two weeks

earlier than pupae under the other treatments.
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2006 Df F P Adjusted p
Treatment 2,28 14.9 <0.001 <0.001
Time 4,56 128.6 <0.001 <0.001
Treatment x Time 8,112 4.8 <0.001 0.002

Table 3. Results of the multi-way within-subjectpeated measure ANOVA for the experiment in 200@& T
dependent variable is the cumulative percentagenafrged flies per subsample, and treatment (Hodgees,
eater and control) and time (five weeks from 24ilApntil 28 May) are the predictors. Adjusted p ued
refer to the Greenhouse-Geisser corrected probatske Methods).

Nonetheless, the differential effect of the treatteds evident only from
the end of April, when the Hoopoe treatment produaefaster emergence than
the Bee-eater and the control treatments (Fig. Pig.Bee-eater treatment had no
significant effect orCarnusemergence when compared with the control treatment
(Univariate test of significance for planned conipams, 2005P = 0.21, 2006P
=0.41).

Discussion

Our study experimentally shows the ability of apdiasing ectoparasitic fly to
respond to thermal changes in its intimate enviremncaused by the type of host.
Pupae exposure to the incubation of the usualdifferent host did not influence
the prevalence, the length of the emergence pemiwdhe number of emerged
flies (with the exception of control subsample2@®5). In contrast, experimental
simulations of host switching resulted in signifitahanges in the phenology of
emergence of the parasite, modifying both the mdate and the rate of
emergence. As a result, flies under the new hosirged earlier and faster in
comparison with flies under the habitual host ane tontrol treatments. The
effect was more evident for flies under the Hoopeatment, the host with the
most dissimilar phenology to the usual one, the-Baer, since emergence of the
parasite started some weeks earlier than in subdearapder the other treatments
(even though only few flies emerged at that tinTdje treatment reproducing the

occurrence of the usual host had no discerniblecefivthen compared with the

121



Capitulo 1l

results obtained with the control treatment (absasfdhost). This is not surprising
since differences in temperature between bothnreats (27.5°C vs. an average
temperature of 25.5°C in the store room at the tifnthe bee-eater treatment in
2006) was small and, thus, they had a negligiblecebn the general pattern of
emergence of flies under both treatments. For cosga differences in
temperature between the Hoopoe treatment (27.53€)ttee control one at the
time when the former was applied were three-folghbi (mean temperature in
the store room during the Hoopoe treatment = 2).6¥8e question remains
whether differences in temperature between the rabriteatment and an
experimental one resembling the same host in &rdift (colder) climatic area
(where ambient and nest temperature differenceddmoe larger), or another
usual host breeding earlier in the season (e.gpb®o(and thus causing larger
differences between both treatments) would haveltessin different emergence
patterns.

Thermal response of diapausing insects is well kn@mce long and
decreased diapause duration in many different gptids as a consequence of
gradual increase of environmental temperature legs experimentally shown
(e.g. Broufas & Koveos 2000, Kemp & Bosch 2005,x&en & Polavarapu
2005). Surprisingly, the effect of host temperatare diapausing parasites has
been less investigated. Wetzel & Weigl (1994) angek & Richner (1999)
showed the importance of host temperature profiesan environmental factor
that can determine differences in several pardsagures but they did not pay
specific attention on the effect of host tempemtum the phenology of emergence
of diapausing parasites and its ecological consempsein terms of host-parasite
synchronization. The use of host temperature agdabreak dormancy has been
described for ectoparasites of endothermic hokes dbme flea or bug species
(Marshall 1981, Danks 1992). However, our resuiswsthat the rate ofarnus
emergence increased just before the end of the d¢oapd Little Owl treatments
(Fig. 2), suggesting that the underlying mechanismot the above-mentioned
break dormancy, that is an aseasonal quiescencee wlgation of dormancy is
highly variable (short or long cycle) and generalepends on the
absence/presence of the host (Marshall 1981, Taeibat. 1986). In contrast,
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Carnus hemapterudormancy is a long-cycle seasonal diapause (Goigael.
1983, Valera et al. 2006b). Thus, differences olekramong treatments are
probably the result of faster heat accumulatiorupEa et al. 1986, Kostal 2006)
rather than the result of sudden break dormancy.

What are the consequencesQdirnusresponse to host temperature and
host switching? Maximising the temporal overlaphwthe host is crucial to
parasites (Poulin 1998). Thus synchronization cftiparasite cycles is expected
and, in fact, it has been reported elsewhere {seénstance, Andres & Cordero
1998, Rolff 2000). Valera et al. (2003) showed thatemergence of adult carnid
flies in a bee-eater colony was synchronized wittthing of its usual host so that
only 9.0% of the flies emerged before any bee-emtstling hatched in the
population (see also Liker et al. 2001). Howevppearance of the fittest resource
can vary according to the characteristics of thdiqudar host exploited by the
parasite (e.g. breeding phenology) and/or the ggiigc location. Moreover,
generalist parasites lik€arnus hemapterusan potentially feed upon a wide
variety of hosts. For instance, Valera et al. (30@8nd that second broods of
rock sparrows coexisting with bee-eaters in theesawmlony were infected by
Carnuswhereas first broods (occurring earlier that baerebroods) were free of
parasites. Spatial and/or temporal adaptationsftereiht hosts’ phenologies can
help to diminish such sort of mismatch (Carroll &yl 1992, Filchak et al. 2000,
Nyman 2002). Intraspecific clinal variation in ttreermal regulation of the rate of
diapause development has been demonstrated inietyvaf organisms (see
Tauber et al. 1986, Hoffmann et al. 2003) and, ,teakection for variou€arnus
hemapterusthermal phenotypes (Nijhout 1999, Weinig & SmicB@04) with
rates of development at different optima of tempeemadapted to the breeding
phenology of different hosts could be possible.

Most insects in temperate climate use either plestog or temperature, or
a combination of both, as cues for their timingisieas (Tauber & Tauber 1981,
Smith & Mclver 1984, Leather et al. 1993). Our datmgest that, by using the
same signal (temperature) but from different saarg@biotic -ambient
temperature- and biotic -host temperatur€rnusis able to respond both to

seasonal, predictable unsuitable periods (e.g.nawiminter) as well as, at least
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partially, to unpredictable short-cycle modificais (host switching involving
differences in breeding phenologies), adjustingitergence to the appearance of
the nestlings of the new hosts and increasinghtnces of survival and future
reproduction.

It could be argued that the observed differencesenmergence here
revealed could be due to genetic variation withmfly population for emergence
date. However, mixing of samples during collectiand randomization of
assignment to each treatment excludes this exptema&Rather, we propose that
Carnus hemapteruslisplays some degree of phenotypic plasticity djust its
emergence to different hosts. When appropriate foemburce appearance is
irregularly distributed along the season, polym@ph in diapause duration
between individuals feeding on particular hosts e place (Feder et al. 1993,
Tikkanen & Lyytikainen-Saarenmaa 2002). Nonetheledgn sets of individuals
are specialized to parasitize a particular resqutteey can lose the ability to
exploit others (Giorgi et al. 2004), jeopardizifgit future reproductions when
the preferred host is not present. Therefore, setedor ability to respond to
eventual alternative host appearance by meansesfgtypic plasticity in diapause
traits could be advantageous. Moreover, it is kntat the development system
of insects is preadapted in many ways for the ragidlution of phenotypic
plasticity (Nijhout 1999). For generalist speciémtt occupy a wide range of
habitats, likeCarnus hemapterus, high degree of plasticity is advantageous and
could consequently be a result of natural seled¢anckenhorn 1998).

We cannot discriminate whether this species showgeaeral-purpose
genotype” (Baker 1965), capable to respond to awst,tor whether the plastic
response is limited either because there existsesphysiological limit, or
because there is a loss of specific thermal pheiotyesponses in local
populations (Kemp & Bosch 2005). Our results dogasg) that there may exist
some kind of limited thermal phenotypic plastiqiWest-Eberhard 2003) because
in the most strenuous case (the Hoopoe treatmaht)aosmall fraction of flies
(9.23% of the total number of flies emerged in ttraatment) appeared during
April, when most first Hoopoe clutches are hatchingour latitudes (Martin-
Vivaldi et al. 1999). Thermal phenotypic plasticityay, on the other hand, be
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costly since responses to changes in temperaturen veombined with other
factors affecting insect survival (e.g. heavy cotitjpe for resources during the
larval stage due to high population density, seleb&iet al. 2004; Koch et al.
2005), could jeopardize survival. This could be ttese in 2005, when the
temperature treatments together with the high densilarvae could result in the
lower number of emerged flies in the experimentahtments in comparison to
the control one.

Previous work on the interactions between hostardsites has focused
primarily on the importance of host immunology, plaology or behaviour. Our
study rather explores intimate mechanisms reg@dtie synchronization of host-
parasite cycles and stresses the idea that hopetatare is an ecological factor
that must be considered when host-parasite rekitipa are studied. Differences
in temperature profiles among hosts could be anoftapt selective pressure
driving ecological specialization processes vigodisse adaptations to particular
temperature profiles in parasites. Testing whethest temperature could be a
mechanism of initial divergence of populations Garnus and other parasites
would require additional research on within-popolatvariance and range of

phenotypic plasticity in the emergence patternsanésites.
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CAPITULO IV

Allochronic emergence and interspecific host-assated
phenological synchronization in a generalist ectopasite.

Abstract: Generalist parasites are exposed to a variety sfsheith marked degree of
ecological and phenological differences. In diapayarasites, where the arrest of
diapause and the emergence of the infective phasgyachronized with the appearance
of the resource (host), host-associated synchromizwith the different host phenologies
can led in a temporal isolation, that eventuallyldodrive an allochronic process of
diversification among the different host-associgbedasite lineages. We examined the
existence of temporal isolation, plasticity in tremgth of diapause and host-parasite
synchronization in the generalist avian ectopa&&rnus hemapterydy means of two
different experimental procedures, a common gameh a translocation experiment.
Results of common garden experiment showed thae tlsea host-associated parasite
emergence with three of the most habitual hostiepeno our latitudes. By means of
translocation procedure we found that developmedtaarest of the diapause is a plastic
trait in this specie, confirming that phenologyemfiergence iCarnus hemapterusan be
easily modified by environmental changes experigndering last phases of diapause
development. By means of null models simulatiopleénological co-occurrence, we also
showed that phenological distribution of Roller addopoe associate@arnus strains
were synchronized with the breeding phenology eirtrespective hosts. As a whole, our
results confirm the existence of temporally isalatend host-associated alternative
phenotypes in this generalist specie. Consequentethis temporal barrier in the
framework of an eventual process of allochroniedsification are discussed.

Keywords: Coracias garrulus, Upupa Epopslife-cycle synchronization, clinal
speciation, polyphenism, phenotypic plasticity pdiase development.

Miguel A. Calero-Torralbo, Francisco Valera, Jofdioya-Larafio
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Introduction

Organisms are constantly developing strategies aataptations to synchronize
their life-cycles with the most favourable periotts ensure highest rates of
survival and reproduction. Parasitic organisms aa@ticularly prone to
synchronize life-cycle with their resources becausegeneral, they feed on
ephemeral and/or irregularly distributed individiiand they must ensure that
their host-feeding stages become synchronized thigthtimes when hosts provide
the appropriate food resources. Most biotic or tidifactors that fluctuate and
influence over the organisms throughout their Bfgan are either directly or
indirectly related with seasonal changes (Tauberalet1986); and among
invertebrates (including parasites, see for exarhptier et al. 1997, Sommerville
et al. 2002, Randolph 2004), dormancy, either byamseof diapause or
guiescence, is considered a main strategy to feasosal and/or cyclic adversity
and synchronize development with the period whenditmns are ideal to
achieve optimum values of fitness (Tauber et 8861 ®anks 1987).

Intraspecific variability and genetic polymorphism diapausing stages
has been well documented in hundreds of species Esewvn & Hodek 1983,
Tauber et al. 1986, Leather et al. 1993) and giim@ause regulation and duration
are strongly dependent of environmental factore &mperature, photoperiod,
moisture, food availability, or population densifi{ostal 2006, Tauber et al.
1986), plasticity and fixation of alternative phégmes in the expression of
diapause traits is a widespread feature in diapgusiganisms (West-Eberhard
2003). Therefore, observed polyphenism and vairighiht diapause expression
can be the result of a fixed genetic polymorphigtasticity controlled by
environmental cues (acting direct or indirectly otiee diapausing stage) or a
combination of both mechanisms (genetic polymomphisvith individual
phenotypes being partially regulated by environmefactors) (Tauber et al.
1986, West-Eberhard 2003, Kostal 2006).

Clinal variation both at spatial and temporal seéaldiapause duration has
been deeply documented and intraspecific variatiahapause has been proposed
as an important isolation mechanism involved in ynprocesses of speciation,

race formation and/or specialization events of gtga and phytophagous
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organisms (West-Eberhard 2003). Particularly allonlt speciation (divergence
of species that are separated in time rather thapace, Alexander & Bigelow
1960) via host variation in phenology has been sestggl as an important
mechanism of temporal isolation and/or divergetgc®n (Via 2001, Rundle &
Nossil 2005). Allochronic divergence in phytophagaarthropods is common
(Craig et al. 1997, Filchak et al. 2000, Tikkaneddkunnen - Tiito 2003, Abbot
& Withgott 2004, Feder et al. 2005, Santos et @072 2011, Ording et al. 2010);
in contrast, very few cases of allochrony have bstedied in animal parasites
(see Therom & Combes 1995, McCoy et al. 2001), itespe importance that
this diversifying mechanism may have in this gyiRtice 1980, McCoy 2003).
Particularly, generalist parasites with broad hw@stge are ideal organisms to
study allochrony, since parasites tend to speeiadz their local environments
(i.e. hosts) (Combes 1991, Thomson 1994, de Mee@@. €998) and natural
selection would favour parasite specialization lo@ most available host species
(Haldane 1949) or increase the probability of rplatiplastic phenotypes within
parasite populations exposed to different hosts warked differences in life-
cycle phenologies. This could eventually drive e divergence processes by
means of fixation of alternative life-cycle, due &ssortative mating between
synchronic individuals, thereby turning incidentaksortative mating into
assortative mating by genotype. (West-Eberhard 28@8lichting 2004). Thus,
some degree of synchronization between parasités@me of their hosts can be
predicted even for generalist parasites.

By studying the generalist ectoparasitic farnus hemapterysand
several of their avian host species, we investigiaée existence of allochronic
emergence associated with different host breedifgen@logies. Carnus
hemapterusnainly parasitizes unfeathered nestlings of aglangmber of species
at a large geographical range (Brake 2011). Timeemirgence ofCarnus
hemapterusis mainly controlled by diapause and post-diapadigeation and
temperature and host breeding phenology seems ap @l main role as a
regulatory and informative cue adjusti@@rnusemergence (Calero-Torralbo &
Valera 2008, Calero-Torralbo et al. in prep.). dspecific (at nest and population

level) host-parasite synchronization has been tegdoy several authors (Liker

131



Capitulo IV

2001, Valera et al. 2003, Martin-Vivaldi et al. Z)0/aclav et al. 2008, Calero-
Torralbo et al. in prep.). Nevertheless, theredswork testing the existence of
inter-specific host-parasite phenological co-ocence and allochronic separation
by means of different parasite host-associated gegnee. Information about the
extent of plastic responses @arnus hemapteruphenology is also scarce (see
Calero-Torralbo & Valera 2008) and the nature of #xpression ofCarnus
hemapterussmergence (a plastic broad-range phenology, a ajzed strategy
and/or parasite adaptation to particular host plogies or a combination of both)
remains unsolved.

In this work we explore host-parasite synchron@aiin an avian-parasite
system; we predict the existence of host-assoceitedhrony as a first stage in a
hypothetical process of parasite divergence andtdrydefine the degree of
plasticity involved inCarnushemapterugphenology and diapause duration. We
specifically conduct three different approacheartswer the above questions:

Parasite allochrony: In order to minimize the cimttion of

environmental variation to parasite phenology dyrihe last stages of

Carnus hemapterudiapause (probably more dependent on environmental

conditions than winter stages; see Calero-Torr&bdalera 2008), and

isolate the host-related effects over parasite plogies, we conduct a

common garden experiment with three host speciesyugatural holes

similar to those normally used by the hosts duthey breeding period in
our study area

Host-parasite phenological synchronization: We explthe degree of

parasite matching with the different host breedihgnologies using null

models (Gotelli & Graves 1996, Gotelli 2000). Siieaily we asked if
parasite temporal distribution in different hostdldws a non-random
pattern.

Environmentally induced plasticity in parasite pbiegy. To detect local

differences and incorporate environmental variatiower Carnus

hemapterugliapause duration and emergence, we conduct sldcation
experiment using parasites from the same host€R@lbracias garrulu¥

but from two distant populations in the Iberian iRsnla. We analyse
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patterns of phenotypic variation and try to detaod disentagle the
contribution of local host phenology from the effexf environmental
factors over parasite emergence during last stagksdiapause

development.
Material and methods
Study areas and species

The study areas are located at Tabernas (AlmevigthSastern Spain 37.066 N, -
2.354 E) and Castro Verde (Baixo Alentejo, Southieontugal 37.706 N, -8.071
E). The landscape of Tabernas mostly consists diahds and wadis with olive
and almond groves interspersed among numerousiviisbeds. The climate is
semiarid with long hot summers and high annual seabonal variability in both
rainfall and temperature (average annual maximumpésature during the
warmest month = 34.7 °C, average annual minimunpéeature during the
coldest month = 4.1 °C ; mean annual rainfall =.238m; cold desert climate
under the Kdpper-Geiger climate classification systPeel et al. 2007, Lazaro et
al. 2004). Castro Verde is a cereal pseudosteppa eomprising a mosaic
landscape of cereal, stubble and fallows; the ¢énms of Mediterranean type,
with hot dry summers and mild humid winters (averagnnual maximum
temperature during the warmer month = 32.0 °C, agerannual minimum
temperature during the coldest month = 5.0 °C, nagsnual rainfall = 589.4mm;
warm Mediterranean climate under the Kopper-Geigiémate classification

system; Peel et al. 200ffttp://www.weather.coin

Carnus hemapterughereafter Carnug is a 2-mm long polyphagous
ectoparasitic fly that parasitizes nestlings oféety of bird species (host range =
60 cited species; Brake 2011). Its life cycle casg® an adult stage, three larval
phases lasting around 21 days at 22 °C and a ptage (Guiguen et al. 1983).
After a winter diapause usually lasting several thenimagines (infective stage)
emerge the following spring approximately when nsstable hosts (unfeathered
nestlings) are available. Adult flies are initiallyinged, but typically lose their

wings once they locate a suitable host (Roulin 19@®servational and recent
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molecular surveys ofarnusphylogeography (Chapter V1), suggest that flies do
not use adult birds as a vehicle of transmissiah dispersal movements during
the winged free-living stage are the main stratemyolonize new host nests.
Adult flies are short lived during dispersion (andu2 days without feeding,
Calero-Torralbo unpublished data).

We study flies from three different and usual hgpécies exploited by
Carnus hemapterus the study areas (Martin-Vivaldi et al. 2006,|&fa et al.
2006, Vaclav et al. 2008) and belonging to threedint orders within the
phylogenetic clade of the “land birds” (Hackettag#t2008): the European Roller
Coracias garrulus(Coraciiformes), Little OwlAthene noctugStrigiformes)and
HoopoeUpupa epopgBucerotiformes).

The European Roller is a single-brooded, migramt tmritorial bird; in
Tabernas area it breeds in burrows excavated ley bilhds in sandstone cliffs, in
cavities in human constructions as well as in besies provided by the
researchers from 2005 onwards; in Castro Verde #réaeeds in cavities in
human constructions (farms and abandoned strugtasesvell as in nest-boxes

provided by the ‘Liga para a Proteccdo da Natur€zBN - http://www.lpn.pt)

from the year 2002. The Little Owl is a single-bded, resident and territorial
bird; in our study area it breeds in burrows exteddy other birds in sandstone
cliffs as well as in cavities in human constructidike bridges, stone walls or
abandoned farm houses. The Hoopoe is a resideciespga our study area. In a
well-studied Hoopoe population (Martin-Vivaldi et 4999) only 19% of pairs
star a second clutch from which 8% achieve two #sodHoopoes breed in
burrows as well as in nest-boxes and human corstnscsuch as walls and other
abandoned structures. Remarkable variation in edghing asynchrony, clutch
and brood size has been documented for the thesgesp (Martin-Vivaldi et al.
1999, Cramp 1998, Vaclav et. al 2008, Véaclav eall1). Nestlings of rollers
and hoopoes are naked at hatching, but, by thefat)@ and 4-5 days, their body
is almost completely covered with closed featherafiis. The sheaths open from
around 15-17 and 9-11 days respectively (Cramp ,1B9&aclav, J.M. Peralta -
Sanchez pers. observ.). Little owl nestlings howewe covered by a layer of

white down at hatching and by the age of 2 weelsr thody is completely
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covered with the " down (mesoptile, rather feather-like, Cramp 1998).
Southern Spain, hoopoes breed from February to, Jiitte owls breed from
April to June and rollers from May to July (Martiivaldi et al. 1999, Cramp
1998, Vaclav et al. 2011). These three speciedhresimpatry, with some pairs
overlapping their breeding period, even thoughgeémeral, in our study area

hoopoes start breeding first, followed by Little Swnd the Rollers.
Data Collection

(a) Host phenology

We recorded Hoopoe and Roller breeding phenologyrdier to compare it with
the phenology of emergence Garnus We could not get data enough for Little
Owl. For Rollers we recorded hatching dates fore@rg (2005-2010) in a well
studied population at Tabernas area (see Vaclaal. 2008, 2011). We used
breeding data collected during 1991-1995 from arlmealoopoe population
around Hoya de Guadix and Corvales Reserve (Graismlghern Spain, 37.306
N, -3.135 E and 37.120 N, -3.584 E respectivelg; Martin-Vivaldi et al. 1999)
as well as data from Hoya de Guadix during 200242@Wartin-Vivaldi,
unpublished data). As a whole, we obtained dat22% Roller nests and 136
Hoopoe nests. Hatching date of the first nestlihgaxh brood (in Julian days of
the calendar) was used as a measure of host plggndkeplacement clutches

were disregarded.

(b) Parasite phenology

We controlled Carnus emergence in nests of the tthiféerent host species during
2006 and 2007. Nests that had been used the psebi@eding season, and that
were therefore more likely to contain overwinteripgpae, were sampled. In
2006, we collected Hoopoe samples during 23 Mar@d62from nest-boxes
placed in Hoya de Guadix; samples from Rollers &itde Owl nests were
collected during 28-30 March 2006 from natural bodend nest-boxes (only for
Rollers) in Tabernas. As a whole, we collected dasmfrom 33 nests (11
Hoopoe, 11 Little Owl and 11 Roller).
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We also collected roller samples from Castro Veadd Tabernas during
5-7 December 2006 and 24 November 2006 respect{t&lysamples from each
location).

The amount of nest material collected varied amoegts (range: 63-454
and 103-784 grams for samples collected in 2006 20d7 respectively);
nonetheless, the number of emerged flies was tateceto the amount of nest
material collected (Spearman rank correlationsech host/locality and year of
emergence, P>0.1 for all cases, see also Valeah 2006, Calero-Torralbo et al.
2008). After collection, samples were kept in tarent plastic bags and stored
in natural holes in both locations.

Experimental design

We conducted two different experiments (see figurtor experimental design
diagrams in both years). With the aim of detectimgst species-associated
differences inCarnus phenology we designed a common garden experiment
during 2006. Samples of the three host species grewged together in different
holes in sandy cliffs at Tabernas. We establishédreblicates, each of them
including three different nest material samples iognfrom one Roller, one Little
Owl and one Hoopoe nest. We cleaned and recoveldtpbsed Roller and Little
Owl nests and placed the samples inside. In thig s@mples with pupae from
the different host species were under the sameonpiioratic conditions that
resembled the ones commonly experienced by pupdegdthe overwintering
phase.

During 2007 we conducted a translocation experinerdgrder to detect
environmental associated differences and localctffén Carnus phenology
within the same host species. Samples collectece viieoroughly mingled,
randomly split into 2 subsamples of the same mads@andomly assigned to the
following 2 treatments: (i) Control treatment: sabgples remained in the same
locality where they were collected (ii) Translochteeatment: subsamples were
moved from Castro Verde to Almeria and vice vefSantrol and Translocated
subsamples from both localities were randomly gesuin pairs and were placed

in old roller nests (burrows in sandy cliffs anddsoin bridges in Tabernas, holes
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in human abandoned structures in Castro Verde) [Sgere 1 for dates of

establishment in each area). We established licaggsd for each locality.

(a) 2006
11 Hoopoes samples (23/03/2006) Common gardezn experiment C]
11 Little Owl samples (28-30/03/2006) (30103/2006) Hoopoe

>

Little Owl

11 Roller samples (28-30/03/2006) J

11 replicates

(b) 2007 Roller

N
17 Roller samples from Castro Verde
(5-7/12/2006)

J

(24/11/2006)

2 - -
[1 7 Roller samples from Tabernas Translocation experiment

S 4
Castro Verde (04/01/2007) Tabernas (18/12/2006)

17 replicates per locality { [- [-

Control  Translocated Control  Translocated|
o J

Figure 1. Experimental design diagram for (a) Comrgarden experiment in 2006 and (b) Translocation
experiment in 2007. Dates when samples were cetleahd date of the onset of the experiments are in

parentheses.

Samples were periodically monitored in the fieldefy 2-4 days) for
Carnusemergence from 01 April 2006 until 20 July in 20666m 10 March 2007
until 14 July 2007 in Tabernas and from 3 March 2@dtil 17 July 2007 in
Castro Verde. Flies emerging from each subsampte date were separately
preserved in 99% ethanol and subsequently coumgddantified with the aid of
a binocular microscope.

In 2006,Carnusemergence was registered in 11 out of 11 Rollesssné
out of 11 Hoopoe nests and 6 out of 11 Little Oe$ts. We therefore recorded
emergence from the three hosts in 6 out of 11 cefs. We also registered
incomplete emergence (Hoopoe and Roller only) ieglicates and in 3 replicates
emergence occurred only in roller samples. Conogrnihe Translocation
experiment, emergence was registered in 32 outtafaBnples (15 samples from

Castro Verde and 17 from Tabernas). Due to non-genee in some subsamples
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of 3 nests (2 from Tabernas and 1 from Castro jemlmergence was recorded
for both treatments in only 29 samples (14 from t@a¥erde and 15 from

Tabernas).
Statistical analysis

We calculated parasite prevalence (proportion fefcted samples) and number of
flies emerged in each sample (host/locality). Fwitg Reiczigel and Rozsa
(2005) we tested for differences in prevalence bpms of Fisher's exact tests. To
achieve normality,Carnus abundance (humber of flies per sample) was log
transformed. After checking ANOVA assumptions, werformed a one-way
ANOVA to test for differences in abundance amongttiin 2006.

To study host (species)-related differences in girgphenology we used
repeated measures ANOVA analysis with log-transéatrmean date of parasite
emergence per sample as the dependent variablet s$pexies (i.e, three
treatments) was the within-subject factor. Since rpeated measures ANOVA
procedure does not allow the inclusion of emptyscéh our case, samples with
no Carnus emergence), the analysis was restricted to thopkcates where
emergence was recorded in the three hosts (6 aggdic18 samples). Sphericity
was checked and Greenhouse-Geisser estimators @uooservative corrected
probability; Von Ende 2001), were showed when appate. Additionally,
univariate tests of significance for planned coriguanrs were performed to test for
differential effects ofCarnusphenology between pairs of hosts. All the pairwise
paired t-tests across hosts gave the same quaditegsults. However, the later
procedure would not have provided an overall pwalar differences across
hosts, as did the repeated measures ANOVA.

To study the effect of translocation over paragit®indance in both
localities we performed a repeated measures ANQA&Awith one within-subject
factor (subsamples of the same nest exposed tereliff treatments). We used
Maulchy's test to check the assumption of spheriaitd, when the latter was not
met, we adjusted the degrees of freedom by usimg Gheenhouse-Geisser
estimator. The effect of translocation on parasitergence date was assessed by

running a Generalized Linear Mixed Model with notrearors (GLMM) (after
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checking that data conform to the assumptionspdad by a Bayesian approach
with Markov Chain Monte Carlo (MCMC) technique faccurate parameter
estimation and to provide 95% Confidence Interfafsthe random effects. The
origin of the samples (Castro Verde/Tabernas) ameatment (translocated
samples versus non-translocated samples) wereassixled effect variables. To
avoid probable biases caused by pseudoreplicatfente due to flies emerging
from the same nest, and to test whether cavitgudiffces could be substantial and
significant, nest identity was introduced as a mancffect in the GLMM.

We also tested host — parasite co-occurrence anenopdyical
synchronization by means of null models. Null medahalyse dates of parasite
presence frequency across different host phenao@lata of species specific
breeding phenologies) comparing with those pargsitenologies expected by
chance. Null models have been used to detect teinpariation in abundance in
host-parasite communities (Gotelli & Rohde 2002adfov et al. 2006, Krasnov
et al. 2010) but, to our knowledge, they have ndeman implemented to detect
patterns of host-parasite phenological synchroiizain polyphagous species,
despite the usefulness of null models to deteatttred patterns of temporal co-
occurrence in interacting organisms that stronggpeshd on matching their
phenologies with the fittest resources stage (emmingbirds and flower
phenologies - Aizen & Vazquez 2006-, bat and fplienologies -Burns 2005,
2006-). Although more sophisticated null models festing for phenological
match between interacting groups of organisms Haeen recently developed
(Aizen & Vazquez 2006), here we used a much simplgr model because we
only had two species and tw@arnus “strains” (i.e., flies coming from two
different host species). Here, we merely ask whiétha common garden, the two
Carnus“strains” tend to match, on average, their phegwlof emergence to the
breeding phenology of the host of origin (HoopodRoller). The algorithm of the
null model was as follows:

1) Take each of the 8 replicates for the 2006 expearime

2) For each replicate calculate the mean emergenee(ga} for each of

the twoCarnus*“strains”.

3) Calculate the mean hatching date for each of tehwsts @, ).
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4) Within each replicate and for each host/strain g&lbopoe and

Roller), calculate the “pivotal” distance statidiic comparison as:
dobs = ‘ P — ph‘ (eq 1)

5) Within each replicate, randomly permute the emergettates across

flies regardless of “strain” and calculate the Hasg (random) mean

for each “strain” (pr ).
6) Calculate the expected statistic with the permdtatdues:
Goo=IP 7Bl (o)

7) Comparedys to dexp for each host/strain pair (Hoopoe and Roller).

8) Repeat steps 5-7 999 times for each replicate.

9) For each replicate and host/strain, compute thebeurof times that
dobs > dexp The proportion of failures will be the p-valuer fthat
replicate and host/strain.

10) Run a Fisher meta-analysis (Sokal & Rohlf 1995)ltain an overall

p-value across replicates and for each host/gpamas:
N
X*=-2)In(p,) (ea3)
i=1

Wherethakes N degrees of freedon is the number of replicates apdhe p-
value of one of the two strains in the i-th repica

Using medians instead of means provided qualitigtittee same results
(not shown)Notice that the power to detect an effect will bssl for the “strain”
with more flies emerging, as less values of theeio#train will be shuffled to
dilute the potentially non-random effect. Thesefeddnces will be more
pronounced with more unbalanced replicates (seéeTalor two extreme cases
of lack of power in Roller). We therefore run a eza@nalysis across replicates and
obtained an overall p-value for each host/straiin. g alternative would have
been to subsample the host/strain with more flyrgemce to force a balance
between host/strains. However, since the resulteFisher meta-analysis were
both highly significant (see Results), we did natdf this procedure to be

necessary.
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Prevalence analyses were performed using the progQaantitative
Parasitology 3.0 (Reiczigel & Roézsa 2005); parasitmindance and host-
associated phenology analysis were done using T#TISTICA 9.0 package
(StatSoft Inc. 2009). GLMMs and MCMC calculationsre performed using the
R package (version 2.13.0, R development core @@, with libraries “Ime4”

and “languageR”). The code for the null models aias written in R.
Results
Effects of the experiments on prevalence and parabundance

Prevalence o€arnuswas similar among the three host species (Fislkeggst test

for comparing prevalenc®=0.058). No differences in prevalence were detected
either between localities of origin (Fisher's ex&est, P=0.5), between control
and translocated samples grouped by assigned tlesal? groups: Tabernas
Control + Castro Verde translocated vs. Tabernasslocated + Castro Verde
Control; Fisher's exact tesP=1.0) and among subsamples grouped by the
combination of location x treatment (4 groups, Ershexact testP=0.8). (Table

1)

Common Garden Experiment Translocation Experiment
(2006) (2007)
Mean n° flies Locality/ Mean n° flies
Host Prevalence Prevalence
(range) treatment (range)
Hoopoe 72.7% (11) 15.2 (5-47) Castro Verd88.2% (17) 267.1 (1-919)
(Cv)
Little Owl 54.5% (11) 66.6 (10-183) Tabernas (Tb) 100.0% (17) 140.2 (16-357)
Rollers 100% (11) 118.6 (2-156) Cv/ Translocate®2.3% (17)  187.5 (6-768)
Cv / Control 88.2% (17) 92.1 (1-395)
Tb/ Translocated  94.1% (17) 72.68 (1-200)
Tb / Control 94.1% (17)  76.25 (7-157)

Table 1. Prevalence (number of nests in bracketd)adundance ofarnus hemapteruflies for different
host species and for the two localities, and fa&r tombination locality x treatment in the transtama

experiment.

We did not find differences i@arnusabundance among samples coming
from different host species (One-way ANOVA, k= 2.5607, P = 0.093) in 2006.
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Treatment (translocated vs. control subsampleshdidnfluence the number of
emerged flies per nest in either locality (Repedishsures ANOVA, Castro
Verde samples: 17:=0.8947, P = 0.36, Greenhouse-Geisser AdjustedOr36;
Tabernas samples:; E=2.8945, P = 0.11, Greenhouse-Geisser Adjusted P =
0.11).

Host associated differences in parasite phenology

The common garden experiment showed that the mesas dof Carnus
emergence significantly differed among host specdiearasites from Hoopoes
emerged on average earlier, followed by flies frbitle Owl nests, being the
parasites from Rollers nests the ones emerging l@Repeated Measures
ANOVA, F,10 = 53,64, P < 0.0001, Greenhouse-Geisser Adjusted0rR001;
Figure 2a). Comparisons between host species alesagnificant (Univariate
test of significance for Planned Comparisons: Heoypm Little Owl k5= 14.1, P

= 0.01; Hoopoe vs. Roller;5 = 73.4, P = 0.0003; Little Owl vs. Rolleg &=
74.0616, P = 0.0003). Although variability in thatel of parasite emergence
among replicates was remarkable for the three rspscies, allochronic

emergence among samples from the different hostcaasistent (figure 2b).
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Figure 2. MearCarnus hemapterusmergence date + SE. (a) logtransformed meanassstziated parasite
emergence date averaged for the six replicatesnéan host-associated parasite emergence datelién j

days) for every replica where emergence was reddatethe three host species.

Environmental associated differences in parasitengifiogy

The translocation experiment revealed a significeffeect of locality, treatment
and the interaction locality x treatment on the mdate of parasite emergence

(Table 2). Spanish flies emerged later than Podsguones. The effect of
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translocation varied with the origin of the samp@exe translocated Spanish flies
emerged earlier than control Spanish flies whetesmsslocated Portuguese flies

emerged later than control Portuguese flies (Figyre

Variable Fixed effects
Estimate MCMCmean HPD95lower HPDY5upper pMCMC
(Intercept) 154.534 154.564 151.097 158.190 0.0001
Locality -25.453 -25.400 -30.573 -20.170 0.0001
Treatment -7.328 -7.358 -8.564 -6.180 0.0001
Locality x Treatment 143711 14.395 12.920 15.970 0.0001

Random effects

Std.Dev. MCMCmedian MCMCmean HPD9Slower HPD95upper
Nest identity (Intercept) 8.1071 7.0408 7.1374 5.6547 8.7665
Residual 13.9867 13.9968 13.9973 13.7647 14.2464

Table 2. Results of the Bayesian GLMM test foretiéinces in date of parasite emergence betweeritilegal
(Castro Verde and Almeria) and treatments (traastmtversus non translocated). Parameter estimatisn
done by means of Markov chain Monte Carlo (MCMCgsNidentity (individual nest origin) was entered a
a random factor. P-values and confidence intervalsulated by means of MCMC sampling on posterior
probability distributions of the parameters incldde the model are showed. Significant p-valuesfifed

effects and effective MCMC means falling within HBB% intervals for random effects are bolded.

® Castro Verde
O Tabernas

150 - %

140 A {
130 - {

120 T T
Not translocated Translocated

160

Mean date of parasite emergence (Julian days)

Treatment

Figure 3. MCMC mean emergence date (Julian day€aohusflies in control and translocated samples
from Tabernas and Castro Verde, after controlliogifidividual nest identity. 95% of confidence inals

were calculated by means of MCMC sampling parareetstimation.
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Host-parasite synchronization and phenological cotorence

We explored host-parasite synchronization in thdiezaand the latest hosts
(Hoopoe and Rollers respectively) by means of motidel simulation. The

phenology of emergence of each of the two fly ‘issatended to match the
breeding phenology of their original hosts. We fouthat host-parasite co-
occurrence in time differed significantly from whatwould be expected at
random in 5 out 8 replicates for parasites from ptmo nests (with two non

significant values being marginally significant=F0.052 and 0.057 respectively)
and in 5 out of 8 replicates for parasites comirggnf Rollers nests (Table 3).
Results of Fisher's combined probability test foetaranalysis showed that the
combination of the p-values obtained in each replielded highly significant

results in both Hoopoe and Roller - Carnus phencédgo-occurrence (Fisher’s
XZ = 74.449 and 32.743 respectively; df=16 and FO8Min both cases).

Parasite

Host breeding emergence (Obs#Exp.)
phenology Replicate phenology p value
Upupa Roller From Upupa From Roller Upupa Roller
128.8; (3.45)[136]  161.1;(2.69) [225] 1 124.1;(5.93) [14]  162.6; (5.70) [56] 0.001 0.001
2 112.8; (8.62) [12]  135.7; (13.21) [156] 0.001 1.000
3 117.5;(6.77)[6] ~ 143.2;(12.58) [63] 0.001 1.000
4 121.8;(9.36) [47]  173.5;(5.12) [68] 0.001 0.001
5 123.8;(3.79)[10]  155.7; (15.86) [15] 0.023 0.001
6 114.0; (1.45) [18]  163.0; (5.89)[17] 0.057 0.001
7 116.0; (0.00)[5] 150.4; (12.89) [7] 0.052 0.317
8 102.8; (4.02) [10]  148.5; (4.95)[2] 1.000 0.019

Table 3. Results of null models simulations of kmatasite co-occurrence, for each replica and (tsbtpoe
and Roller). Observed phenology of both host (mkatthing date of the host population and standard
deviation (SD)), and parasites (mgaarnusemergence date per nest and SD) is shown (imjdiegs). SD
is show in brackets; number of host nests and ffiEsnest analysed in each simulation are shovegimre
brackets, and the significant p-values for diffees between observed distributions of host-parasite

phenologies versus expected host-parasite disoibby chance (after 999 permutations), are bolded.

Discussion

Our study is unique in that it tries to disentanigéest and environmental related
factors influencing the phenology of emergence ofthaematophagous fly
parasitising three different, usual host species. fdind experimental evidence

of: i) consistent allochronic emergence of carnlidsfin three different host
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species after controlling for environmental factais non-random temporal co-
occurrence of carnid flies and two different, syinigahost species as a result of
the differential emergence pattern, iii) environtadg-induced plasticity in
parasite phenology after controlling for host-assted effects.

Host-parasite synchrony betwe€arnusand some of their hosts has been
documented (Liker et al. 2001, Valera et al. 20@3ywever, only unimodal
phenological distributions have been detected sopf@bably because previous
studies have focused on a single host speciesnmDlirspecies study shows that
Carnuspupae coming from different hosts with marked défeces in breeding
phenology emerge allochronically, and this pattsrrconsistent regardless the
microenvironmental conditions experienced during flast phases of pupae
dormancy. Furthermore, results of null models satiah show that phenological
differences in host-associated parasites subgrisupighly synchronized with the
average local breeding phenologies of the earligkr latest studied host species
(Hoopoe and Roller respectively). Even though sdmeeding pairs of the
different host species can overlap temporally, énegal, Hoopoes start breeding
first, followed by Little Owls and Rollers being ehlatest breeders (Martin-
Vivaldi et al. 1999, Vaclav et al. 2011, Calero-&doo and Valera, personal
observation). These results suggest that the teahgdiMergence in the phenology
of Carnus“strains” is largely influenced by the breeding pbgy of their hosts.

From an evolutionary point of view, allochronic plaéogy is considered a
remarkable isolation mechanism than can increaseergénce and/or
diversification between populations or lineages.dele show that increasing
phenological divergence can even lead to sympspeéciation (Devaux & Lande
2008) and many works have identified allochronioldtion as a common
mechanism potentially causing incipient diversifica in organisms with a
previous life-cycle phenological variation, eithes a by-product of any kind of
adaptation (i.e. non-random mating, host fidelgglection against hybridization
between incompatible lineages; Coyne & Orr 2004),acting directly as an
allopatric barrier, by means of the reproductivaason imposed by the temporal
barrier (Yamamoto & Sota 2009, Santos et al. 2@1ds et al. 2011).
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One important question when phenological isolai®detected in a group
of organisms is to what extent the observed phg@mtyattern could be
temporally or geographically fixed to allow for dwtionary diversification
between host-associated lineages by means of Indgstable allochronic and
reproductive barrier (West-Eberhard 2003). If theeqological response of a
genotype completely depends on the spatiotempanaghility of both host and
environmental conditions, then temporal isolatidnao individual (cohort or
lineage) can fluctuate widely and, thus, should¢dm®sidered as phenotypic plastic
response (West-Eberhard 2003). In this case, anntusle process of
diversification or lineage formation between host¢ariated parasites is unlikely,
since genetic isolation between host-associategisjtas is not generated (Coyne
& Orr 2004). Our translocation experiment indicatismt changes in local
conditions experienced b@arnusin the last stages of diapause can modify the
pattern of emergence. After correcting for the effef the date of emergence of
particular samples (that can bias the mean datargence towards nest with
more emerged flies), we found that translocatedptesmirom Tabernas emerged
on average seven days earlier than control sanfides Tabernas and, in turn,
translocated samples from Castro Verde emergechsgags later than control
samples from Castro Verde. We therefore found @ signilar plastic response to
changes in local conditions in both local populagioln other wordsCarnus
“strains” from the same host but from different dbges and with different
phenology of emergence (more than 25 days of diffeg in the mean date of
emergence) showed a similar sensitiveness to change environmental
conditions. Yet, the emergence of translocated &sngid not overlap either
because environmental differences were not largeugin of because of
physiological limits of plasticity.

Diapause is known to be a highly plastic trait ([@auet al. 1986, West-
Eberhard 2003) with a high potential for rapid eNnary responses to selective
pressures such as host-switching or changes imogrmeental conditions (Tsukada
1999, West-Eberhard 2003, Hairston et al. 2005, iwaski & Feder 2007). Both
previous work (Valera et al. 2006, Calero-Torratb®alera 2008) and this study

confirm that this is also the case fGarnus diapause. Thus, this species has
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potential to experience rapid rates of changesapadise variability. The question

then is whether variation in phenological traitg(eliapause length) associated to
habitats or hosts could be genetically fixed. Im study system some factors

could support fixation of diapause polyphenisms:

(1) Fixation of phenotypic alternatives will be dreed if the ecological
conditions (in our system, the different host bregdphenologies) that produce
the different phenotypes are temporal and/or spatiacurrent (West-Eberhard
2003). Our results show that, at least, breedirenplogy of the earliest and the
latest host in our area are quite constant, nabetguse the Hopooe is a resident
species and the Roller a transaharian migrant spedilthough there is some
interannual variability and phenological overlap aftin-Vivaldi et al. 1999,
Véclav et al 2008, Chapter V), using data from salvgears did not change the
phenological pattern between host species. Furthrernmsimulations of host-
parasite co-occurrence also suggest the existdreeelisergent selective pressure
towards synchronization at interspecific scale.e@ithat the infective phase of
Carnusis short-lived (adult flies can survive up to 2yslan starvation, Calero-
Torralbo unpublish data), temporal adaptation féedént host’'s phenologies can
be particularly useful for this ectoparasite. lulcbtherefore allow for an increase
in parasitation rate (Therom & Combes 1995), distinienergetic and
reproductive costs derived from active dispersatdeng for suitable resources
(Strathman et al. 1981, Togashi & Hoshino 2003,eB&k Rao 2004), and favour
reproduction (Filchak et al. 2000, Nyman 2002).

(2) Despite Carnus phenology seems to be highly dependent on
environmental conditions, our results suggest thaetasonal and
microenvironmental changes (common garden expetjngennot eliminate host-
associated differences among parasite lineagesreftine temporal isolation
among host-associated subgroups can be maintained.

(3) Even though we found phenological differencesasts’ phenologies,
we cannot overlook that overlap among breedingviddals of the various hosts
species occur, thus allowing for genetic flow bedwdost-associated strains (e.g.
Carnuscolonization of various hosts during the overlapperiod). Yet, genetic

divergence and diapasue length fixation could ot®iween temporally distant
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“strains”, analogous to what parapatric speciasoggests (Balkau & Feldman
1973, Barton & Hewitt 1981, 1985, Felsenstein 19&Dyr instance, despite the
plasticity in diapause length of this ectoparadiies parasitising late-breeding
rollers could remain temporally isolated from fliparasitising early-breeding
Hoopoes, thus allowing for a diversification prages by means of an ecological
speciation or by allelic fixation by genetic drifchluter 2001, Coyne & Orr
2004). Some evidences in this regard have beenineltasee chapter VI).
Genetic analysis of mitochondrial markers perfornme@arnusindividuals from
a sympatric population in Tabernas coming from ghdéfferent hosts (Roller,
Little owl, Bee-eater), showed more genetic diffees between flies emerging
early and late in the season regardless the hesiespparasitized, than among
flies obtained from different host/nests (see chiapt).
Although a deeper assessment of the potentialtignlaffect of the observed
host-associated phenology and of the limits of alisge plasticity inCarnusare
needed, models and conditions of geographical palapatric divergence
processes (clinal changes of traits under divemgermnybrid zones between
adjacent habitats and speciation occurring in distareas even with low
assortative mating within lineages, see Scriber2200oyne & Orr 2004,
Breisford & Irwin 2009) suggest that temporal clinehanges inCarnus
emergence and co-occurrence with early and lateldneeding phenologies could
be a promising first step preceding allochronicedsification in this “apparently”
generalist ectoparasite.

Mechanisms and consequences of temporal isolaticeamimal parasites
have been poorly studied (Therom & Combes 1995, djcé€t al. 2001, 2005),
despite the importance of allochrony in parasifescm&tion processes (McCoy
2003). Here we presented a promising system thakdcbe useful in future
research about ecological specialization and/ocgeses of diversification and

temporal isolation in generalist parasites.
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CAPITULO V

Intraspecific variability in life-cycles synchronization
between an ectoparasitic fly and its avian host

Abstract: Synchronization of host and parasites life-cycled the role of environmental
and host-associated variation over the final outea@h host-parasite relationships has
been an important theme in evolutionary ecologydecades. However, studies at an
intraspecific level are very scarce. Here we exploow host-associated traits, such as
breeding phenology and habitat use, can influerscasite phenology and co-occurrence
at different spatial levels (population and ne&turing several years we studied the
system formed by the generalist ectoparasiticCyrnus hemapteruand one of their
avian hosts, the European Rollgoracias garrulus Interannual variation in phenology
was larger for parasites than for hosts. Host ptadility (in terms of both occurrence
and phenological regularity) was moderate, sugggghiat this resource can be difficult
to be tracked by the parasite. A high number @sflconsistently emerged before the
appearance of suitable resources (nestlings), it hest and population level. These
results account for a low and highly variable iaterual host-parasite synchronization
rate. Nevertheless, we found that parasites frolaydd host breeding pairs are less
synchronized than parasites from early pairs withinroller population. Results on host
suitability and parasite emergence distributionpapulation scale suggest that other
mechanism (e.g. dispersal, exploitation of othestgpecies) could be important for
ensuring access to resources and counteract asyiycirnest and intraspecific scale.

Keywords: host-parasite co-occurrence, environmental flatidnm, emergence, stochastic
regulation, diapause, generalist, asynchrony.

Miguel A. Calero-Torralbo, Radovan Vaclav, Francis¢alera
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Introduction

Understanding the dynamics of host-parasite intemag requires deep knowledge
of the effects of environmental and host-relatedtdisa on the parasite’'s
populations (Bush et al. 2001, Poulin 2007). Paldidy, factors eliciting

variation in host and parasite phenology can cdlisgtuations of parasite
densities and modify the abundance and capacityparasite infection over host
populations (Godfray et al. 1994) and host-parasiteoccurrence (Minster-
Swendson & Nachman 1978).

For many parasitic species, particularly nest-dwgll ectoparasites,
phenological synchronization of their infective pba with the occurrence of
sufficient resources is of vital importance to veautrthe parasite’s survival (van
Asch & Visser 2007). One main question is whethaagpites can reliably detect
or predict both the beginning and the end of th@odeduring which resources are
available. In fact, many parasites have evolvedeligmental and dispersal
strategies (e.g. diapause) based on both hosedetatd environmental external
stimuli to find a suitable host and synchronizeirthefective phase with the
period when suitable hosts are available (Leat88B81Poulin 2007, Jones 2001,
Kostal 2006, Krasnov 2008).

The degree of phenological synchronization of exdéng host—parasite
species fluctuates widely due to multiple reasarth sas differential sensitivity of
each species to climate variation (heterothermsreme sensitive to climate than
endotherms) or intraspecific variability in the pease to environmental factors.
In herbivorous insects and parasitoids, therevsds intraspecific temporal and
spatial variability in host-parasite co-occurrendg¢hin and among years due to
variation in key environmental and host-relatedtdex such as temperature
(Visser & Holleman 2001), photoperiod (Denlinger020 Hegazi et al1988),
drought (Smith and Bronstein 1996), snowmelt (H&y&orchhammer 2008),
budburst or fruiting phenology (Tikkanen & JulkunerTiito 2003, Feder &
Filchak 1999, Van Dongen et al. 1997), or anthremig effects (Teixeira &
Polavarapu 2003). Moreover, the strength of hostgie synchronization
observed at a smaller scale can be modified byogaall forces, constraining

host or parasite population dynamics at largeresc@/an Nouhuys & Lei 2004).
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Therefore, it is important to consider spatial atemporal variation in
phenological synchrony (Tikkanen & Julkunen-Tiig603, Van Nouhuys & Lei
2004). Similarly, a deeper understanding of theafbf key ecological factors
(e.g. photoperiod, temperature) and life-historgitér of the host (e.g. host
predictability, distribution or density) at differe spatiotemporal levels is
important, since fluctuations of these parametarsdetermine the optimal degree
of host-parasite synchronization and the reprodactactics of the parasite
maximizing its fitness (Powell & Logan 2005, Krasr2008, Barret et al. 2008).
Despite the importance of synchronization of hastpite life-cycles for the life-
history strategies of “true” parasites (i.e. paessithat usually do not kill their
hosts) of animals (Hakalahti et al. 2004), variatend heterogeneity in host-
parasite synchronization have been largely negleatel well-documented cases
of host-parasite synchronization are scarce (baitFsaster 1969, Belozerov 1982,
Drew & Samuel 1985, Larimore 1987, Roe 1988, OIiu&89, Rolf 2000,
Randolph 2004).

The system involving the blood sucking ectoparasitiy Carnus
hemapterusand one of its avian hosts, the Rol&sracias garrulusprovides an
excellent system to study host-parasite synchrtinizaFirst,Carnus hemapterus
parasitizes ephemeral resources, namely, unfedtherstlings of various bird
species. Thus, adaptations to synchronize the ipgsadife cycle with the
breeding cycle of the host are expected. Indead ethergence of the parasite’s
infecting phases has been reported to be partlghsgnized with the occurrence
of their hosts (i.e. avian nestlings) (Liker et 2001, Valera et al. 2003, Calero-
Torralbo & Valera 2008). Second, sin€arnus hemapterusan persist in the nest
for several years (Valera et al. 2006), with nochee disperse actively, the nest
itself can be seen as a discrete and isolated dwigty, upon which fine level
studies of host-parasite synchronization can béechout. Moreover, information
obtained at this level (e.g. host and parasite plogy) can be readily compared
with those collected at larger scales (i.e. loadtp or population levels). Third,
temporal dispersal (by means of diapause) seentseta major strategy for
Carnusto synchronize its life cycle with the host (Vaeat al. 2006). Diapause is
characterized by a high degree of plasticity andabdity (Tauber et al. 1986,
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Danks 1987), so that diapausing parasites are idgatems to study
spatiotemporal variability of host-parasite co-acence. Fourth, breeding site
fidelity has been reported for Rollers (Vaclav &t 2011). This can increase
resource predictability forCarnus and, therefore, enhance host-parasite
synchronization at both species-specific and Ipeath host levels. Fifth, in our
study area Rollers breed in three different negégy(natural holes in sandstone
cliffs, holes in human constructions, and nest-Bpxénvolving different
microclimatic conditions and host-related reprotigcitharacteristics (Vaclav et
al. 2011, Valera et al. unpublished data). Thusgrmand microclimatic variation
throughout different spatiotemporal gradients é¢ely influencing both host and
parasite phenologies. Finally, Roller is the lggaes breeding in our study area,
setting the limit of seasonal parasite emergenoee <o infective opportunities
are available after nestlings Roller fledge.

Here we study host-parasite synchronization andr ttemporal and niche
variability by monitoring host and parasite phemglauring three years. We also
analyse the influence of host predictability andagée phenological constancy on
the co-occurrence of both species. Specifically, address the following
hypotheses:

1. Environmental fluctuations can hinder host-parasttedccurrence if their
effects on both parasite and host phenologies asenmetric (Van
Nouhuys & Lei 2004). We predict that, in order &eg the high degree of
host-parasite synchronization, inter-annual changesenvironmental
conditions should similarly affect the phenology béth hosts and

parasites.

2. High host predictability can favour high parasitedictability (Barret et
al. 2008). We predict that higher host predictabflin terms of nest reuse)
at a fine spatial scale should be reflected by drigiarasite predictability

(i.e. interannual phenological regularity).

3. An accurate assessment of the period during wieisburces are available
is vital for parasites diapause regulati®uch assessment is usually based

on external factors, but also host-related lifesstvaits controlling the
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parasite’s life-cycle regulation over parental absequent generations
(Tauber at al. 1986). We, therefore predict that loeeding phenology in
yeart should be an important host trait used by the gi@rdo time its

emergence in yed#1.
Materials and Methods
Study area and species

The study area is located at the Desert of Tabdphlaseria, South-east Spain,
37° 05’ N, 2° 21" W). The landscape mostly considtbadlands and wadis with
olive and almond groves interspersed among numehgusverbeds. The climate
is semiarid with long hot summers and high annua seasonal variability in
rainfall (Lazaro et al. 2004) and significant baitra and interannual fluctuations
of temperature (mean monthly oscillation tempertoetween 12.8 to 15.6 °C,
summer and winter coefficient of variation 8-11 8@d 22-23 °C respectively;
Lazaro et al. 2001)

Carnus hemapterughereafterCarnug is a 2 mm long blood-sucking fly
that parasitizes unfeathered nestlings of a widetyaof species (Grimaldi 1997).
Its life-cycle comprises an adult stage, 3 larvahges encompassing around 21
days at 22°C and 95% relative humidity and a psfaje (Guiguen et al. 1983).
The puparia are brownish-black and very cryptienudating nest remains of
chitinous parts of arthropods consumed by the hdsssially, after a several
months long winter diapause adult flies emergéhegpring when nestling hosts
are available and emergence persists continuobsbyighout the whole nestling
period of the host (Valera et al. 2003). Adult dliare initially winged, but
typically lose their wings once they locate a sul@gahost (Roulin 1998). Carnid
flies do not need a host for transmission and @donise new host nests actively
during the winged phase of their life cycle or gampetuate by themselves in the
nest for several years (Valera et al. 2006). Ormhdt&arnus has emerged, it
cannot survive for a longer time without feedingo(and 2-3 days; M.A. Calero-

Torralbo, personal observation), and, thus, itpetisal period is short.
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The European Rolle€oracias garrulus(hereafter Roller) is a common
avian host ofCarnus In our study area it breeds in burrows excavatgather
birds in sandstone cliffs as well as in cavitiediiges. From the first year of our
study in 2005 we provided Rollers with nest-boxestdlled on trees and
sandstone cliffs located near sandstone burrows laitje cavities used by
Rollers. We have progressively increased the nurnobemest-boxes along the
study area during the last 6 years (see Vaclavl.eR@ll). Microclimatic
conditions vary widely among the various nest tyggsnerally, within-day cavity
temperature variation in bridge and sandstoneiea\ig small compared to that in
nest-boxes. Bridges show usually higher humiditsele compared to sandstone
burrows and nest-boxes (unpublished data). Nestiemware usually reused by
Rollers but can also be used by Kestretdco tinnunculusJackdawsCorvus
monedulaor Little Owls Athene noctuaRollers rear a single brood per year. Egg
hatching is distinctly asynchronous with remarkalaenual differences in
hatching date as well as in clutch and brood sizéclgv et. al 2008, 2011).
Nestlings are naked at hatching, but, by the agE3oflays, their body is almost
completely covered with closed feather sheaths. Stteaths open from around
15-17 days (Cramp 1985, R. Vaclav, pers. obseiNgstling Rollers fledge
approximately 20-22 days after hatching (R. Vacters. observ.).

Data collection

(a) Host monitoring

Fieldwork was carried out from 2005 to 2009. Frdm first observations of

Rollers in early April, a population holding appnarately 40 pairs was visited at
least five times per week. After sighting first cdgttions, potential nest cavities
were inspected every other day until the day othiag of the last chick of the

study population. During regular nest inspectiams,monitored and recorded egg
laying, clutch size, hatching dates and nestlingigal. In order to control the

effect of host nest reutilization on parasite patioh, we monitored host nest
reoccupancy during the period 2005-2009. Hatchiigsl (in Julian days) of the

first nestling of each brood was used as a measdurest phenology.
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(b) Parasites phenology and abundance

Studying the phenology of emergence of Carnid fliesnfected nests is not
possible due to logistic (Rollers routinely exp#ém material from their nests,
including any devices for trapping emerging fliagg ethical reasons (continuous
emergence monitoring would result in undesirablstudbance to Roller
nestlings). Therefore, we studied the emergenc€arfius by monitoring nest
subsamples stored under natural conditions (i.eataral cavities or nest boxes in
the study area). This method may overlook the efédhe incubating host on
diapausing pupae. However, Calero-Torralbo & Valée®08) found that
incubation by common avian host species does sattrim significant changes in
parasite phenologyCarnusphenology of emergence was studied in 2006, 2007
and 2009. Soil samples from the nest chamber oeRoésts used the previous
season (likely containinGarnuspupae from parental generation of the previous
year and probably some low percentage coming frodividuals that have
overwintered in the nest for 2 years or more firelonged diapause, see Valera et
al. 2006) were collected during the beginning ofréfa2006, 2007 and mid
November 2008 (34, 19 and 21 nests respectivelggr &ollection, samples were
kept in transparent plastic bags and stored irtieawot used by overwintering or
breeding birds, having been spread all over thadystwea. During 2006, samples
collected from nests in sandy cliffs and bridgesem@andomly assigned to the
same or different type of cavities, whereas sampddigected in nest boxes were
assigned to the other two nest types because sil iexes were occupied by
Rollers. In contrast, during 2007 and 2008-200%hesmple was assigned to the
same type of cavity from where it was collected;ept for the samples collected
in nest boxes during 2007, which were assigneddieshin sandy cliffs. To
account for any effect of the cavity type on Carpbenology, we compared the
emergence pattern recorded in samples stored avity adype different from the
one where it was collected during 2006 and 200h wibse obtained in 2009
from samples of a particular nest type stored isirailar cavity the whole
breeding season). We explore differences at thinbieg of the emergence (first
quartile, 25% of emergence) when differences inviréability of the emergence
are higher (see Calero-Torralbo et al. 2008). 16628nd 2007 25% of flies from
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samples stored in a different cavity type emergethb second and third week of
May respectively, which was similar for samples tkiepthe same cavity type in
2009 when 25% of emergence was reached in the wesk of May. Moreover,
the emergence rate was similar regardless thedfypest where the samples was
stored (GLMM, treatment fixed effect; b3160.03, p=0.86; nest identity random
effect: Z= 36.42, p<0.001; see statistics sectwritie analysis procedure).

Samples were periodically monitored (each 2-3 déysgmergedCarnus
from 1 March 2006, 2007 and 2009 until 20 July @9&, 10 July in 2007 and 5
July in 2009 (in all cases more than 10 days d&fterlast fly was recorded).
Parasite emergence was detected in 19 out 34 ime206, 17 out 19 nests in
2007, and 20 out 21 nests in 2009 (total nestspafgsite prevalence = 55.9%,
89.5%, and 95.2%, respectively). Flies emergingnfeach sample and during
each inspection date were separately preserve8%n &thanol and subsequently
counted and identified with the aid of a binocutdcroscope.

Parasite emergence was defined by three variathlesveekly percentage
of emerged flies, the length of emergence perindléys) per nest, and the date
when 50% ofCarnusflies emerged (in Julian days). We considered edten
50% of emergence is reached as a reliable estimétorean date of emergence
since most flies emergence was recorded arounddtis in previous works
involving Carnus hemapteruemergence (Valera et al. 2006, Calero-Torralbo et
al. 2008).

We also registered the total abundance of fiidsch was defined as the
total number of flies emerging in the nest sampéegause the number of emerged
flies was not related to the amount of nest mdtexddlected (Spearman rank
correlations for each year: P>0.1, see also Vader. 2006, Calero-Torralbo et
al. 2008).

(c) Host predictability and regularity of parast@mergence
We used two measures of host predictability and ohgarasite emergence
regularity:

a. Host occurrence: We calculated the rates ofeRolést reuse between
consecutive years as well as the lag between iittermhuses of specific cavities
by Rollers.
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b. Phenology of host occurrence: Since host brgeglrenology may vary
between years and with the type of nest (Vaclaal.e2011), host predictability
was estimated on the basis of interannual diffegnc the hatching date of the
first nestling in the same nest.

c. The regularity of parasite emergence was estiinby calculating the
repeatability of the date when 50% of flies emergethe same nest in different

years.

(d) Host-parasite synchronization

In host-parasite interactions synchrony occurs vitherife cycle of the parasite is
timed so that it can exploit the host optimally.eTawvailability of suitable hosts
for Carnus was calculated at the nest and population leveisidering the
requirements and life cycle of the parasite. FoidRg) the higher rates @arnus
infestation occur when the nestlings are unfeathegaickly decreasing when
feathers appear (about 14 days after hatching,avéet al. 2008). Sinc€arnus
can survive starving up to three days after its rgemce, we extend the host
availability period by three days before the fegg hatched in the respective nest.
Consequently, the host availability period lastsddé8s (from day -3 to day +14,
day 0 being the date when the first egg hatchekis period of host availability
can increase depending on the number of survivegglings in the nest, since
hatching is asynchronous in Rollers. We therefoteraled the range of host
availability according to the number of nestlingstie brood, assuming a mean
hatching interval between two consecutive chicksbéo2 days (Véaclav et al.
2008). For our study system, the period of hostlaviity ranged from 18 days
(one nestling broods) to 28 days (six nestling®ts).

We calculated an index of host-parasite synchrdioizat the nest level as
follows: we measured the percentage of flies emegrgiuring the period of 18
days when the most suitable hosts are availabke gbeve). This index is quite
conservative because only the first hatched chakmest was considered. The
synchronization index requires that data of hodthiag dates and parasites
emergence dates are available for the same nestgdiie same year. Since
parasite samples were collected before the Rdilersding season and Rollers do
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not always occupy the same nest in consecutivesy@arbreeding may fail), it
was not possible to calculate the synchronizatiatex for all nests. As a result,
the sample size for the synchronization index (Nrd$éts: 14 in 2006, 11 in 2007,
and 15 in 2009) was lower compared with the nunmidfenests with emerged

parasites (N=56) and successful host breeding ptsefiN=195).
Statistical analyses

To test the effect on emergence rate of translocaif nest box samples to other
cavity types (see section (b) of material and nadhowe used a generalized
linear mixed model with binomial distribution errthe number of emerged flies
during one week interval/the number of all emerfiied was used as a response
variable). To account for the repeated measuresteff 1 emergence observations
for each nest sample), we used a mixed model daalyth the repeated measures
design and the first order autoregressive, AR@yadance structure (Littell et al.
2006). Hereby, the sampling period was considesed ime measure (with one
week intervals) and the sample’s nest identity used as a subject unit.

We evaluated niche variation in host and paragignplogy by analysing
intra-annual differences among nest types and-artaual differences in host
hatching date, the length of parasite emergenceatendate when 50% of Carnus
flies emerged. We analysed inter-annual and catyipe differences also for
parasite abundance. After checking the assumptanparameterization, we
performed a General Linear Mixed Model with normdtribution, except for
parasite abundance, for which we used a Poissdribditon and Generalized
Linear Mixed Model. Year and nest identity were lgsed as repeated measures
data including the AR(1) covariance structure (@beve) ; year and cavity type
were analysed as fixed effects. We performed posttésts of significance when
opportune. Three out of 56 nests were discardedttferanalysis of parasite
phenology due to the low (less than 5 individua@syl clumped emergence of
flies.

We also analysed the effect of year and cavity typehe percentage of
host-parasite synchronization by performing a GLMNth normal distribution.

Year and nest identity were included as a repeatbures effect with the AR(1)
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covariance structure, and year and cavity typebasdfeffects. We conducted
post-hoc tests of significance when opportune. Aadally, to test the effect of
host breeding phenology on host-parasite synchatioiz in a given year (yedy,

we recorded previous-1) and currentt] host-hatching dates from the nest where
parasite emergence was recorded during yea GLMM test with normal
distribution was performed, including year and nalntity as a repeated
measures effect with the AR(1) covariance structanel year and the difference

in host hatching date between yeandt-1 [A(t-(t-1))] as fixed variables.
Results
Host phenology, predictability and nest reuse

Host hatching period at the population level (ite period between the date of
hatching of the first nestling in the earliest nestil the date of hatching of the
first nestling in the latest nest) spanned from fiherth week of May until the
fourth week of June for 2005-2008 and from mid Maytil mid July for 2009
(Figure 1). The mean length of the suitable hosbdeduring the five years study
was 53.4 days (see Table 1a,b for additional inébion).
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Figure 1. Percentage of hatching dates of the Rrdler nestling in each nest along the breedirazse for
the years 2005 to 2009.
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At the nest level, the mean range of suitable dags per nest was 22.63
days (SE = 0.14\ = 195). Host hatching dates did not differ among geluring
2005-2009, but we observed significant differenaesng nest types (GLMM,
normal distribution, repeated measures effect: yatr nest ID as a subject, Z =
5.103, p < 0.001; fixed effects: yeau,1b52= 1.93, p = 0.111; cavity type; oss
= 4.76, p = 0.010; year x cavity typesbos= 0.86, p = 0.555). Hosts hatched
significantly earlier in nest-boxes than in bridgewl tended to hatch earlier in
nest-boxes than in sandstone burrows (Post hos; testvs. nb. 1b7.9 = 3.07,
Sidak-adjusted p = 0.008; s. vs. nhet = 1.69, Sidak-adj. p = 0.065; s. vs. b.
to2.24=5.97, Sidak-adj. p = 0.69).

la.
Year Range Minimum & N | Mean | Median | Skewness
Maximum
2005 27 145-171 30 [ 158.3 158.5 -0.1145
2006 25 151-175 43 | 161.3 160.0 0.3415
2007 25 151-175 40 | 162.4 162.0 0.1890
2008 38 143-180 38 | 162.3 162.5 -0.2199
2009 60 134-193 44 | 165.0 165.0 -0.0767
05 to 09 60 134t0 193 1951 161.7 162.0 0.1103
1b.
Host availability Parasite emergence
Year Earliest date Latest date Range First fly Last fly Range
2005 142 189 48 - - -
2006 148 193 46 100 180 81
2007 148 193 46 109 184 76
2008 140 195 56 - - -
2009 131 201 71 97 176 80
05-09 131 201 71 - - -
06-07-09 - - - 97 184 86

Table 1. Descriptive data of (a) host hatchingnoit@gy (hatching date of the first nestling in treeliest and
latest nest) and (b) dates of length of hostlabiity and parasite emergence at population leseting the
five - years study (05-09). Hatching dates and détparasite emergence are measured in Juliandaien

days.
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Inter-annual host predictability was variable. Rapbility of host
hatching dates in different years for the samesngsting the whole study period
was 0.26 (Table 2). However, repeatability variegdely depending on the time
lags between different years, ranging from no regielity for some years to a
maximum of 0.70 for the 3-year period of 2007 t@2(Table 2).

HOST PARASITE
Years Repeatability P N Years Repeatability P N
2005 to 2009 (5) 0.26 0,040 | 6 2006-07-09 (3) 0.38 0.080 [ 5
2006 to 2009 (4) 0.48 0.006 | 6 2006-2007 (2) 0.57 0.029 [ 10
2005 to 2008 (4) 0.16 0.177 | 6 2007-2009 (2) 0.64 0.030 | 7
2005 to 2007 (3) -0.14 0.745 | 9
2006 to 2008 (3) 0.46 0.167 | 8
2007 to 2009 (3) 0.70 >0.001 | 13
2005 and 2006 (2) 0.06 0410 | 16
2006 and 2007 (2) 0.18 0234 | 18
2007 and 2008 (2) 0.60 0.004 | 16
2008 and 2009 (2) 0.62 >0.001 | 22

Table 2. Host repeatability (interannual differenée hatching date of the first nestling in the samest) in
different periods. The number of years analysedshoevn in brackets and the significant repeatahiitiues

are bolded. Values of signification of repeatajpilitere calculated by means of ANOVA analysis.

The rate of nest reoccupancy in our area was mgit. iMonitoring nest
cavities (all types) during the period 2005-2008w&d that approximately a half
(53.3%; 56/105) of all cavities were used only ohgehe host, 24 (22.8%) were
used 2 times, 15 (14.3%) were used three timeaydies (3.8%) were used four
times and 6 (5.7%) were used 5 times. Approximatelyalf of the nests used
more than once were used intermittently: 50.0%8PMridge cavities, 50.0 %
(7/14) sandstone burrows, and 29.41% (5/17) nesthoThe lag between two
nearest breeding attempts was one to three yeays, (L year: 16 x; 2 years: 3 Xx;
3 years: 2 x).

Phenology of parasite emergence and interannualleedy

The parasite’'s emergence period at the populatwel I(i.e. the period between
the date of the emergence of the earliest fly théldate of the latest fly) spanned
from the second week of April until the first weekJuly for 2006, from the third

week of April until first week of July for 2007, drirom the second week of April
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until the fourth week of June in 2009 (see figuyeThe mean length of the period
of 3 years was 79 days (see Table 1b for additioxfakmation). For 75% of
samples containing flies, emergence started bafadirst week of June, when
host hatching was widespread during the three yeBesasite emergence
progressively increased along the season, withddesudecrease after the peak
was reached (Figure 2), as evidenced by the negakiew of the distribution of
parasite emergence for all three years (skewr¥6 = -0.556,2007 -0.730,
2009= -0.568).
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Figure 2. Mean percentage (+SE) of parasite emeegéor years 2006, 2007 and 2009. (N = 31, 19 dnd 2

nests respectively)
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In contrast, inside the nests the number of fliescldy increased,
remaining relatively stable during the first foueeks of emergence and decreased

progressively thereafter (Figure 3).
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Figure 3. Percentage of the mean distribution (+8Eparasite emergence within nests per week 84,219
and 21 nests respectively). Since the start of gemee varies among nests and years, nests of eachwgre
batched taking week 1 as the start of the emergeneach nest, regardless of the actual parasiezgence
date of each nest and year.

At the nest level, the length of the emergence operithe date of
emergence of the first fly until the date of emeige of the last fly for the same
nest), averaged 38.51 days during three study y€2006 mean=41.31 days,
SE=6.65, n= 162007 mean=37.18 days, SE=3.51, n=2009 mean=37.4 days,
SE= 2.84, n=20) and differed between years andtycaypes (GLMM test,
normal distribution, repeated measures effect: yathr nest ID as a subject, Z = -
1.99, p = 0.0466; fixed effects: yeagdro1= 5.58, p < 0.01; cavity type; bs.s0=
13.64, p < 0.001; year x cavity typedzos= 5.18, p < 0.01). However, as the
interaction term year x cavity type suggests, tligerences were only produced
by the differences in the length of the parasitigergence period in nest-boxes
during 2006, but not during 2007 and 2009 (postthets; b. vs. nbgdo.= -5.07,
Sidak-adjusted p < 0.001; s. vs. nbg,et = 4.14, Sidak-adj. p = 0.009; s. vs. b.
t26.79=-1.09, Sidak-adj. p = 0.632; 2006 vs. 20@/p#= 2.55, Sidak-adjusted p =
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0.043; 2006 vs. 200940ts3 = 3.25, Sidak-adj. p = 0.007; 2007 vs. 20Q9sd=
0.30, Sidak-adj. p = 0.987).

Parasite phenology (the date when 50% of parasiesrged) differed
between years and cavity types (GLMM, normal disiion, repeated measures
effect: year with nest ID as a subject, Z = 3.08, @01; fixed effects: yearks s
= 12.93, p < 0.001; cavity type, fu7s= 22.94, p < 0.001. year x cavity type
Fa2s18= 1.45, p = 0.247). Fifty per cent of emergenceuoed earlier in nest
boxes compared with sandstone burrows and bridgé&esa(post hoc tests; b. vs.
nb. 602 = 6.39, Sidak-adjusted p < 0.001; s. vs. gdnst= -5.62, Sidak-adj. p <
0.001; s. vs. b. 3149 = 5.97, Sidak-adj. p = 0.705) and occurred late007
compared with both 2006 and 2009 (post hoc te§i86 &s. 2007:,b 9 = -3.68,
Sidak-adjusted p = 0.003; 2006 vs. 20Q9s4= 0.46, Sidak-adjusted p = 0.958;
2007 vs. 20093t57 = 4.45, Sidak-adjusted p < 0.001). Parasite plogyolvithin
the same nests was repeatable between 2006 and22@¥7and 2009, and tended
to be repeatable among the three study years (2006, and 2009; see Table 2).

Determinants of parasite abundance

Carnusabundance (i.e. the number of flies emerged frest samples) did not
differ significantly between years (GLMM, Poissoristdbution; repeated
measures effect: year with nest ID as a subjest, 4551, p < 0.001; fixed effect:
year, k42971.20, p = 0.311). However, it did differ betweavity types (cavity
type, F42976.36, p = 0.004; year x cavity type; &070.62, p = 0.649) due to
the higherCarnusabundance for nest-box samples compared to thplsaiinom
bridge cavities (nb. vs. byt=-3.55, Sidak-adjusted p=0.028) and the marginally
higher abundance for nest-box compared with sandsgamples (nb. vs. s.
t42.1572.30, Sidak-adjusted p=0.062).

Host-parasite synchronization

At the population level the mean period of fly egesrce was 1.48 times longer
than the mean period of host suitability (79 vs.45@ays). At the nest level the
period of fly emergence was significantly longer7( times longert-test for

dependent samples s; £ -6.16, p < 0.001, data coming from nest wheré Ibigt
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emergence and host suitability was recorded) thanperiod of suitable hosts
availability (38.5 vs. 22.6 days). Consequentlyalhyears some flies emerged
when no suitable Roller hosts were available (Figtei, b, ¢) and this mismatch
affected the earliest flies so that, on average,rarter of the studied population
emerged before the occurrence of the earliest(B086: 39.8%, 2007: 25.0% and
2009: 11.7%; see Figures 4).
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Figure 4. Host-parasite phenology of occurrence(dryear 2006, (b) year 2007 and (c) year 2009rsB
show the mean weekly percentage of suitable ngstlover the Roller population. Lines show the mean
weekly percentage of parasite emergence. Hostslsasige (nests): 2006 = 43; 2007 = 40; 2009 = 44.
Parasite sample size (sampled nests): 2006 = 06;207; 2009 = 20.
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Host-parasite synchronization at the nest level higbly variable (on
average 27.3%, Table 3) and differed among yeansnbt among cavity types
(GLMM, Poisson distribution, repeated measuresceffgear with nest ID as a
subject, Z = 0.10, p = 0.92; fixed effects: years:= 8.70, p = 0.001; cavity type,
Fo31 = 1.08, p = 0.35; year xcavity typesF7490= 2.52, p = 0.064). The year
effect was related to the lower host-parasite sgorghin 2009 compared with
2006 and 2007 (post hoc tests; 2006 vs. 208kt -0.03, Sidak-adjusted p =
1.000; 2006 vs. 2009;t= 3.73, Sidak-adj. p = 0.0023; 2007 vs. 2009,=13.92,
Sidak-adj. p = 0.0014; Table 3).

Year Nest cavities

Sandstones Bridges Nest-boxes Total
2006 49.55 (5) 55.26 (7) 4.21(2) | 45.93(14)
2007 30.70 (4) 14.96 (2) 32.76 (5) | 28.78(11)
2009 1.25 (5) 15.87 (4) 10.31(6) | 8.78 (15)
Total 26.92 (14) 36.95 (13) 18.01 (13) | 27.28 (40)

Tabla 3. Mean percentage of host-parasite synchimergent of flies emerging during the period wineost
suitable hosts are available, see methods for chetagls) per year and cavity-type . Sample sizadgated
in brackets.
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Host-parasite synchronization in a given yedrwas influenced by the
breeding phenology of the host in the previous ygaart-1). An earlier breeding
of the host in yeat than in yeat-1 resulted in a higher degree of host-parasite
synchronization int, whereas a later breeding of the host in yetran int-1
produced poorer host-parasite synchronization imrye (GLMM, normal
distribution, repeated measures effect: year watst tD as a subject, Z =3.45, p <
0.001; fixed effects: yearals = 16.40, p < 0.001A host hatching date between
yeart andt-1, F 36= 8.94, p = 0.005, Figure 5).

Host-parasite synchronization (%)

-20 -15 -10 5
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elta hatching dates
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Figure 5. Effect of differences in breeding phegglbetween consecutive years (x axis) over theeptage

of synchronization in year t (y-axis). hatching dates were obtained subtracting datatwhing in year t (in
julian days) by hatching date of the same nestesr y-1. Predicted values of host-parasite synéhation
(after taking into account nest identity and yedfeats) are shown. Percentage of host-parasite

synchronization was square root transformed torensormality.

176



Intraspecific variability in host-parasite life-dgs synchronization

Discussion
Comparison of host and parasite phenologies anagite abundance

Our study revealed some similarities and differsnioe the phenology of the
studied host-parasite system. At the populatiorellethe length of the period
when hosts are suitable for Carnus averaged 53ys. dBhe shape of the
distribution of host hatching dates varied amongryebut the mean skew was
positive for the five years of study. At this sarevel the meanCarnus
emergence period (79 days) was 1.48 times longar the period with suitable
hosts, the former starting consistently several kawebefore the majority of
nestlings hatched. The distribution @arnus emergence showed a strong,
consistent negative skew, probably reflecting ttsamhearance of suitable hosts
at the end of the breeding season. This resulh iaccordance with previous
findings of decreasing infestations in other hgstcées’ nests at the end of the
breeding season (Fargallo et al. 2001, Martin-\divat al. 2006, Calero-Torralbo
et al. 2008).

The observed distribution of carnus emergence datasbe the result of
the coexistence of various cohorts. The presendéiesf cohorts from different
parental genotypes may produce different Genotygavironmental interactions
(i.e. genotypes with different or limited thermansitiveness, Kemp & Bosch
2005). A population mixture of roller-associatedvaitine flies with bivoltine
generations coming from flies parasitizing earlieosts, (such as regional
Leptidea butterflies populations coming from different haltst Friberg et al.
2008), or one-year life-cycle flies versus londeart-one year life-cycle flies
(prolonged diapause, Valera et al. 2006) would pceda wide emergence
window. Nonetheless, regardless the functional iorigf the observed
distribution, from an evolutionary point of viewarty emergence of a particular
fraction of the parasite population might be aneetie strategy for flies
exploiting late breeders, since earlier flies ermgrgrom late host species can
also infect other host species of the local aviemmunity. Alternatively, earlier
phenotypes emerging in late host species mightceethe chance of complete or
partial parasite reproductive failure in a givestriehost reproduction in that nest
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fails (resource inconstancy, nest predation, rediuwest brood) (see Wiklund &
Friberg 2004 for stochastic processes of phencibgiand reproductive
regulation). Interestingly, other works have foumukt-associated differences in
length and shape @@arnusemergence (i.e. differences between single-brqoded
late breeders such as Rollers or Bee-eaters cothpédtk multi-brooded, early
breeders such as Hoopoe; Valera et al. 2006, Galemalbo et al. 2008, Calero-
Torralbo et al in prep.), suggesting that spedifist breeding phenologies may
shape parasites life-cycles of their associatedijatipns, as it has been showed
for some plant-feeding insects and their host plamtnologies (i.e. Feder &
Filchak 1999, Tabuchi & Amano 2010).

Our results show that at the nest level the emerperriod of the parasite
was also longer than the period of host occurrelrcéact, the difference in the
length of the periods was slightly larger than e population level (1.7x vs.
1.48x%, respectively). Even though the occurrencedifferent cohorts could
explain the long and variable emergence period,eseymchronization between
host availability and parasite emergence shouldimaat least at the nest level.
The most remarkable feature in this regard wasrdpéd increase irCarnus
emergence at the beginning of the host breedingpseavith more than 50% of
flies emerging in the first four weeks. This higmergence rate at the beginning
of the emergence period suggests that flies engrffiom the Roller's nest
substrate try to synchronize their occurrence wlith early nestling period of
Rollers when nestlings are unfeathered (see Véetaal. 2008). A positively
skewed emergence is common in insects (see Dail§ 2hce most individuals
usually respond rapidly and similarly to relevanvieonmental cues. Knowledge
about environmental factors used IBarnus to emerge is still incomplete,
although ambient temperature combined with hosttedl cues has been
suggested to play the main role in a rapatnusemergence and diapause arrest
at the nest level (Calero-Torralbo & Valera 2008 also Leather 1993, Tauber et
al. 1986 for other systems).

Roller and Carnus phenologies were comparably influenced by some
factors but not by others. Inter-annual variationRoller hatching dates was

minimal and slight inter-annual differences in skess likely reflects certain
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plasticity in hatching dates distribution aroundsi@ble population mean. In
contrast, parasite phenology (50% emergence andettggth of the emergence
period) was more sensitive than host phenologynteriannual changes. This is
feasible because temperature is known to have doyrd impact on
heterothermic invertebrates (Tauber et al. 1986)ps& growth and emergence
patterns are frequently sharply adjusted by tentperaln contrast, for endotherm
organisms, a direct effect of environmental temfjpeeaon breeding phenology is
weaker and temperature is generally used as aoctlee toccurrence of the most
favourable period for reproduction (Visser et @09, Forrest & Miller-Rushing
2010). Therefore, our study implies that the anfiugtuations of environmental
variables can produce different effects on host par@site phenologies and thus
alter the degree of mismatch over host-parasit@ccoirence (see also Van
Nouhuys & Lei 2004).

In contrast, nest type had a similar effect onhbst and the parasite: both
the Roller and carnid flies advanced their lifeleyhatching date and emergence,
respectively) in nest-boxes. The advanced emergehCarnusin nest boxes is
probably due to different microclimatic conditiomdien compared with natural
cavities. Microclimate can also account for earlieeeding of Rollers in nest
boxes even though intra- or inter-specific host petition for nest sites can be
other reasons (Véaclav et al. 2011). In additiorth® increase in the degree of
environmental heterogeneity, nest boxes also &ffehbst-parasite relationships
via parasite abundance. Nest boxes contained @arsusflies than the other
two nest types (see also Moller 1989; Fargalld.€2@)1, Wesolowski & Stanska
2001). Microclimate and nest substrate compositdfecting different stages of
the parasite (Dawson et al. 2005, Krasnov 2008 tiver — de la Puente et al.
2010), or difficulties in nest sanitation by theshdue to the architecture of nest-
boxes can account for a high@arnusabundance in nest-boxes. Albeit the use of
nest-boxes in the study of the ecology of hole-threg birds is widespread, our
results suggest that one should be cautious ifrgemenclusions are extracted
from phenological studies involving endothermic amgms and ectotermic
species such as avian ectoparasites.
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Host predictability and parasite phenological regrity

High host predictability across years is vital tomote parasite predictability and
host-parasite synchronization (Barrett et al. 200®)st predictability, both in

terms of occurrence and phenology fluctuates in study system: (i) Host

occurrence was moderate, with some nests beingarggadnce and others being
used consistently for several years; (ii) intertzadrhatching date repeatability for
the same nest was highly variable, ranging fromepeatability for some years to
0.70 for a 3-years period. In contrast, parasitenplogical predictability for the

same nest was less variable during the study péfialle 2).

Differences between host and parasite predictpbiite probably
reflecting the different nature of the factors ufhcing phenology in each
organism.Carnusemergence is highly dependent on diapause duratibich is
rather rigidly regulated by ambient temperaturelé@aTorralbo & Valera 2008,
Valera et al. in prep.). Unless a major environrakdisturbance occurs, a given
nest is likely to keep its thermal characterissitgilar between years. In contrast,
Roller phenology in a given nest can be influenbgd variety of biotic factors
that are difficult to predict (changes in one of thembers of the breeding pair,
intra or inter-specific competition for nest siteshut see Przybylo et al. 2000).
Véclav et al. (2011) showed for the same populatia Roller nest reoccupancy
in a given year was more likely if the nest hadrbpeeviously used, although this
effect was only detected for natural cavities araitional nests in human
constructions, but not for nest-boxes. Thus, algholbost predictability could be
hardly forecasted b€arnusat the host population level, some opportunitigsafo
high synchrony do exist in nests that are beingipiet! consistently and with a
high phenological predictability by the same hdstthese same nests, flies can
also find a stable environment that could fac#itathigh synchronization to local
and regular host nest phenologies (see, for instaman Dongen et al. 1997,
Tikkanen et al. 2006).
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Host — parasite synchrony

In host-parasite interactions synchrony occurs vitherife cycle of the parasite is
timed so that it can exploit the host optimally d@hat of the host is timed so that
it is maximally exploited (Singer & Parmesan 2010ur data show that, at the
nest level, host-parasite synchronization was low gverage 27.3%; range =
1.25% to 55.26%; Table 3), mainly beca@@nusconsistently emerged before
the occurrence of the host. This indicates thasfitannot precisely detect or
predict the beginning of the period of host avaliigb(see, for instance, Buse &
Good 1996). The question appears to what exdanbuscan track the phenology
of Rollers. Host-parasite synchronization in a giyear f) was influenced by the
breeding phenology of the host in the previous ygdr). A more advanced
breeding of the host in yeaircompared to the previous year resulted in a higher
degree of host-parasite synchronization in ytedn contrast, a later breeding of
the host in yeat compared to yearl produced a poorer degree of host-parasite
synchronization in yeat. This implies that birds progressively initiatirigeir
breeding attempts earlier in consecutive years ldhbe more parasitised than
birds progressively delaying their breeding attempetween years. Parasite
synchronization with early breeders can be fatddaby the effect of host
temperature (Calero-Torralbo et al. 2008). Thigeffmay dilute as the season
progresses and parasites reach the physiologwalréquired for emergence.

The phenological host-parasite asynchrony showemliirstudy raises the
question of whether perfect synchronization witaittRoller hosts is indeed the
optimal strategy forCarnus hemapterugo maximize its fithess or, on the
contrary, a certain degree of stochasticity isrdéde to face host unpredictability
and/or take advantage of alternative resourcasdiViduals can precisely detect
when resources are available, then a populatigraxzsites could develop an ideal
strategy of close co-occurrence and synchronizg®nger & Parmesan 2010).
Nevertheless, in the absence of predictable cueBomrconditions, parasite
generalists tend to have a broader phenology iratsempt to cover a broad
phenological window at the community level (e.gkkeinen & Lyytikainen-
Saarenmaa 2002). The negative consequences ofassitategy can be partially

offset by the acquisition of host searching skdisring the dispersal period
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(Combes 2001). In our system, the detrimental effetow synchrony at the nest
level can be balanced by means of spatial dispetsiaclose nests with suitable
nestlings (e.g. host-parasite synchronization at tevel during 2009 was 8.78%
whereas most flies in 2009 -88.3%- emerged dultiegvthole period of suitable
nestlings in 2009, see figure 4c). This suggestéd there could be stronger
selection for the parasite for synchronization &rger scale (population or even
community level, see Jepsen et. al 2009) thanfatea nest, level. Additionally,
records of massive and successful colonizatiorsolfaied nest-boxes by carnid
flies (Calero-Torralbo pers. obs.) suggest thatgeth adults are equipped with
some kind of searching skill to detect occupiedsies

Our results suggest that low host-parasite syndtmton may be
advantageous in parasitic system such as ours,ewhgh rates of host and
environmental unpredictability at both low geogriaghand short temporal scales
are found, therefore supporting recent hypothesisr ahe functional and

evolutionary significance of phenological asynclyr8inger & Parmesan 2010).
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CAPITULO VI

Phylogeography and genetic structure of the generat
ectoparasite Carnus hemapterus. interplays between scale,
geography and host-associated factors.

Abstract: Despite the ecological importance of generalishpgéns in terrestrial communities, our
knowledge about agents of diversification and tlag they shape the genetic structure of generalist
and widespread parasites is poor. Here we expf@regénetic structure of the avian ectoparasite
Carnus hemapteruat different geographical scales (from contineialocal scale), to elucidate
the main barriers and sources of gene flow and thi#ience on genetic diversity and structure. At
a large phylogenetic level (European and North Acagr Carnus hemapterusvas strongly
affected by historical events and physical barresswell as by isolation by distance between
remote localities. At a medium phylogenetic levebgulations in Central Europe, Iberian
peninsula, North of Italy and France), genetic diifecation was dependent on particular historical
and demographic events of each region, what mayceethe effect of other ecological factors over
genetic divergence at lower scales. At a locales¢abuth east of Spain), genetic structure of
sympatric lineages was partially shaped by extingilochronic barriers due to temporal
differences in parasite emergence, although hestezested genetic divergence was not detected.
Parasite phenological allochrony could be a sigaift mechanism of genetic diversification in
generalist parasites, even in those systems wiostadce formation or ecological speciation might
not be detected. This work highlights the importaraf studying widespread and generalist
parasitic systems that show a multifarious rangdacfors shaping diversification and genetic
structure, and stresses the need of consideringraephylogenetic scales for a better
understanding of host-parasite diversification psses.

Keywords: Ectoparasite, Diptera, long distance colonizatiamge expansion, temporal isolation,
allopatry, speciation, phylogeny, Bering land bedg
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Introduction

Understanding the evolutionary processes and thefsariving forces that are shaping
population genetic structure of organisms is essefur improving our knowledge about
the mechanisms that promote genetic diversificadioth speciation in nature. The observed
structure of populations depends on the interachietween the rate of gene flow and
increments of genetic variance between populataos can occur by changes along the
spatial, temporal or ecological axes where theetiffit populations are evolving (Fisher
1958). Therefore, for inference of population stuoe from genetic data, it is advisable to
include the main driving factors (e.g. geographiaat/or temporal features, historical
events or ecological factors) that are interacting influencing the amount of gene flow
between populations at different spatiotemporakesca

Parasites are ideal model organisms for the stiidige forces modelling genetic
structure at different scales. Ecological mechasisihdiversification can arise from the
close and strong interactions between parasites thed hosts, the latter becoming
ecological barriers that can induce changes intgesgucture and increase biodiversity of
parasites (McCoy et al. 2003, Drés & Mallet 2008ye & Orr 2004, Kemps et. al 2009).
Geographical distance, physical barriers or histdrievents (past colonization or
fragmentation, range expansion) can also promaterslification and regulate gene flow
among populations in parasite taxa at differentisgamporal scales (Simonato et al.
2007, Hoberg & Brooks 2008, Rich et al. 2008, Stefk al. 2009, Vercken et al. 2010).
Finally, the large diversity in life-history traitmd adaptations of parasites interacting with
the driving forces and barriers above mentionediehad to a wide range of genetic
structures and diversification within and amondedént groups of parasites (Poulin &
Morand 2004, Barrett et al. 2008) which make thdeal systems to unravel the complex
relationships among life-history characteristicsl amderlying mechanisms that induce or
restrict gene flow and shape the genetic struafipmpulations.

In recent years, an increasing number of studies Hacused on the genetic
structure of polyphagous species with a broad spsttrum and distribution (e.g. McCoy
et al. 2005, Bouzid et al. 2008, Archie & Ezenwd PO Generalist parasites with wide
geographical distribution undergo highly variabdéestion pressures. Due to differences in
local conditions and the nature, range and avdithabif the hosts exploited in each

population, selection for several parasite traiisld be important and active in some
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locations but not in others (Lajeunesse & Forbé@22Thompson 2005). This can promote
high variation in host-associated diversificatioeaimanisms and in the effect of regional
geographical barriers, isolation by distance otohnisal local events over the genetic
structure of the populations distributed alonguatinal and longitudinal gradients.

The role of host-associated, geographical or hesbifactors over the genetic
structure and diversification in animal parasitestill scarcely understood (Criscione et al.
2005, Poulin 2007). Although notable and enlightgniefforts have been recently
performed in some parasite taxa, particularly istitlvelling ectoparasites (McCoy et al.
2001, 2003, 2005, Dudaniec et al. 2008, Bruyndonekcal. 2009, Kemps et al. 2009,
Malenke et al. 2009), the remarkable variabilitghivi this group in key aspects (life-story
strategies, complexity of life-cycle, method antesaof dispersion, or degree of intimacy
with the host exploited; Marshall 1981) demandghier attention. Recent studies with
ectoparasites from different taxa have shown thmmance of parasite life-history traits to
explain genetic structure and diversification psses when parasites exploit the same
species (Gomez-Diaz et al. 2007, Witheman et @.720oon & Hughes 2008). These
results emphasize the need to perform studies fiiereint parasitic taxa to properly
understand the overall processes that shape gestaiitture and diversification among
ectoparasites. Here we present, to our knowletigdjrst broad scale study of a generalist,
widely distributed dipteran ectoparasite aimingehtcidating the genetic structure and
detecting the main sources of genetic divergencaifidrent geographical scales (from
continent to local scale).

Carnus hemapteru@Nizscht 1818)s a 2 mm long, blood-sucking nest dwelling fly
belonging to the Family Carnidae (Diptera: Acalgptie). This species provides an
excellent opportunity to study population genetitugure and mechanisms of
diversification in animal parasites at differenaal scales since: i) it exploits a large host
spectra (host range = 60 cited species, Brake 28lbhg a wide area of distribution
(Holartic ecozone, mainly recorded from Europe Badth America); ii) it has been found
parasitising a broad range of host species in sanais. For instance, up to ten different
host species (with marked differences in morphaldgghaviour and breeding phenology)
have been recorded in the Desert of Tabernas (Adn&pain, Calero-Torralbo and
Valera, pers. obs.). Thus, high genetic variatiorstructure and diversification among

and/or within populations due to changes in lo@alditions and nature of the available
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hosts is expected. ii)Carnus hemapterugarasitizes ephemeral resources, namely
unfeathered nestlings of various bird species wdtiicular life-history traits and breeding
phenologies. Furthermore, emergence of imagines been reported to be partly
synchronized with the occurrence of some of thestd (i.e. hatching of nestlings) (Liker
et al. 2001, Valera et al. 2003, Calero-Torralbal afalera 2008, Chapter 1V). This
suggests that host-associated mechanisms of sympaatt/or allochronic divergence and
isolation among parasite lineages could occur. \&émerallochronic divergence in
phytophagous arthropods via host variation in plagpois well known (Craig et al. 1997,
Filchak et al. 2000, Tikkanen & Julkunen - Tiittd(B, Abbot & Withgott 2004, Feder et
al. 2005, Santos et al. 2007, 2011, Ording et@l02, very few cases have been reported
in animal parasites (see Therom & Combes 1995)pieshe importance that this
diversifying mechanism may have in parasites (Pfi&80, Via 2001, McCoy 2003,
Rundle & Nossil 2005).

Here we use mitochondrial molecular markers to ystii genetic structure of
Carnus hemapteruparasitizing a wide range of host species fronths&uwrope to North
America. And examine the demographic and histovienes (past fragmentation, glacial
refugia, range expansion...), that may have infludribe observed parasite structure. We
also explore the main driving forces (namely hossoaiated factors, geographical
distances, physical barriers, historical eventgt tould generate genetic variation at

different spatial scales: from local to continergabgraphical scales.
Materials and Methods
Study species, study area, sample collection and Bblation

The life cycle of Carnus hemapterus comprises ailt athge, 3 larval phases, and a pupal
stage (Guiguen et al. 1983). Usually, after severahths of winter diapause adult flies
emerge in the following spring approximately whaeit nestling hosts hatch. Adult flies
have a winged and wingless phase. After their eemexg, adults are initially winged, but
lose their wings as soon as they locate a suitab& (Roulin 1988). Since neither the
adults nor the larvae have been found on adulspi@@rnid flies are assumed to actively
colonize hosts’ nests during the winged phase eir thife cycle (Grimaldi 1997).
Nonetheless, Carnus can persist by itself in th&t fer several years since prolonged

diapause has been recorded for this species (Vetela2006a). Adult flies cannot survive

190



Phylogeography and genetic structuréCohemapterus

for long without feeding (around 2-3 days; Calem+albo & Valera, unpublished data.),
and, thus, its dispersal period may be short.

Overall 245 Carnus hemapterus flies were collettech different host species in
various locations in Europe and North America (¥able 1 and Figure 1) from 2004 to
2007. Sampling was particularly intense in Taber(@&kneria) where 56 flies were
obtained from three different hosts specie. Fliesenobtained directly from parasitized
nestlings or from pupae collected from nest detrifiinfested nests. Flies were stored in
95% ethanol until assayed in the laboratory.

W?:/;W&
RS
ENN a “ffff \ v N

S fff

Figure 1. Sampling localities @@arnushemapterugl to 19, see table 1); a. European localitiesNarth American

localities.

Total genomic DNA was extracted following Gloor &dels (1992). The whole
fly was minced in 3Qul of Extraction Buffer (10 mM Tris, 1 mM EDTA, 25 vh NaCl)
solution and 2ul of proteinase K per individual; subsequently iasvincubated for 30
minutes at 56 °C and for 5 minutes at 90 °C to renslne inactivation of proteinase.
Extracted DNA was stored at -20 °C.
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DNA sequencing

Sequence information for 809 base pairs (bp) ofitaaimondrial region situated within
Cytochrome Oxidase subunits | and Il genes (COI @all), was obtained using two
different amplification strategies. Initially, PCReere performed using newly designed
primers based on a COIl and COIl sequence obtairmed & bigger fragment of around
1600 bp, amplified using universal primers C1J218perling & Hickey 1994) and
TKN3772 (Bogdanowicz et al. 1993). New primers wer€F (5
ACACGGTCCTCAACTTTCTT-3’) and CR (5’-AGTTTATAGGAAGGREAACTCG-3)
that allowed amplifying a single fragment of ab8&0 base pairs in 107 flies. In a second
phase, since primers CF and CR failed in the aiogtibn of individuals belonging to
Slovak and North American populations, two addiiomternal primers were designed
(CRN, 5-ATATCTGTGTTCAGCAGGTG-3’ and CFN, 5'-
CTTCCCTCAACATTTTCTTGG-3") and two separate overlagp fragments were
obtained from 138 individuals (CF-CRN, approx 46® dnd CR-CFN approx 700 bp),
resulting in a final sequence of 809 bp.

Amplification of the first primer combination (CFRG was performed in a total
volume of 25ul containing 2.5ul of Promega GoTaq® reaction buffer 10X, jubof
MgCl, [5 mM], 1 ul of dNTP’s [2 mM], 1.5ul of each primer ([10 mM]), 0.3 of
GoTag® Promega DNA Polymerasa [S5ul)/ 14.8 ul of H,0 and 2ul of genomic DNA.
Thirty five cycles were used on a DNA thermocychléth predenaturing at 94 °C for 2
min, denaturing at 94 °C for 30 s, annealing atGTor 40 s, primer extension at 72 °C for
1 min and a final extension in 72 °C for 5 min. Affiqation for the CF-CRN and CR-
CFN primer combinations was performed in a totdune of 25ul containing 5ul of
Promega GoTaq® Flexi reaction buffer 5X, plsof MgCl, [25 mM], 1 ul of dNTP’s [2
mM], 1.5 of each primer ([10 mM]), 0.1 of GoTaq® Flexi Promega DNA Polymerasa
[5 U/, 11.34 ul of H,0 and 2ul of genomic DNA. Similar number of cycles and
temperatures than in primer combination CF-CR wesed, except for annealing period
(56 °C for 40 s).

Positive (DNA from flies previously amplified) angegative (PCRmix without
genomic DNA) controls were used to check PCR peatémce and contamination in all the

amplifications. Purification was performed incubgt5 pl of PCR product at 37 °C for 15
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min with 1yl of ExoSAP-IT® (USB Corporation, Cleveland, USA)zymatic reaction to
remove excess of primers and a final 15 min peab®0 °C to inactivate the ExoSAP
activity. Sequencing was run on an ABI 3100 or aBI 8700 Genetic Analyser.
Nucleotide sequences were edited using the pro@hromas v.1.45 (Conor McCarthy,
Griffith University, Brisbane, Queensland, Austad)i and combined into a unique
sequence per individual. Different sequences wégmed with the program ClustalwW

(http://www.ebi.ac.uk/Tools/clustalw2Chenna et al. 2003) and inspected by eye. No

indels were found in any individual used in thiadst for this sequence. To exclude the
possibility that a nuclear pseudogene was amplifite nucleotidic sequence was
translated by means of MEGA 3.1. and compared Withwwn aminoacid sequences of

other dipteran species using BlastXtj://blast.ncbi.nim.nih.gov/Blast.ggiOur sequence

covers the final part of COI (from position 1 to63%®odon start at third position, between
88-85 % match with other brachyceran flies) plus tgion corresponding to tRNA-Leu
gen (from positions 360 to 424), and the startiag pf COIlI (from position to 425 to 809,
codon start at first position, 88-85 % match witthes brachyceran flies). The high
percentage of similarity, the conservation of tlsifion of stop codons and the lack of
indels/stop codons in the coding region confirmbdt twe amplified a fragment of

functional COI - COIl copy.
Phylogenetic relationships

We used the software MODELTEST (Posada and Crantia@8), to select the best-fit
models of nucleotide substitution for the Maximurikdlihood and Bayesian analyses.
Hierarchical likelihood ratio tests and Bayesiafoimation criteria (BIC) identified HKY
+ G as the most appropriate model, and Akaike métion criteria (AIC) identified HKY
+ G + | as the most appropriate model. We chooser HKG model following the
Bayesian information criteria to avoid a possiblermparametrization in model selection
with our sequence data (Nylander et al. 2004).

We conducted ML analysis with PHYML (Guindon & Gast 2003), using a
starting tree obtained from the program TREEFINDEIRbb et al. 2004). Bootstrap
analyses with 10000 replicates were performed sesssnodal support for the ML tree.
Additionally, bayesian inference method analysssjmaplemented in MRBAYES (v. 3.2;
Huelsenbeck & Ronquist 2001; Ronquist & Huelsenb26k3), was performed. We
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produced posterior probability distributions byoaling four MCMC to proceed for
10,000,000 generations, sampling every 100 geoesgtithe initial 25% of trees (first
2,500,000 generations and 25,000 trees) were disdaas burn-in. We ran Bayesian
analyses three times to ensure that they wereaygbed on local optima. Since no similar
sequences of mitochondrial DNA are available foneotCarnidae species, we used
Drosophila melanogaster (a close and relative yeachlyptratae species) as outgroup for
both Bayesian and Maximum likelihood analyses.

Tree-building methods tend to resolve intraspegBoe genealogies poorly when
the different mitochondrial types are separatedelsy mutations and ancestral haplotypes
may still be present in the populations (Crandallé&mpleton 1993). Accordingly we used
TCS 1.18 (Clement et al. 2000) to construct a mummspanning network (Crandall &
Templeton 1993) to improve the visualization of tationships among the haplotypes of
Carnus hemapterus. Haplotype network was estimagad) the 95% reconnection limit
between haplotypes. Ambiguities (loops) were remlfollowing Crandall & Templeton

(1993) and based on expectations from coalesceattti{fPosada & Crandall 2001).
Divergence time estimation

Age estimates of the most recent common ancestihreofnain Carnus hemapterus clades
were obtained using a Bayesian inference framevesrkmplemented in the computer
program BEAST v.1.4 (Drummond & Rambaut 2007). Tdpproach allows evolutionary
hypotheses to be tested taking into account phyketie uncertainty and provides 95%
confidence intervals for the parameter estimateedbasn the posterior probability
distribution over the parameter state space.

We constructed an input file with the program BEAUItsing birth-death prior
distribution (given that we expect that some exiorc has occurred during the Carnus
hemapterus divergence time). We estimated reldtipadetween lineages using the strict
clock, the uncorrelated lognormal and the uncotedleexponential relaxed clocks. To
asses the preferred clock we checked the stan@aidtidn of the uncorrelated lognormal
relaxed clock. If the standard deviation is O thieneo variation in rates among branches. If
this parameter is greater than 1 the standard t@vian branch rates is greater that the
mean rate and this means that there is among brateheterogeneity within the data and

it is recommend the use of a relaxed molecularkcldde also calculated the coefficient of
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variation (CV) of the root to tip distance (stardiaeviation divided by the mean of the
root-tip tree distances), of our maximum likelihcioele without outgroup by means of the
program Path-o-gen (Rambaut 2009). If CV is claseero then the data are clock-like but
if this is much greater than zero then they are vty clock-like. Additionally we
calculated by means of the program TRACER (Ramb&aubrummond 2003) the
harmonic mean of the likelihood values (as estimatdhe marginal likelihood) from the
posterior output of each of the clock models, athfthese values, bayesian factors (BF)
were calculated by taking the difference between rtiarginal likelihood values of one
model topology T, and the alternative model topology TNewton & Raftery 1994;
Suchard et al. 2001; Nylander et al. 2004); thenpreferred clock model was selected
following the guidelines provided in Kass & Raftgi3995). Two independents MCMC
chains were run for 100,000,000 generations, sag@ind logging parameters every 1000
steps. Model selected by MODELTEST was implemerged the different parameters
values for the substitution model were used aggrio

The absence of fossil evidence or well-dated bigggghic events prevents the
calibration of a molecular clock for Carnus hemajgeWe used a calibration rate of 2.3%
pairwise sequence divergence per millions yeatisnattd for mitochondrial markers in
arthropods (Brower 1994). The widely used Browestimate is based mainly on dipteran
species from different biogeographic and ecologicagins. These flies are species
recently diverged, lik€€arnus hemapterugopulations; therefore both rates of substitution
are supposedly in the initial rapid phase of mitowrial divergence (Moritz et al. 1987).
Furthermore, different parts of the mitochondriahgme were used for the calibration,
including parts of the COI and COIl gene. The rdbess and reliability of this insect
mitochondrial molecular clock has been further @oméd by linking an insect molecular
phylogeny to paleontological and biogeographicatadéGaunt & Miles 2002). We
therefore consider this calibration rate as thet stimate for our COI and COlIl
mitochondrial data belonging to individuals recerdiverged and close to the dipteran

species used in Brower’s study.
Population genetic structure

Since we do not have an a priori definition of pagions, we used the program SAMOVA
1.0 (Dupanloup et al. 2002) to characterize theaugrstructure of our European sampled
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locations based on the genetic data. SAMOVA proeegermits to define geographically
homogeneous populations that maximize the propomiototal genetic variance due to
differences among population groupsc{F SAMOVA was run using 500 simulated
annealing processes for k values from 2 to 20.wRsdr kst (Wright, 1951)estimates of
genetic distances between (i) European sampledtidosa and (i) homogeneous
populations defined by SAMOVA analysis were calteda using ARLEQUIN 3.0
(Scheneider et al. 2000, Excoffier et al. 2005).

To test the hypothesis of isolation by distance whdther there was some kind of
correlation between genetic and geographical distrat several geographic scales, we
performed two - tailed Mantel tests using the safsevPASSaGE 2.0 (Rosemberg &
Anderson 2011) for all European populations, amdtie Iberian and the Central European
populations. The test was carried out using pairfxsés and geographical distances in
kilometres.

To highlight whether other factors apart from geqipic distances between
locations (e.g. host-associated factors) were eémfiting genetic variance among
populations AMOVA analyses at different geograpsiales (Europe, Iberian Peninsula
and Tabernas) were performed with ARLEQUIN 3.0. Yveuped the sequences by (a)
sampling location, (b) flies emergence date, (cythbreeding phenology, (d) host
aggregation tactic during breeding (solitary vdon@l), and (e) host migration behaviour
(resident vs. transharian migrants). For host bngecgphenology we created three
categories: early breeders (January, February aadh)] medium breeders (April, May)
and late breeders (June, July). Assignment obteeding phenology of each host species
to such categories was done considering the pdiitdg most to the breeding data
reported for each region sampled (see Cramp 19Bfeding tactics and migration
behaviour were obtained from Cramp (1985) and asid+Et al. (1994, 1999 and 2001).

Historical demography

In order to test the null hypothesis of no geobiegd association of haplotypes and to
separate population structure from population hysta nested clade network was
constructed following Templeton et al. (1987), Téstgn & Sing (1993) and Templeton et
al. (1995). Then, a Nested Clade Phylogegraphicalysis (NCPA) was performed in
GEODIS, version 2.5 (Posada, 2000), with a numbepesmutations equal to 1000.
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Significant results were interpreted using the rafee key published (November 2005)

and available athttp:/darwin.uvigo.es/ The haplotypes from the North American

populations were excluded from the NCPA since tsleywed more than 40 substitutions
with respect to European haplotypes, well above#¥é confidence criterion.

Recently, NCPA analysis has been severely criticifeetit, 2008; Beaumont &
Panchal 2008) due to the possibility of false pes#, mainly for range expansion
conclusions (Templeton 2004, Petit 2008). To supaod better interpret our results, we
performed additional analyses for each of the hid¢gneel clades at the total cladogram and
for homogeneous grouped populations obtained by OXK analysis. Mismatch
distribution (Slatking & Hudson 1991, Rogers & Hampling, 1992) and statistical
significance of the observed distribution were @dsagainst a null distribution of recent
population expansion using DnaSP 4.5 (Rozas & Rd289). A unimodal mismatch
distribution indicates a recent range expansiorgéR® & Harpending 1992; Excoffier et
al. 1992), whereas multimodal mismatch distributiadicates diminishing population
sizes, structured size or that the populationflsémced by migration, is subdivided and/or
has undergone historical contraction (Marjoram &nBlty 1994, Bertorelle & Slatkin
1995, Ray et al. 2003.). Fu's; Bnd R statistics (Fu & Li 1993, Ramos-Onsins & Rozas
2002) were also calculated with DnaSP 4.5, sineg thave more statistical power than
SSD or Harpending’s raggedness index when populaizes are small (Ramos-Onsins &
Rozas 2002). We also calculated Tajima’s neutraést D (Tajima 1989). Significance
values of all tests were determined by computemukition (1000 replicates) using the

coalescent algorithm implemented in DnaSP 4.5.
Results
Phylogenetic relationships

For the 809 bp mt sequence generated from 245ichdils, 119 variable nucleotide sites
defined 64 haplotypes (haplotype diversity = 0,8@®e Table 1). Haplotypes Z, P and
AN, found in 9, 5 and 5 out of 1@opulations, were the most widespread ones.
Specifically, haplotype P was found in remote ldied from different countries (Tabernas
in Spain, Parma in Italy, Somotor in Slovakia, Atirea in Hungary, Gosing in Austria),

some of them more than 2000 km apart. Haplotypea& found in all Iberian sampled
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localities as well as in Paradou (Southern Frangkpopulations, except one in southern

Spain (Dofia Maria), have unique haplotypes (hapkxyfound only in that population).
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Maximum likelihood and Bayesian methods inferreide@ with strongly supported
groups clustering individuals of the same geogmaghigin, indicating the existence of

genetic differentiation among populationsG@drnus hemapterug-ig. 2).

70
100

100

Canada

100
100 clade

003

Figure 2. Maximum likelihood tree under the HKY +rf®odel for 64 haplotypes @arnus hemapterurosophila
melanogastewas used as outgroup taxa. Nodal support was sesbegth nonparametric boostrap (for ML analyses;
numbers above branches) and with Bayesian posterairabilities (numbers below branches). Only expiary and
useful values for our objectives are indicated.nBhees for basal node were cut to improve tree ir=ateon. Haplotypes

were also grouped following nested clade analysslts (see materials and method and result secioth Figure 3).
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The separation between the European and the Canpdfulations was well supported.
All the haplotypes from the Iberian Peninsula, gtctr the BG haplotype, grouped
together in a clade (hereafter clade 3-1). The riéimé clade included three weakly
supported subclades.

Most of the Southern France and Italian unique dtgpks (12 out of 16
haplotypes), tended to form a weakly supportedecth@reafter clade 3-3, West European
clade. An unclear structure was revealed for mesiti@l European haplotypes.

The minimum spanning network and nested design aupe clear distinction
between the European and the Canadian populatiensidplotypes are shared between
them), and the separation between the lberian tygg@e (clade 3-1), and the great
majority of French and North Italian haplotypes @VEurope haplotypes from clade 3-3).
The Iberian and the West European populations simye 4 out of 43 haplotypes and the
West European and Central European population® $hsirone out of 32 haplotypes (see
Fig. 3). These results support the genetic strecturggested by the ML tree (Fig. 2).
Furthermore, only 1 haplotype from a single indiaat sampled in a Central European
population belongs to the 3-3 clade, (BE from DekajStreda, Slovakia), no haplotypes
sampled in Central European populations belondi¢éo3t1 clade and only 6 haplotypes
from 9 individuals belonging to West European alperian Peninsula populations are out
of clades 3-1 and 3-3.

Concerning the rest of haplotypes in the netwoaglttypes BD, K, P, AZ, BC, N,
AY, O, M and L clustered together in a two leveld# (hereafter 2-5) and haplotypes R, Q
and AX clustered together in another two level el@ltereafter 2-6), weakly supported by
the ML tree, suggesting that haplotypes from déiferorigins are converging in the
Central European sampled range, leading to a llgemetic structure at this geographic

scale.
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R¢Y North America ‘]HD Iberian peninsula @ West Europe O Central Europe
3a.

. Missing haplotype

3b.

Figure 3. (a) TCS minimum spanning haplotype nekwmased on 802 bp of concatenated COIl and COIl DN
fragments and nested design used in the NCPA I®lsHaplotypes and network form North America ylagions
were excluded from the NCPA since they showed rtfoea 40 substitutions with respect to Europeandigpés (see
text). Locations were grouped in four main aredserfan Peninsula, Continental Central Europe, @ental West
Europe and North America). Circles size is propoi to the total number of individuals sharingre&aplotype and
slices are proportional to the number of individupér area. Dashed lines indicate alternative adioms (loops). (b)

European nested design level 3 and final nestetbgtam.
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Divergence time estimation

The Coefficient of Variation of our root to tip mexum likelihood tree distances was
equal to 0,389 or 38'9%, which is within the ranfat is successfully modelled by a
relaxed molecular clock model (Rambaut, pers. com&.comparison of the Bayesian
factors of the trees obtained under the three ciocllel assumptions showed very strong
(exponential clock model) and strong (lognormalcklonodel) preferences for relaxed
clock models compared with strict clock model, aithin relaxed models, relaxed model
with uncorrelated exponential distribution was predd compared with uncorrelated
lognormal distribution model (Table 2a). Since prefice against uncorrelated lognormal
distribution was not very strong, and taking inttc@unt that exponential distribution
relaxed model is not recommended unless the ewdefavouring this model are clear
(Drummond et al. 2007), we decided to use the uataied lognormal distribution model
for our relaxed clock. Bayesian age estimatesterrhost common recent ancestor of the
main clades (All sampled haplotypes, North Ameriaad European haplotypes, clade 3-1,
clade 3-3 and the rest of European haplotypes decB? -), under the 2.3% pairwise
sequence divergence substitution rates is summndaiizdable 2b. Clades 3-1 (Iberian
haplotypes) and 3-3 (West European haplotypesygiebapproximately at the same time,
what suggests that a common and similar historacabiological episode started the

divergence.
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2a.
Model clock Evidence against TO
T1 TO 2InB10 Conclusion
Exponential Lognormal 5,724 Positive
Exponential Strict 13,886 Very Strong
Lognormal Strict 8,162 Strong
2b.
Clade Mean age estimates of Mrca
All sampled haplotypes 0.970 (1.766 — 0.786)
North American haplotypes 0.189 (0.319 — 0.070)
European haplotypes 0.370 (0.569 — 0.200)
3-1 clade (most of Iberian
haplotypes) 0.205 (0.329 - 0.105)
3-2 clade (most of Central
European haplotypes) 0.339 (0.544 - 0.178)
3-3 clade (most of West
European haplotypes) 0.169 (0.301 — 0.070)

Table 2a. Summary of Bayesian factor analysistefréitive clock models.

Table 2b. Mean age estimates of the most recentoomancestor (Mrca, in millions years) of each melade of
Carnus hemapterusampled populations obtained with Bayesian amalyafe used an uncorrelated lognormal relaxed
clock model based on 2.3% pairwise sequence dimeegeer millions years estimated for mitochondnrkers in
arthropods (Brower 1994). Values in parenthesespond to the upper and lower 95% highest postéeiosity (HPD)

intervals.

Genetic structure of European populations

SAMOVA analysis revealed the existence of gendficalistinct groups broadly
corresponding to sampling areas (all samples fraoh docality were grouped together
except for Gosing locality that was split into tdifferent groups). In fact, theck values,
the proportion of genetic variability explained ybdivision in groups, increased
progressively withk (humber of groups) but reached a plateau wkxehto 9 (Table 3).
Similarly, Fsc values, that indicate differences among populatieithin groups and thus,
the genetic homogeneity within the created grodpsreased progressively wihwith a
clear drop ak=7 (Table 3). Therefore we decided that the ideal more conservative

number of groups wds= 7.
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kn-(kn+1)
FSC FST FCT

k2-k3 0.375 0.091 -0.050
k3-k4 0.027 0.000 -0.008
kd-k5 0.018 0.002 -0.003
k5-k6 0.011 0.000 -0.003
k6-k7 0.029 0.005 -0.003
k7-k8 0.009 0.001 -0.002
k8-k9 0.003 0.000 -0.001
k9-k10 0.003 0.000 0.000
k10-k11 0.000 0.000 0.000
k11-k12 0.007 0.001 -0.001
k12-k13 0.003 0.000 0.000
k13-k14 0.000 0.000 0.000
k14-k15 -0.001 0.000 0.000
k15-k16 -0.002 0.000 0.001
k16-k17 -0.003 0.001 0.002
k17-k18 -0.006 0.000 0.002
k18-k19 -0.003 0.000 0.002
k19-k20 -0.004 0.001 0.003

Table 3. k¢, Fst and R differences between increasing adjacent valuésfaf different k-levels of grouping (from k=2
to k=20) used in SAMOVA analysis.

On the light of the SAMOVA result, populations wegmuped as follows: G1 =
All samples from the Iberian Peninsula; G2 = Adlliian and French samples; G3 = Gosing
1; G4 = Gosing 2 + Somotor + Albertirsa samples;=3@%estany samples; G6 = Dunajska
Streda samples; G7 = Pavlova samples. HieracAlgEDVA showed that 71.4 % of the
variation was due to this partition {/£0.714,P < 0.001, significance tests after 1023
permutations), while variation among populationghimi groups explained only 1.97 % of
the total genetic variation §E=0.069 P<0.001, significance tests after 1023
permutations).

Pairwise kr values between each location and between the grdefined by the
SAMOVA, revealed significant genetic variation argoalmost all sampled populations,
except for several locations within Iberian Peniagliable 4a) and among G6 versus G2,
G3 and G5 SAMOVA groups (Table 4b). Additionallyveral comparisons including
localities like Balmaseda, Dunajska Streda or Latt€] had high &'s but did not reach
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significance probably because of the low numbeiti@s sampled in these localities (table

1 and 4a).

Tabernas (1)
Doila Maria (2)
Guadix (3)
Andujar (4)
Daganzo (5)

El Espinar (6)
Balmaseda (7)
Castroverde (8)
La Flotte (9)
Paradou (10)
Parma (11)
Gosing (12)
Pavlova (13)
Dunajska Streda (14)
Piestany (15)
Somotor (16)
Albertirsa (17)

G1 (Iberian Peninsula)
G2 (France+Parma)

G3 (Gosing I)

G4 (Gosing
II+Somotor+Albertirsa)
GS (Piestany)

G6 (Dunajska Streda)
G7 (Pavlova)

2 3 4 5 6 7 8 9 10 1112 13 14 15 16 17
0.091 0.159 0.056 0.003 0.045 0.187 0.109 0.728 0.603 0.691 0.688 0.846 0.701 0.772 0.725 0.708
- 0299 0.5 0023 0214 0.171 0.195 0.77 0.574 0.649 0.689 0.915 0.709 0.806 0.87 0.745
- - 022 0.123 0.18 0.293 0.263 0.833 0.657 0.73 0.757 0.907 0.804 0.853 0.863 0.799
- - - 0.011 0.051 0.268 0.148 0.807 0.619 0.696 0.738 0.91 0.77 0.833 0.852 0.776
- - - - 0.007 0.054 0.038 0.63 0.51 0.601 0.606 0.831 0.594 0.704 0.694 0.641
- - - - - 0.353 0.103 0.875 0.658 0.734 0.791 0.934 0.845 0.884 0.902 0.828
- - - - - - 0.382 0.167 0.207 0.347 032 0.799 0.136 0483 0.571 0.4
- - - - - - - 0.821 0.681 0.751 0.778 0.901 0.798 0.846 0.831 0.799
- - - - - - - - 0.004 0.045 0.282 0.877 0.143 0.541 0.698 036
- - - - - - - - - 0.059 0.209 0.704 0233 0.403 0.183 0.165
- - - - - - - - - - 0.241 0708 0262 0.412 0.204 0.178
- - - - - - - - - - - 0744 0.259 0.413 0.179 0.081
- - - - B - - - - - - - 0.843 0.867 0.9  0.742
- - - - B - - - - - - - - 0519 0.672 0.377
- - - - - - - - - - - - - - 0.651 0.429

Gl G2 G3 G4 G5 G6 G7
- 0.677 0.732 0.741 0.791 0.731 0.849
- - 0.263 0.185 0.387 0.224 0.658
- - 0.320 0.482 0.269 0.780
- - - 0.534 0.549 0.801
. } B - 0.519 0.867
- - - - - 0.843

Table 4. Pairwise Fgr values for (a) every European locality sampled and (b) groups defined by SAMOVA analysis. Significant values obtained by
significance tests after 1023 permutations are shown in bold.

Mantel test did not reject the hypothesis of igolatby distance for all European

populations (Observed Z = 207899.84; r = 0.6553 tailed P

0.001), supporting the
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association between genetic distance and geograpltlyis spatial scale. However, no
significant correlation between genetic and geduyafistances was found at lower spatial
scales like the Iberian populations (Mantel test: 2440,40; r = 0.2901; two taildel =
0.2614) or the Central European ones (Mantel tes403,49; r = -0,1475; two taildi=
0.6873), suggesting that isolation by distance ajygampled localities was not important
to explain genetic structure at this geographicales

Significant variation among groups in AMOVA analysit European scale were
obtained when flies were grouped by sampled lonasiod date of parasite emergence,
whereas the remaining grouping variables (host ispechost breeding phenology,
migration behaviour and aggregation tactic durihg treeding season) yielded no
significant variation among groups (Table 5). Thens, even though with a lower genetic
variation for Iberian samples, was found for therin Peninsula and central Europe, with
an additional significant effect of host species bmth regions and an effect of host
breeding phenology for Central Europe samples. lical scale (Tabernas) only date of

parasite emergence showed significant geneticti@miamong groups (Table 5).
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Scale Grouping variahle % of variation Index of fixation
Among populations
Among groups within groups Within populations FCT FSC FST
Europe Sampled location 59.92 02.12 37.95 0.5990: P<0.001 0.0530: P<0.001 0.6205; P<0.001
Emergence date 26.03 3692 37.05 0.2603; P<0.001 0.4991; P=0.001 0.6295; P<0.001
Host species 01.55 5846 39.99 0.0155; P=0.236 0.5937: P<0.001 0.6001: P<0.001
Host breeding phenology -02.05 61.60 40.45 -0.0205; P=0.464 0.6036: P<0.001 0.5954; P=0.001
Host aggregation tactic -00.20 60.03 40.16 -0.0020; P=0.276 0.5992: P<0.001 0.5984; P<0.001
Host migration behavior 0212 58.20 39.68 0.0211; P=0.140 0.5956: P<0.001 0.6032: P<0.001
Central Europe Sampled location 65.20 -0.70 35.50 0.6520; P<0.001 -0.0201; P=0.595 0.6450; P<0.001
Emergence date 20.94 4426 34.79 0.2094; P<0.001 0.5599: P<0.001 0.6521; P=0.071
Host species 20.27 34.81 0.2027; P<0.001 0.5634; P<0.001 0.6519; P=0.063
Host breeding phenology 20.27 34.81 0.2027; P<0.001 0.5634; P<0.001 0.6519; P=0.063
Host aggregation tactic 18.04 34.73 0.1804; P=0.001 0.5763; P<0.001 0.6527, P=0.053
Iherian peninsula Sampled location 09.43 02.68 87.99 0.0934: P<0.001 0.0295; P=0.006 0.1201; P=0.001
Emergence date 03.32 07.95 88.73 0.0332; P=0.005 0.0822; P=0.023 0.1122; P=0.002
Host species 03.87 07.35 88.78 0.0387: P=0.030 0.0764: P=0.076 0.1127: P=0.001
Host breeding phenology 01.54 09.59 HE.87 0.0153; P=0.082 0.0974; P=<0.001 0.1113; P<0.001
Host aggregation tactic -00.97 1106 89.91 -0.0097; P=0.617 0.1100; P=0.001 0.1010; P=0.001
Host migration behavior 01.45 09.77 HE.TH 0.0144; P=0.060 0.1000; P=0.003 0.1120; P=0.001
Tabernas Sampled nest location -02.81 03.93 98.88 -0.0280; P=0.640 0.0380; P=0.300 0.0110; P=0.310
Emergence date 15.27 -06.14 o0n.87 0.1526; P=0.034 -0.0724;P=0.400 0.0912; P=0.318
Host species -01.01 -01.88 102,89 -0.0100; P=0.660 -0.01 86;P=0.600 -0.0920; P=0.750
Host breeding phenology -00.06 -02.60 102.66 -0.0010; P=0.360 -0.0260; P=0.760 -0.0260; P=0.780
Host aggregation tactic 0117 09.47 8936 0.0117; P=0.390 0.0950; P=0.008 0.1064 :P=0.008
Host migration behavior -00.06 -02.60 102.66 -0.0010; P=0.360 -0.0260; P=0.760 -0.0260; P=0.780

dividual host

Table 5. AMOVA analysis at three different spatial scales, For all grouping variables the population units were individual host nests, except for Carmus emergence date, for which population units were

ssified into months of parasite emergence. Hosts sampled in each geographic scale and data for each host mcluded in the AMOVA analyses arc as follows; Europe: Buteo buteo (Md, Tr, R), Falco peregrinus
(Ea. Tr, R). Faleo cherrug (Md, Tr, E). Falco nawmanni (Md, Cl, E), Falco tinnuncilus (Md. Tr. R), Athene noctua (Md, Tr, R), Upupa epaps (Ea, Tr, R and E), Merops apiaster (Lt, Cl. E). Coracias gareufus (Lt, Tr,
E). Central Europe: . cherrug. UL epops. M. apister. 1berian Peninsula: /. peregrinus, I nawmanni, F. tinnuncolus, A noctua, UL epops. M. gpigster and C. garrnfus, Tabernas: A, nociua, M. apiaster, C.

(Ea = Early breeder. Md = Mid breeder; Lt = Late breeder: Tr = Termtorial, Cl = Colonial; E = Transaharian migrant, R = Resident).
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Historical demography

NCPA showed significant inferences in several cdade different levels. Geographical
inferences are showed in Table 6 (clades refereimcEdjure 3a, b). Restricted gene flow
with isolation by distance was inferred for clade$5, 2-2, 2-5, being 1-15 a low level
nested clade of 2-2. 2-2 involved Iberian and Sdugmch populations and 2-5 involved
populations from Tabernas (Spain), South Francem&a(ltaly) and from Slovakia
(Somotor and Piestany), Austria and Hungary. Hgpkd Q and R nested together in the
1-9 clade, corresponding to G7 SAMOVA populatiomBva, in Slovakia, see figure 3
and tables 1 and 4b).

Continuous range expansion was inferred for cldd#s, 3-1, 3-2, 3-3 and the total
cladogram, even though for clade 3-2 it was imgmesto distinguish between range

expansion, past fragmentation or long distanceripédion.

] 5 10 15 Ed 0 5 o 1 2

3-1 clade 3-2 clade

Frequencies
4

3-3 clade G1 (iberian) population

G2 (South France + Italy) population

Pairwise differences

Figure 4. Mismatch distribution for observed freacies of each of the three level clades obtaingld WCPA and for
the grouped populations G1 (Iberian Peninsula) @AdSouth France + Italy), compared with the exgeétequencies
for constant population sizes.
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Pop involved

Nested clade P Interior clades Dc Dn Steps Inference
G1,G2,G4,G5
1.7 0.0810 Clade P (interior) 2227819°§ 268.0770 1-2-3-4-9-10-NO INC
LT 2104050 S 242.2460
G1.G2
1-15 0.4660 LT 2169778 L 11.4359 1-2-3-4-NO RGF with ISB
Clade AJ (interior) 211.90228 23334428
Gl
1-17 0.0340 LT 211.9022 8 71,6959 S 1-2-11-12-NO CRE
Clade AN (interior) 33306533 3659173
Clade AO (Tip) 0.0000 S 157.4921 S
G1.G2
1-20 0.1740 LT 323.0523L 1484251 L 1-2-3-5-6 IGR 7-8 NO INC
1-13 (Tip) 154595 S 2164.8470
1-19 (Tip) 100.8812 109.7868 S
G1.G2
22 0.0580 LT 1113568 L -0.8881 1-2-3-4-NO RGF with ISB
Clade 1-7 (interior) 3103883 L 3189839 L
Clade 1-6 (tip) 0.000S 9229428
Clade 1-26 (tip) 0.000S 179.0056
G1,G2,G3,G4,G5
25 0.0440 LT 3103883 L 177.1466 L 1-2-3-4-NO RGF with ISB
Clade 1-1 (tip) 0.0000 S 509.0000
Clade 1-4 (tip) 0.0000 738.1465 L
G1.G2
2.7 0.0130 LT 379.3322L -182.3187S 1-2-3-5-6 IGR 7-8 NO INC
Clade 2-2 (interior) 24242958 246.1488 S
Clade 2-1 (tip) 327.5602 L 3363215
G1.G2
3-1 0.0020 LT -85.1306 S -90.1727 1-2-11-12NO CRE
Clade 2-4 (interior) 69.9535 78.8782
Clade 2-5 (interior) 249.9265 2528521 L
Clade 2-6 (tip) 93.4048 S 1197033 S
G1,G2,G3,G4,G5,
32 0.0020 LT 1332910 L 129.8233 L 1-2-3-5-6-13-14 YES G6,G7 CRE or LDC or PF
Clade 2-7 (interior) 400.0426 S 4202663 S
Clade 2-8 (tip) 716.0784 L 755.2664
G1,G2,G6
33 0.00360 LT 316,036 S -335.0001 1-2-11-12NO CRE
Clade 3-1 (tip) 2574440 S 935.3074
Clade 3-2 (interior) 209.7731'8 1096.822 L
Clade 3-3 (tip) 5217226 S 554.8209S
All populations
Total cladogram 0.0000 LT -85.0151 2152795 L 1-2-11-12NO CRE

Table 6. Nested Clade Phylogeographic Analysis results obtained with the GEODIS key imference of November 2005, INC = Inconclusive results; RGF = Restricted gene flow; 1SB = Isolation by distance; CRE = Contiguous range expansion; LDC = Long distance colonization; PF = Past

fragmentation.; IGR

= Insufficient geographic resolution.
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The analysis of Mismatch distribution confirmedamge expansion for clades 3-1
and 3-3 (Figure 4 and Table 7) with a clear uninhad&match distribution for both
clades. However, distribution of clade 3-2 appatightly bimodal, it was not significantly
ragged, and Bstatistic was not significant (Table 7). Therefeugelden expansion model in
this clade was not confirmed. Mismatch distributioh groups G1 and G2, that
approximately coincide with clades 3-1 and 3-3patsnfirmed range expansion in the
distribution areas of these populations, althoughp@pulation (South France + Italy) was
slightly bimodal. Negative and significant valudsTajima’s and Fu’s tests for all NCPA
clades (except 3-2 clade for Tajima’'s test) and &tl G2 populations also suggest

expansion population (Table 7).

Clade/Population Test

Raggedness rg R, Fu's Fg Tajima's D
3-1 0.0684; P=0.152  0.0236; P=0.010 -22.799; P<0.001 -2.1467; P<0.001
3-2 0.0967; P=0.656  0.0653; P=0.064 -5.614; P=0.017  -1.2522; P=0.084
3-3 0.0518; P=0.151  0.0598; P=0.001 -8.771; P<0.001 -1.8103; P=0.013

Total cladogram
Gl

0.0209; P=0.072
0.0596; P=0.167

0.0319; P=0.026
0.0234; P=0.002

-42.851; P<0.001
-23.864; P<0.001

-1.7814; P=0.010
-2.6380; P<0.001

G2 0.0300; P=0.075  0.0630; P=0.013 -13.784; P<0.001 -1.4477; P=0.066
G3 0.4100; P=0.701  0.2408; P=0.3785  1.0900; P=0.734  -0.5620; P=0.702
G4 0.2633; P=0.693  0.1317; P=0.233 -0.8650; P=0.242  -2.1826; P<(0.001
G5 0.7500; P=0.887  0.4330; P=1.000 2.1970; P=0.922  -0.7801; P=0.167
G6 2.0000; P=1.000  0.5000; P=1.000 - -

G7 0.6668; P=0.932  0.1636; P=0.1216  1.454; P=0.898 -0.1267; P=0.367

Table 7. Historical demography 6frnus results and P values of the observed mismatdhldison against a sudden
expansion distribution reported as the Harpendiggedness statistic test, the Ramos-Onsins ands Rpagatistic test;
Fu's Rstatistics and Tajimas’s D for each of the threellelades and for the whole cladogram (correspunth all
European populations) obtained with NCPA and eaohped population obtained with SAMOVA analysigyrgiicant

results P>0.05) are shown in bold.

Discussion
Genetic structure and Carnus hemapterus biogeograph

The analysis based on 24Barnus hemapteruspecimens belonging to 19 locations

revealed high and variable levels of genetic digaog at different geographical scales.

European and North America clades

Canadian populations were genetically differentnfréhe European ones. Haplotype

network showed these two distinct groups, also supd by maximum likelihood and
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bayesian phylogenetic analysis. This is a typicetegon resulting from the geographical
distance and physical barriers between both caminevhose populations shared no
haplotypes (minimum number of substitutions betwgaeropean and Canadian haplotypes
> 40). This suggests that North American and Ewangfées have evolved independently
with no recent contacts between them. The defmiseparation between North America
and Europe occurred around 55-60 millions years (hgoeafter myr), nevertheless mean
age estimates of most recent common ancestor tedicat the separation of both clades
occurred around 1,8-0,8 myr, thus lineage divergerocurred after the separation of both
continents. Many parasites use hosts as vehickeaobmission to cover long distances
between remote sites and genetic structure of pesaslerived from long distance
movements of their hosts has been recorded for ettieparasites (De La Cruz & Whiting
2003, Todd et al. 2004), This is unlikely f6arnus since no records of flies parasitizing
adult hosts has ever been observed, and parasjtersial (active flight of the infective
phase) only occurs during the host breeding periduerefore, the divergence time
between the European and Canadian clades is pyobablthe result of long distance
parasite movements between continents using adeiddispersion of adult birds as a
vehicle, but may reflect some kind of past contalthwing gene flow between continents,
that subsequently was interrupted by changes isipalybarriers and/or changes in local
conditions affecting both hosts and/or parasiteseséht-day Alaska and eastern Siberia
have been connected by a land bridge repeatediggitire Cenozoic era (Hopkins 1967);
specifically, both continents were united duringhe#o mid Pleistocene (2.0 to 1.2 myr
approximately), coinciding with Riss glaciation @gwara 1998). Although we must be
careful with the estimation df. hemapetuslivergence time, since choice of molecular
clock model and calibration rate of the molecullick were inferred due to the lack of
fossil records for this taxa (see material and wash the opening of Bering straight
(between 1.2 to 1.0 myr) coincides with the meammedion divergence of European and
Canadian lineages, supporting the idea that Beldng bridge could be an important
corridor for Palaearctic and Neart@arnuslineages. Palinological and fossil data suggest
that climatic and vegetal conditions in Beringiagion were warmer than adjacent regions
in North America and Eurasia (Reppening 2001),rédleg the existence of habitats that
allow the persistence and survival of significantmier of birds species belonging to

families typically parasitized bgarnus(see Saitoh et al. 2010) as well as other pacasiti
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taxa (Koehler et al. 2009). Furthermore, intercleammd gene flow of different taxa
(including vertebrate and invertebrate species)ufih Beringian land bridge was notable
during this period (San Martin et al. 2001), andhechost species likBica genus used
Beringian land to cross between continents duditg Pliocene to early Pleistocene (Lee et
al. 2003). Thus, persistence of host and associpéedsite fauna in Beringian region
during this glacial period (with the subsequent saasgression and associated genetic
isolation between Neartic and Palea@iarnusclades and posterior colonization of new
Paleartic and/or Neartic areas when ice sheets anbaek to northerm latitudes) is the
most valid explanation of the observed genetic ctting of our data at Holartic

geographical level.

European populations

Our results showed clear differences in phyloggagaal and population structure of
Carnusacross Europe. Most Iberian haplotypes (89%)ifétl a well-supported clade. A
second, weakly supported clade was revealed byoghlgktic analysis and confirmed by
the nested design of the haplotype network, wittstnsampled haplotypes in this clade
belonging to localities in France and North Itak8% of haplotypes exclusive from this
region, compared with 7% of haplotypes exclusivenfrCentral Europe and Iberian
localities). Haplotypes from Central Europe did nsltow any clear phylogenetic
relationships, but it is significative that onlyesampled haplotype out of 13 fell into the
two other clades.

The Iberian Peninsula has been recognized singedsra glacial refuge for many
different organisms (Taberlet et al. 1998), inahgdisome parasites like mosquitoes
(Aransay et al. 2003) or parasitic nematodes (Naibg et al. 2004, 2005). Estimates of
divergence of the Iberian clade coincide with gihpieriods during middle Pleistocene and
suggest the existence of glacial refuge of thismatasite in the Iberian Peninsula during
Pleistocene. Posterior range expansion and gemetmgeneity of the Iberian population
(Group 1 in SAMOVA analysis, Table 4b and 7, Figddealso confirm the idea of a
glacial refuge and posterior constant range exparaiong the Iberian Peninsula. Similar
results on 3-3 clade divergence as well as evideateange expansion for this clade also
suggest the existence of some other glacial refligesCarnus hemapterusalong the

Mediterranean area (probably the Italian peninsulthe French Mediterranean coast), as
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it has been suggested for other organisms (Tabetlat. 1998), although we ignore the
origin and direction of the expansion of this clade

The existence of a low number of individuals wittaed haplotypes between the
Iberian Peninsula and France-ltaly locations suggescondary contact and gene flow
between those populations, nevertheless the Pyseneg have been a major barrier of
isolation during post-glaciaCarnus expansion, shaping the genetic structure observed.
Contrary to specialized parasites that are not lilep#o colonize new regions by
themselves and, thus, with a high probability ofspeciation with their hosts (Gandon &
Michalakis 2002 but see Gomez-Diaz et al. 200Zgrnus hemapteruexpansion
seemingly depends on own dispersal movements dfraegiving stages more than on the
use of adults birds as vehicle of transmissiong¢esin) expansion has been produced
gradually from their refugee, ii) no adult fliesvieabeen ever recorded in adults birds (see
above), probably hindering long distance colonaratmovements. Nonethele§€arnus
hemapterugould use coastal corridors to cross high altitedeges and/or hostile climate
area as it has been showed for other organisms agigiiegated distribution (Vainio &
Valnola 2003, Teacher at al. 2009). This could aixpthe expansion of phylogroup 3-3,
since shared haplotypes were found at both sidébeofAlps, being even considered by
SAMOVA analysis as a homogeneous population -pdiomaG2-. Thus, the generalist
nature and self-dispersion ability @arnusmay be a successful strategy to colonize new
habitats and avoid evolutive and/or geographicabirf{s of not returns” that can
characterize more specialized and strongly hosewmggnt parasites (Horberg & Brooks
2008).

Contrary to the Iberian and French-ltalian popoladi the distribution of
haplotypes in Central Europe showed a very diffeiggnetic structure. The level of
divergence among Central European locations wakehigompared with the levels of
divergence among lberian populations (See table 8ame non-mutually exclusive
hypotheses could explain such differences betwedm fegions: Central Europe could be
a contact zone of different parasite lineages fearient origins prior to glacial isolation
of the Iberian clade (as divergence time estimhteved for 3-2 nested clade phylogroup)
or coming from other undetected glacial refuges.dxample haplotypes AX, R and Q fell
into a well supported and basal clade that may civore eastern territories or even from

Central European river or forest habitats remainsluging Pleistocene glacial periods
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(Willis et al. 2000) that have been postulated lasigl refugia for other temperate species
(Deffontaine et al. 2005). Currer@@arnus hemapteruglistribution includes cold and
northern habitats like Russia, Scandinavia or Can@datyukhin & Krivosheina 2008,
Dawson & Bortolotti 1997). More samples from NorBurope and other eastern
Mediterranean locations such as Balcans or Turkeynacessary to clarify the observed
structure in Central Europe. Additionally, the ttyyy of the haplotype network together
with the presence of the shared haplotype P, praseamote locations in Italy, Spain and
Central Europe, also suggests that Spanish andl~t&alian phylogroups appeared after a
fragmentation of a larger European population dumnid Pleistocene. After that, gene
flow and contact between lberian populations hasnbeeduced by the presence of
geographical barriers (Pyrenees) not present inr@leBuropean populations that may
interchange individuals from other locations presiy isolated during glacial periods.
Although the presence of P haplotype in remotetiona could be attributed to long
distance colonization events, the lack of dataCafnus fliesover adult hosts and the
existence of winter diapause in this species thavgnts post-breeding host-associated
movements make this explanation very unlikely.

At a local scale, and in contrast to what happeth Wberian populations, the
genetic structure of the populations in Centraldper is probably shaped by varying
selection pressures or local genetic drift. AMOViAalyses grouped by sampled location
in Central Europe showed a maximum percentage rétgevariation among location and
minimum value for genetic variation within locat®See Table 5). Furthermore, Mantel
Test showed that the genetic divergence betweemlgtgns was not produced by a
pattern of isolation by distance, and not consiolerayjeographical barriers divide the
different central Europe sampled locations. Thienseio could have been produced by
fluctuations in population size that could crea¢metic bottleneck episodes at local level.
Such episodes could strongly influence the gemetoposition by founder effects derived
from emigrants colonizing new areas and genetitt éroding diversity of remaining low
size populations (Conord et al. 2006).

A different situation seems to occur in Iberiandtiens. Although the values of
within localities genetic variation (Table 5) coudtbo indicate an effect of genetic drift,
low values of genetic variation among localitiest Falues between localities and nested

clade and mismatch analyses (Tables 4 to 7), sugipoidea that genetic structure in this
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region has been the result of a population exparfsilowing by a mixing and interchange
of haplotypes between locations.

Host richness or density may influence parasiteagiand genetic structure (Tsai
& Manos 2010). If host density is large enough, tiuenber of available resources will
increase and consequently the number of host mgesites no longer represents a
population limiting factor. Parasite populationshc@main dense in high host density
habitats, promoting high levels of genetic mixingtieeen populations, allowing the
contact of previously isolated population and iasieg gene flow between them (Chapuis
et al. 2008). Therefore, differences in host dgnbittween the Iberian peninsula and
Central Europe could be an important factor exptgingenetic differences i€arnus

diversification and should be taken into accourfuinre works of this and other parasites.
Host-associated factors as genetic diversifyinghmasm

Detection of host-associated factors influencingedie diversification revealed different
results depending on the spatial scale. AMOVA asialyncluding allopatric (Europe,
Iberian Peninsula and Central Europe locations)o$esnshowed that a substantial part of
genetic divergence was explained by emergence(diatde 5). This divergence probably
reflects latitudinal differences in parasite emergedates and host breeding phenologies
across localities. This is also supported by thet tizat the percentage of variation among
locations within emergence dates cluster is greater the percentage of variation among
emergence date groups in AMOVA analysis. Althougims of this divergence in
emergence date or other host-associated traitsbh@magxplained by similar host breeding
phenologies at similar climatic or latitudinal catimhs, it is difficult to distinguish general
host-associated traits that may influence genetierdence in allopatric populations from
parasite diversification associated with geograglhébvergence. Nevertheless, sympatric
lineages can remove the noise produced by geogaptifferences in host-associated
traits. At a local spatial level, sympatric samplesn Tabernas achieved the maximum
level of divergence when individuals were groupgdobrasite emergence date (Table 5).
This means that temporal clustering was a bettedigior of Carnus genetic
diversification at local level than spatial cluster (Table 5), suggesting some kind of
allochronic isolation between ectoparasite groiferences in host phenology are a key
trait in allochronic divergence in animal or phybtagous parasites (Tauber et al. 1986,
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Theron & Combes 1995). Therefore, temporal diffeesnin hosts’ phenologies are
required as a first step to produce temporal igplathat eventually can finish in
diversification between parasite lineages. Our ltesshow that allochronic isolation in
Carnus hemapterus not associated with host species, or other-assbciated traits and
suggest that temporal divergence is produced byoter probability of encounters and
mating opportunities betwedbarnus emerging in different periods during the breeding
season and not as a result of parasite genotypatida to a particular host phenology.
Thus, barrier to gene flow and allochronic diverggnamong sympatricCarnus
hemapteruslineages is not part of selective process of sfiegiabut more probably
resemble a diversification in allopatry (Giraud 8Pp@vhere temporal barriers and mating
probabilities are extrinsic to parasite genotypapaations (Kondrashov & Mina 1996).
Genetic differentiation by means of host race fdromais the main explanation of
sympatric diversification processes in other gelistrparasites (Via et al. 2000, McCoy et
al. 2001, Founier & Giraud 2008, Blair et al. 2Q0Buture sampling and experimental
efforts together with the use of other genetic raeskthat may can detect finer host-
associated parasite genetic divergence should igighivhether differences i€arnus
emergence dates have an adaptive value, as ieisabe for other insects systems (see

introduction).
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Uno de los elementos fundamentales que predicetxitd y la eficacia biol6gica de
cualquier organismo es la habilidad para completaciclo de vida. Todas las especies
deben pasar por una serie de fases que incluyealdacion de los habitats y recursos
idoneos para completar su desarrollo y reproduccesi como diversas fases de
generacion y dispersion de propagulos reproductipas aseguren la transferencia de la
informacidn genética de cada individuo a las sigfieie generaciones. En la mayoria de los
organismos de vida libre, el desarrollo y termidacde estas fases se producen sin la
necesidad de la asociacibn con otro organismo. Rerapardsitos, sin embargo, la
presencia de un hospedador en al menos una dasks de su ciclo de vida es condicion
necesaria para completar satisfactoriamente sodepcion y desarrollo. Por tanto, no es
de extrafar, que la mayoria de las adaptacionestrgtegias que han desarrollado los
parasitos tengan la funcién de detectar, explotaansmitirse de forma efectiva entre los
hospedadores a los que parasita. Los parasitotaptar, necesitan superar dos tipos de
barreras para poder infectar exitosamente a symtladores, son los denominados filtros
de encuentro (habilidad para encontrar al hospedstkruado y poder coincidir con él en
el espacio y el tiempo) y los filtros de compaiitatl (habilidad para superar las defensas
del hospedador frente a la explotacion y transmjsaéi como la capacidad de explotar los
mejores recursos desde un punto de vista de opiindiz nutricional y metabdlica para el
paréasito) (Combes 2001). La distribucion y abun@ade los hospedadores, asi como la
predecibilidad y persistencia de éstos en el espgcen el tiempo son parametros
ecolégicos fundamentales que influiran sobre eloéde superacion de las barreras de
encuentro, y en gran medida de las barreras deatditiplad (la posibilidad de eleccion
por parte del parasito de un tipo de hospedadaesunas caracteristicas de salud y/o
condicion nutricional concretas aumentan las pritblades de completar con éxito el
ciclo de vida del parasito), (Combes 1997, 2001zduéz et al. 2005). El grado de
impredecibilidad de los hospedadores es, por tamtdactor clave que puede modelar las
caracteristicas ecoldgicas y estrategias evolutieda mayoria de las especies parasiticas.
Frente a esta impredecibilidad surgen dos estestqggincipales (Bush et al. 2001): (1)

estrategias de deteccion y transmision pasivaaeque los parasitos utilizan una serie de
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factores y pistas para situarse en los habitaeriogns donde la densidad y presencia de
los hospedadores adecuados serd mas probable j§papl@ sincronizacion estacional,
guimio o geotactismos de diversa naturaleza, posceke quiescencia, dormancia o
hibernacion, etc.); y (2) aquellas estrategiaodeénadas activas, en el que los parasitos
desarrollan una serie de habilidades de bisqueti;cgn de hospedador, dispersion,
transmision y colonizacién de nuevos hospedadadsamina dinamica. El estudio de los
dos tipos de estrategias, asi como el grado desgikdlidad de los hospedadores y su
entorno se hacen indispensables si se quieren eowoa exactitud los requerimientos
ecolégicos de los parasitos para completar com éxitciclo de vida, a lo largo de los
diversos ejes espaciotemporales en los que laaotién parasito-hospedador se
desarrolla.

A lo largo de esta tesis, los argumentos que iatemixplicar la funcion de la
variabilidad en el ciclo de vida y la sincronizatide Carnus hemapterulsacen frecuente
referencia al término “impredecibilidad”: impredeitidad de la fenologia de cria de los
hospedadores, impredecibilidad de la superviveteitbs hospedadores a nivel de nido y
poblacion o impredecibilidad de la reocupacionateniidos por parte de los hospedadores.
Determinados resultados obtenidos en la presesi® feen trabajos anteriores sugieren
gue este sistema, y mas concretamente, la preséeciporal y espacial de los
hospedadores se caracteriza por cierto grado @etisthambre e impredecibilidad: (1) el
tamafio de puesta y nidada para las carracas Vgmificativamente entre afios, incluso en
distintas localidades (Avilés et al 1999, Capitllp R. Vaclav datos no publicados),
ademés la mortalidad de los juveniles de carranaaeée la nidada y entre nidadas puede
ser alta y varié entre afios (Capitulo Ill, R. Vactiatos no publicados). Este patrén de
variabilidad en los pardmetros reproductivos y mitatalidad de juveniles es caracteristico
de otros hospedadores tipicos de nuestras latitcolesasincronia en la eclosion de la
puesta como la Abubilla (Martin-Vivaldi et al. 199%ernicalo (Dijkstra et al 1982,
Beukeboom et al. 1988, Avilés et al. 2001), o MaajiSoler 1988, 1989); (2) la tasa de
reocupacion de nidos entre afios para la carracaiestra area de estudio es moderada y
muy variable; (3) en cuanto a la fenologia de erigstros datos muestran que aunque la
distribucién fenolégica de las fechas de eclosiéh mimer huevo en cada nido de la
poblacién de carraca estudiada no vari6 signifieatiente entre afios, la repetibilidad de la

fecha de eclosion del primer huevo en cada nidtilimdo fue mucho mas variable,
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dependiendo del periodo y del nimero de afios phmupara calcularla, con valores de
repetibilidad significativos de entre 0.26 y 0.%@apitulo 1V); (4) el hecho de que la
carraca sea el hospedador habitual mas tardidarearnuestras latitudes podria afiadir un
componente mayor de impredecibilidad espacial, diebh la baja abundancia de
hospedadores disponibles en la fase final de éiést reproductora de la comunidad aviar
hospedadora de este parasito. Como ya hemos indematgriormente, todos los datos
arriba mostrados sugieren gGarnus hemapteruse enfrenta frecuentemente a diversos
grados de incertidumbre e impredecibilidad tempgradspacial de sus hospedadores,
aunque ha desarrollado diversas estrategias ecadgi comportamentales a mdaltiples
niveles para poder contrarrestar la imposibilidadddtectar con precision la presencia de
sus hospedadores.

En general, nuestros resultados confirman @amus hemapteruss un parasito
con un ciclo de vida y estrategias vitales muy aldés, con una gran capacidad de
responder plasticamente a cambios ambientales @llagjurelacionados con sus
hospedadores. Existen gran cantidad de rasgostareggecie que muy probablemente
hayan surgido como respuesta frente a la impreitideih y/o persistencia en el tiempo de
SUS recursos.

La preferencia d€arnus hemapterugor pollos con una mayor respuesta inmune
dentro de las nidadas de carraca, en detrimentdroe rasgos como el tamafio del pollo o
su condicién corporal, estuvo condicionada por patéos tales como la condicién fisica
de la nidada o la densidad de moscas dentro del @igando la condicion de la nidada era
alta (mayor probabilidad de supervivencia) o latidaed de moscas en el nido era baja
(menor competencia intraespecifica por el recuessg,predileccion por pollos con mayor
respuesta inmune (mas fuertes y sanos), desapaketta sugiere que la seleccién de
hospedador erCarnus hemapterusa dirigida hacia aquellos recursos que tienen una
mayor probabilidad de persistir en el tiempo, m#a de la abundancia o calidad
nutricional relativa de éstos. Este parasito, pantd, parece seleccionar
preponderantemente aquellos individuos que puedeantizarle el tiempo suficiente de
acceso a la sangre y/o secreciones necesariasqrapetar su ciclo de vida y optimizar
su eficacia biolégica. Muy probablemente, otrogoasde la seleccion de hospedador en
Carnus hemapterugomo su preferencia por pollos no emplumadosteeho de que no

suela parasitar a especies cuyos pollos tienenialm de desarrollo corto (como por
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ejemplo, muchas especies de paseriformes, Brakd)Z2@leden ser parcialmente
explicados por la necesidad de establecerse undpedie tiempo minimo en el hospedador
para completar satisfactoriamente su reproduccidioly de vida.

Otros rasgos ecoldgicos que se han estudiado erpasisito parecen seguir ese
“camino comun” de variabilidad y respuesta plaséinda lucha contra la impredecibilidad
de su entorno. La existencia de diapausa prolongadal hecho de que ésta sea
considerada como una alternativa a la dispersigacéd para evitar periodos en los cuales
los recursos son escasos o de baja calidad (D&% Hopper 1999), sugiere que esta
modificacién del ciclo de vida d€arnus hemapterus ha podido surgir como una
estrategia de escape frente a posibles fracasksreproduccién de los hospedadores o a
la presencia irregular e imprevisible de estosma§ en un periodo y/o estacion
reproductora determinada. En el caso de que hubigimn tipo de catastrofe a nivel
poblacional (por ejemplo una mortalidad de pollev&da en un afio, cambios climéticos
gue modifiquen drasticamente la fenologia de adallde la comunidad de hospedadores)
o0 a nivel de nido (por ejemplo, nidos que permame@eios durante una o mas estaciones
reproductoras, puestas o pollos depredados, nmludedcria otra especie de fenologia mas
temprana o tardia), la diapausa prolongada apaoe una solucién plausible frente a
fluctuaciones estocasticas temporales del medioesmeby sus hospedadores.

Carnus hemapteruss capaz de responder a otros niveles de impheiitail. Las
variaciones y cambios de temperatura que se pradieetro del nido durante el periodo
de diapausa, ya sea a través de cambios ambiemtab@éticos, son los principales
responsables de los cambios en la fenologia degemsa deCarnus hemapterugal y
como muestran las simulaciones de cambio de hodpegldos resultados del experimento
de translocacién de parésitos realizados entre rilabe(Almeria) y Castro Verde
(Portugal). Aunque no podemos descartar que otaosores (como el fotoperiodo,
humedad, densidad poblacional o disponibilidad ladeeato, ver Tauber et al. 1986), no
sean decisivos en la induccién o desarrollo ingsiale la diapausa €arnus hemapterys
nuestros resultados indican que la temperaturandaator determinante que controla el
desarrollo y la terminacion de la diapausa, asiocclanposterior emergencia de los imagos
de esta especie. Muy posiblemente el efecto dent@dratura sea directo, afectando a la
aceleracion del desarrollo metabdlico durante fiamél fase de la diapausa (Kostal et al.
2006).
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Continuando con el ciclo de vida, nuestros resaffatiuestran que el periodo de
emergencia de este pardsito puede variar lo laggalidersos ejes espaciotemporales.
Carnus hemapterupresenta una fenologia de emergencia que varia @drafios de
estudio y también entre los tipos de nidos usadosl @resente trabajo (las cajas nido
presentaban una emergencia mas temprana quecgl Estcontraposicion, la fenologia de
cria de la carraca no vario entre afios, aunque Hifibencias asociadas al tipo de nido.
¢, Como afecta esta variabilidad a la sincronizaeittneCarnus hemapterug uno de sus
hospedadores habituales (carraca)? A los resultdmgss de sincronizacion que
encontramos, se une el hecho de que los valoresidln enormemente entre tipos de nido
y afios. La variacién interanual en sincronizaciémsbe a la variacion de la fenologia de
los paréasitos. Las diferencias interanuales erdse fénologias deéCarnus y carraca
probablemente se producen porque los cambios atald@snafectan intensamente a la
duracion y terminacién de la diapausa en especdisrdiermas comdarnus cuyo
metabolismo y desarrollo esta asociado a la vamacambiental (principalmente
temperatura; Kostal et al. 2006). Los valores bdpsincronizacion parasito-hospedador
encontrados indican que los ciclos de vida de ehtasespecies no estan tan finamente
sincronizados como cabria espera€ shemapterugstuviera adaptada al ciclo de vida de
este hospedador en concreto, tal y como se ha tadonen sistemas altamente
especializados (Dres & Mallet 2002, Tilmon 2008)que redunda en la caracterizacion de
Carnus como especie generalista. Resultados adicionalesstran que el periodo de
emergencia del parasito es mayor que el perioddigtmnibilidad de pollos de carraca,
con lo que existe una gran cantidad de moscas uueegen antes de que haya pollos
disponibles de carraca en el nido o en la poblaegindiada. Todo lo anterior sugiere que
la asincronia encontrada podria ser una estraédg@iva en esta especie para parasitar
otros hospedadores mas tempranos y/o evitar precestocasticos ambientales que
pudieran comprometer la reproduccion de una esplecleospedador concreto y condenar
la supervivencia y eficacia biolégica de las poiolaes parasitas asociadas a un
hospedador (e.g. una fenologia reproductora) détadn. Diversos autores, usando
insectos fitdfagos como modelo, han conjeturado ¢eeo porcentaje de asincronia
fenolégica con la aparicién de los recursos poselauna estrategia efectiva frente a la
impredecibilidad de la aparicién de los recursosk(wid & Friberg 2004, Singer &
Parmesan 2010). Esta vision de la asincronia eenss insecto-planta podria ser
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facilmente extrapolada a sistema analogos de eqiot de recursos con cierto grado de
imprevisibilidad, como muchos parasitos de animglggarticularmente, al sistema objeto
de estudio de esta tesis.

El efecto de la variacion ambiental sobre la fegi@lo de emergencia y
sincronizacion deCarnus hemapterugijue muestra nuestros resultados sugiere que la
contribucion de los hospedadores sobre la variad®la fenologia de emergencia de este
parasito podria poco significativa. Sin embargopotesultados obtenidos en el presente
trabajo indican que si existe cierta influenciaue qo debe ser obviada si se quieren
conocer con precision los factores que intervieaanel control de la sincronizacién
parasito-hospedador en esta especie. El efecttéenperatura de incubacién por parte de
hospedadores méas tempranos que el hospedadorgdm ae las muestras produjo un
adelanto en la fecha de emergencia media de Idsifiw sometidos a los distintos
tratamientos experimentales de temperatura. Porlatlo, la fenologia de los parasitos
dentro de cada nido sigue una distribucién con etsimpositiva, en la que la mayoria de
los individuos emergen en las primeras 3-4 semaoasidiendo con el periodo medio de
presencia dentro del nido de pollos no emplumadosadraca. Ademas, la variacion en el
periodo de reproduccion de los hospedadores emionatectd al resultado final de la
sincronizacion en el afio siguiente, siendo asig@#l resultado de este efecto (las parejas
de carraca que adelantaron su reproduccion comraispl afio anterior experimentaron
una sincronizaciéon mayor con sus parasitos qupdesjas que retrasaron su reproduccién
con respecto al afio anterior).

La variabilidad y plasticidad del ciclo de vida @arnus hemapteryssi como la
baja predecibilidad de su entorno son factores domahtales a la hora de abordar el
potencial de diversificacién y/o especiacion e &specie parasita generalista. Para que
un organismo generalista experimente un procesatsal de diversificacion es necesario
gue se cumplan los siguientes pasos: (1) la expremlifénica de alguno de sus rasgos;
(2) que alguno o todos los distintos fenotipos teries acaben seleccionando
diferencialmente los hébitats o recursos que lesigen una eficacia biolégica maxima, y
(3) que esos hébitats o recursos se mantengaressyapredecibles a lo largo del tiempo
(West-Eberhard 2003). ¢Qué partes de este proeesmursplen en nuestro sistema?
Nuestros resultados indican que la fenologia derganeia en este parasito se comporta

como un rasgo polifénico; no solo porque aquellaagmz de variar dentro de individuos

230



Discusioén general integradora

parasitando a la misma especie de hospedador, psirque ademas, este trabajo ha
demostrado queCarnus hemapteruspuede responder diferencialmente a diversos
hospedadores, sincronizando su ciclo de vida coferalogia reproductora de varias
especiesCarnus hemapterusincroniza su fenologia de emergencia con al meloss
hospedadores con fenologia reproductora marcadardéetente (Abubilla, de fenologia
mas temprana y extensa; Carraca, con fenologiatamdis y corta; Martin Vivaldi et al.
1999; presente tesis). Ademas, otros trabajos hastrado sincronizaciorCarnus
hospedador en otras especies como Abejaruco (Vetleda2003) y Estornino (Liker et al.
2001), por lo que esta respuesta y sincronizacam raultiples especies podria estar
bastante extendida. Por tanto, a la vista de leslte@los obtenidos, los dos primeros
puntos antes mencionados (existencia de polifenignamlaptacion de los fenotipos a
diversos habitats/recursos) se cumplen en nudsters. El tercer paso (la predecibilidad
y estabilidad de los distintos recursos -hospededaue este especie explota), parece ser
una caracteristica del sistema mucho mas impropsdibemos por nuestros resultados que
la fenologia de cria y la presencia y/o superviieede los hospedadores es un rasgo con
un alto grado de estocasticidad, afiadiéndose adeindecho de que las distintas
fenologias de cria de los distintos hospedadorestém aisladas unas de otras y que cierto
solapamiento es esperable entre especies. Porlejenmuestra area de estudio principal
no es raro encontrar en determinados momentoseaitdaion de cria, varias especies (por
ejemplo Carraca, Abejaruco, Mochuelo y Abubillaaedo a la vez, aunque bien es cierto
gque la fenologia media de emergencia de muchas stas eespecies difiere
significativamente entre y dentro de localidadeda Aista de este panorama es inevitable
pensar en las posibilidades reales de que puedanassenarse un proceso de
diversificacion ecoldgica y/o especializacién@rnus hemapterussociado a las distintas
fenologias de cria de sus hospedadores, puestl gigtamiento y la barrera temporal que
impediria el libre flujo genético entre los distiat linajes asociados dificiimente se
producira. Parece pues mas logico pensar que gaie se mantendrd como un estratega
generalista capaz de hacer frente a la variabilidadregularidad que ofrecen sus
hospedadores a través de diversos mecanismos pleesés, como por ejemplo aquellos
asociados a su ciclo de vida o comportamiento ldecén de hospedador.

Con el fin de buscar alguna evidencia genétiaa aprroborara las predicciones

arriba desarrolladas a partir de las observacipeperimentos en el campo, se realizé un
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intenso esfuerzo de muestreo para realizar unsaatiolecular de ejemplares de varias
localidades de Europa y Canada. Los resultadosiidbte a partir del andlisis del ADN
mitocondrial de los distintos especimenes muesiun las poblaciones estudiadas de
Carnus hemapterupresentan cierto grado de diferenciacién genétitdas distintas
escalas geograficas estudiadas. Diversos eventwi®ribds como las glaciaciones
europeas, asi como barreras geograficas como fwedd o el estrecho de Bering han
podido influir sobre la diferenciacion de estos §sétos en alopatria. La distancia
geografica que separa las distintas localidadesliestas también parece haber influido en
la diferenciacion y el aislamiento de esta espemiegue esta correlacion entre distancia
geografica y genética se diluye cuando analizanszsl&s geogréficas menores (por
ejemplo poblaciones de la Peninsula Ibérica o Eufogntral), muy posiblemente debido
gue a esta especie posee una gran capacidad ppessdise y colonizar nuevos hébitats,
pero sin la ayuda de transporte pasivo para recgramdes distancias en un periodo corto
de tiempo, como se sabe que realizan otros pasasiés intimamente ligados al ciclo de
vida de su hospedador (Marshall 1981). Nuestrad@sindica que si existe algun tipo de
efecto selectivo de los hospedadores a escaladaossta especie, éste se ve diluido por la
mayor importancia de las barreras geograficas aighmiento por la distancia. Los
resultados de la presente tesis son insuficienéea paber si la divergencia genética
encontrada entre poblaciones aisladas es un pmdecka seleccion natural (por ejemplo
adaptaciones locales) o si otros procesos no Beleale diferenciacion genética (deriva
genética, efectos fundadores o cuellos de botedia)sido los responsable de provocar las
diferencias obtenidas. Sin embargo, el estudiazedd en Tabernas (la Unica localidad
con un nimero suficiente de moscas provenientafistiatos nidos y hospedadores para
hacer un analisis molecular de la divergencia gemén simpatria de esta especie), arroja
interesantes conclusioneGarnus hemapterusnuestra la maxima divergencia genética
(aungque con valores de diferenciacion moderadoahdm las moscas provenientes de
distintos nidos y hospedadores son agrupadas fecha de emergencia, lo que sugiere
gue existe una barrera temporal que impide el liluj@ genético y contacto entre los
individuos muestreados. Esto implica que la emarigeslocrénica d€arnus hemapterus
puede tener algin efecto sobre la diversificaci@ abta especie a nivel local.
Curiosamente, esta asociacion desaparece cuandadiegluos son agrupados por la

especie hospedadora, posiblemente debido a laaibilidad y al solapamiento parcial
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de la fenologia de cria de las especies hospedadstadiadas en nuestra area de estudio.
Por tanto, con la metodologia utilizada en la prs¢esis no encontramos evidencias de
un proceso de diversificacién selectiva ecologRRandle & Nossil 2005) asociada a los
distintos hospedadores. Sin embargo, el hechadenéar cierta diferenciacién genética
asociada a la fenologia de emergenci&Cdmus hemapterusnplica que la emergencia
alocrénica y sincronizacion parasito-hospedadoorinada no se debe Unicamente a la
plasticidad fenotipica total propia de un genetalkxtremo, en el que un mismo individuo
puede responder facilmente a cambios entre o ddetaos y ajustar su ciclo de vida y
fenologia de emergencia al hospedador que pamsiteada momento. Los resultados
moleculares de este trabajo sugieren, por tantodgatro de una misma localidad podrian
existir ciertas cepas en las que se ha fijjado ongitud del periodo de diapausa o
sensibilidad térmica determinadas para emergeiséintds periodos de la estacion de cria
de su comunidad aviar de hospedadores. Esta fijad@ determinados rasgos de la
diapausa en distintos habitats es conocida sol® ¢n especies adaptadas a cambios
ambientales asociados a clinas latitudinales tuditiales (ver ejemplos en Tauber et al.
1986, West-Eberhard 2003). También se conocemaidgcasos de variacion del ciclo de
vida y longitud de la diapausa en simpatria (Ca¥r@rr 2004); aunque estos Ultimos son
mucho menos abundantes en la literatura. A la dstéos resultados y del conocimiento
de este sistema, sugerimos que la diferenciaciéontérada en simpatria podria responder
a un modelo de diversificacion analogo a un prodesespeciacion parapatrica (Coyne &
Orr 2004) en el que pueda existir divergencia deaéiguiendo un eje clinal, dentro de un
rango continuo de especies, poblaciones o linpg®, principalmente entre los extremos
de la distribucidon méas que entre las poblacionga@htes (Barton & Hewitt 1981, 1985).
En nuestro caso el eje clinal de cambio no sepaoia, sino temporal, generado por la
distribucién continua y solapada de las fenologi@sria de los distintos hospedadores.
Esto implica que las moscas de emergencia taréiaergencia temprana se aparearan y
contactaran entre si con una probabilidad muchcomgne aquellas moscas emergiendo
en momentos adyacentes en el tiempo. En esteleasarrera temporal seria analoga a la
barrera fisica de los procesos alopétricos, un@tzaextrinseca al parasito, diferente de las
barreras intrinsecas (barreras selectivas provecpdael control del genotipo sobre la
probabilidad de apareamiento y contacto entre mihgiduos) que establecen los modelos

de especiacion simpétrica (Mina & Kondrashov 19&86).resumen, con nuestro trabajo
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hemos podido demostrar que diferentes barrerasrdfisas y eventos historicos han
modelado la diversificacion y la estructura gergétite Carnus hemapterusNo hemos
podido detectar una diversificacién selectiva aseia los diversos hospedadores de este
parasito generalista, debido muy probablementd)ala(impredecibilidad, variabilidad y
solapamiento de las fenologias de cria de lomthstihospedadores a los que parasita; y
(2) a las diversas adaptaciones y estrategiasqaldsteCarnus hemapterugara solventar
esta variabilidad en la disponibilidad de sus hdageres, que incrementan el flujo
genético y mezcla entre los grupos asociados a laesizedador. Sin embargo de forma
indirecta, a través de la barrera externa tempionguesta entre los extremos de la
fenologia de cria de la comunidad aviar en nuestea de estudio, detectamos cierta
diferenciacion genética.

La presente tesis ha considerado el estudio degsdsglogicos basicos dearnus
hemapteruscomo paso previo para conocer la potencialidad dodersificacién y
diferenciacion genética en este sistema generalisstudio de los procesos ecoldgicos y
evolutivos que rigen a los organismos pasa indeitabnte por tener un profundo
conocimiento de la historia natural de las espeiogdicadas en cada investigacion. El
extenso conocimiento previo de los organismos naogeé se usan tanto en campo como
en laboratorio es fundamental para desarrollartégi® fundadas sobre los procesos y
factores que influyen sobre una especie determir2oia esta idea en mente, entre otras,
ha sido concebida y desarrollada esta tesis: kstigacion sobre cuestiones béasicas acerca
de la biologia deCarnus hemapterupuede ayudarnos al avance del conocimiento
ecoldgico y evolutivo de los procesos de diveradion y especiacion en parasitos asi
como a desentrafiar el cajon de sastre en el querhdfa se mantienen las denominadas
estrategias generalistas. Como ya nos alerta Wesshird en su fantastico y enriquecedor
trabajo “Developmental plasticity & EvolutionAlthough this is not always recognized,
the generalist category is actually composed ofoatiouum between two importantly
different patterns —true generalists and polysplsti.

Creemos que nuestro trabajo presenta muchas lionex debido al
desconocimiento de rasgos basicos sobre el cicloidie y estrategias vitales de este
parasito, pero supone un avance que alienta arsegcia delante en el desarrollo del
conocimiento de este sistema. Aunque el uso desestama generalista como modelo de

investigacién en interacciones ecoldgicas antatamisea bastante prometedor, seran
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necesarios trabajos adicionales focalizados ers atspectos basicos de este sistema (por
ejemplo, conocimiento profundo de su ciclo de vigaeproduccién, capacidad de
dispersion espacial a escala local, comportamiatgo deteccién y bulsqueda de
hospedadores, factores que afectan a su eficaokbgima, etc....). También sera
indispensable ampliar alguno de los resultados sta ¢esis (uso de marcadores
moleculares adicionales como microsatélites, AFldPfaarcadores nucleares, incremento
del esfuerzo de muestreo en poblaciones simpatycadopatricas de este parasito,
experimentos de seleccidn de hospedadores a @sEakspecifica, series temporales mas
largas de sincronia parasito-hospedador en divpdaciones y cémo se relacionan éstas
con diversos parametros climatolégicos y con laamiica de las poblaciones de las
especies hospedadores, etc.). Una vez hecho dst@mss en disposicion de seguir
utilizando este sistema para avanzar en el conenimide la ecologia evolutiva de
parasitos, y podremos determinar con precisionpetta y utilidad de este fascinante

sistema en el avance del conocimiento de la e@Bgilutiva de parasitos.
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Conclusiones

1. Carnus hemapterusselecciona preferentemente pollos con una mayor
respuesta inmune y no emplumados, en detrimentocriderios de
seleccion como el tamafio o la condicion corporab odbstante, la
preferencia por pollos mas sanos (mayor respuestane) sélo se
mantiene cuando la densidad de parasitos dentroidizles alta (mayor
competencia intraespecifica) y la condicién fisittala nidada es baja
(mayor probabilidad de mortalidad dentro del nidégto sugiere que esta
especie posee una plasticidad en los criterios elec@én de los
hospedadores més adecuados y que para completaisue vida con
garantias prefiere hospedadores persistentes diengbo mas que la

calidad nutricional o el tamafio corporal de éstos.

2. Nuestros datos confirman la existencia de diappusangada erCarnus
hemapterusEsta forma de dispersion temporal puede haberdsuggimo
respuesta a la fluctuacién e impredecibilidad de kospedadores y/o
habitat, alzdndose como una estrategia alternatilaadispersion espacial

en esta especie.

3. El estudio de marcadores mitocondriales revelagsas demograficos de
expansion continua en las poblaciones de la Pdrittsérica y Francia y
Norte de Italia, asi como falta clara de evidendesolonizacién a larga
distancia. Esto sugiere una alta capacidad de rdidpehacia nuevos
hébitats por parte de esta especie, aunque estaidagp se basaria en sus
propios medios y no en el uso de transporte pasivediante

hospedadores, vectores o vehiculos foréticos.

4. El efecto de un cambio de hospedador de fenolagierid mas temprana
puede adelantar parcialmente la fenologia de emeigeen Carnus
hemapterusa través de la temperatura de incubacién del nuevo

hospedador.
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5. El estudio de la fenologia de emergencia @arnus hemapterus
procedentes de distintas especies de aves reveda emmergencia
diferencial asociada a la fenologia de cria de easgpacie de hospedador
estudiada. Esta emergencia diferencial resultanguatron alocrénico que
podria ser un importante mecanismo de aislamierdonpdral,
potencialmente desencadenante de un proceso desificazion en esta

especie generalista.

6. El estudio de la sincronizacion parasito-hospedaduwel intraespecifico
en el sistemeaCarnuscarraca revela unos niveles de sincronia bajos y
fluctuantes a lo largo de 3 afios de estudio. Eafa &incronizacion se
produce fundamentalmente por la emergencia de an gimero de
parasitos antes de la aparicién de los pollos dea@a y una mayor
variacién interanual en la fenologia de cria delagito que en la del

hospedador.

7. La baja predecibilidad (tasa de reutilizacion delony repetibilidad de
fenologia de cria) del hospedador puede explichajia sincronia parasito-
hospedador a nivel intraespecifico. No obstantgeelpo de reproduccién
de los hospedadores influyé sobre la tasa de siza@ion parasito-
hospedador, lo que indica que la variacion de feolfigia de cria del
hospedador tiene cierta influencia sobre la feralate emergencia del
parasito. Otros mecanismos no estudiados distiaeota sincronizacién
paréasito-hospedador (dispersion espacial, exptimade otras especies)
podrian ser importantes para asegurar el éxitatintey reproductor en

este ectoparasito dentro del marco temporal estadia

8. Los resultados de los experimentos de cambio deedaslor y de
translocacion de parasitos, asi como la variahilide la fenologia de
emergencia observada en los trabajos de sincrofizaparasito-
hospedador de la presente tesis, confirman quesalbllo y terminacién
de la diapausa en este parasito son rasgos querpwsed faciimente

modificados como respuesta a cambios ambientales bjbticos
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(relacionados con la temperatura del hospedadorsudentorno mas

cercano.

9. El analisis mitocondrial muestra una acusada asiral filogeografica de
las poblaciones de&Carnus hemapterusa nivel continental. Diversos
eventos geoldgicos durante el Pleistoceno, comoglasiaciones en
Europa o la apertura del estrecho de Bering entrasia y Norteamérica,
pueden haber tenido un papel relevante en la aoaftién de la estructura
y diferenciacion genética de este parasito a lgoladel area de
distribucién estudiada. Estos resultados, juntoleccorrelacion positiva
entre distancia geogréfica y genética encontralican que esta especie
es bastante sensible a las barreras fisicas y s@naento de sus
poblaciones por la distancia, al menos cuando iesha$ escalas

geogréficas amplias.

10.Carnus hemapteruspresenta una cierta diferenciaciébn genética en
simpatria asociada al periodo de emergencia delgdmapero
independiente del hospedador parasitado, lo quersula existencia de

una barrera temporal que impide el libre flujo dieeéen esta especie.
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