UNIVERSIDAD COMPLUTENSE DE MADRID
FACULTAD DE CIENCIAS BIOLOGICAS

TESIS DOCTORAL

Implicaciones ecologicas de la infeccion por parasitos
sanguineos en aves: dieta, fisiologia y comportamiento

Ecological implications of avian blood parasite infections:
diet, physiology and behaviour
MEMORIA PARA OPTAR AL GRADO DE DOCTOR

PRESENTADA POR

Lucia Gloria Jiménez Gallardo

Directores

Carolina Remacha Sebastian
Javier Pérez Tris

Madrid

© Lucia Gloria Jiménez Gallardo, 2024



UNIVERSIDAD COMPLUTENSE DE MADRID
FACULTAD DE CIENCIAS BIOLOGICAS

TESIS DOCTORAL

Implicaciones ecolégicas de la infeccidn por parasitos sanguineos en aves: dieta, fisiologia y
comportamiento

Ecological implications of avian blood parasite infections: diet, physiology and behaviour

MEMORIA PARA OPTAR AL GRADO DE DOCTORA

PRESENTADA POR

Lucia Gloria Jiménez Gallardo

DIRECTORES

Carolina Remacha Sebastian y Javier Pérez Tris






UNIVERSIDAD COMPLUTENSE DE MADRID
FACULTAD DE CIENCIAS BIOLOGICAS

Programa de doctorado en Biologia

TESIS DOCTORAL

Implicaciones ecolégicas de la infeccidn por parasitos sanguineos en aves: dieta, fisiologia y
comportamiento

Ecological implications of avian blood parasite infections: diet, physiology and behaviour

MEMORIA PARA OPTAR AL GRADO DE DOCTORA

PRESENTADA POR

Lucia Gloria Jiménez Gallardo

DIRECTORES

Carolina Remacha Sebastian y Javier Pérez Tris









“One must still have chaos in oneself to be able to give birth to a dancing star”

Friedrich Nietzsche

Photos and illustrations:

e Cover: Daniel A. Truchado

e General introduction: Pablo Quiles
e Chapter 1: Daniel A. Truchado

e Chapter 2: Carmen Urefia-Lara

e Chapter 3: Ana Jiménez-Gallardo

e (General discussion: Elena Tena






Financial support

The research included in this thesis was financially supported by the following

funding bodies:

Spanish State Plan of Scientific and Technical Research and Innovation 2017-
2020, State Subprogram for Knowledge Generation grants CGL2017-82117-P and
PID2020-116121GB-100 funded by MCIN/AEI/ 10.13039/501100011033 and by “ERDF

A way of making Europe” led by Javier Pérez Tris.

French National Research Agency (ANR), “Investissements d’Avenir”
programme of the Laboratoire d'excellence LabEx CEBA (CEnter of the study of
Biodiversity in Amazonia) in French Guiana, through grants CEBA2016-HUMMAL and
CEBA2017-ID-LINK with code ANR-10-LABX-25-01-ID led by Javier Pérez Tris
(Complutense University of Madrid) and Christophe Thébaud (University of Toulouse
and Laboratoire Evolution & Diversité Biologique, Unit¢ Mixte de Recherche 5174

CNRS/UPS, France).

During the development of her PhD, Lucia Gloria Jiménez Gallardo was
financially supported by two predoctoral contracts funded by the Spanish Ministry of
Universities (Ayudas para la Formacion de Profesorado Universitario FPU17/04716) and

Complutense University of Madrid (Ayudante de Universidad 0312/AYU/001).






Acknowledgements

Acknowledgements

Por fin ha llegado el final de esta tesis y, como no podia ser de otra manera, tengo
mucho que agradecerle a la gente que ha estado ahi estos 5 largos anos. Parece que he
conseguido lo que queria hace tanto tiempo, y es que desde el inicio de la carrera ya sabia
que me queria dedicar a esto de la ciencia. Que se lo digan a mis padres, que me advertian
de las fatalidades de ser bidloga y yo contestaba “yo voy a ser feliz limpidndole el culo a
los monos”. Y bueno, monos no, pero he “limpiado” grillos, currucas y algin bicho
tropical que otro.

Hablando de bichos tropicales, gracias Javi por hacer posible aquello que siempre
habia formado parte de mis suefios: trabajar en la selva. Como a todos los alumnos que
tocaban a tu puerta atraidos por la Guayana, me recibiste con los brazos abiertos pero
siempre advirtiendo que no todo es ir a los tropicos. Y asi, etiquetando botes de &caros,
empezamos a trabajar juntos, con muchos momentos de charla filosofica que me sirvieron
para seguir enamorandome poco a poco de lo que hacemos, pero siendo cada vez mas
consciente de las realidades que nos rodean. Gracias por haber dado la cara por mi en
todo momento, empezando por la defensa del TFM y acabando por el Gltimo achuchon
de la tesis. Gracias por ensefiarme a volar sola y a lidiar con el “conflicto paterno-filial”
que tantos momentos de estrés ha causado en todas las relaciones director-doctorando.
Como no podia ser de otra forma, gracias Carol por estar al pie del cafidon, por controlarnos
a Javi y a mi cuando nos vamos por las ramas y por ensefiarme a no creerme las cosas a
la primera, a mirarlo todo con lupa y comprobarlo todo una vez mas. Os agradezco mucho
a ambos haberme obligado a salir de mi zona de confort y no haber tirado la toalla a pesar
de todos los inconvenientes que hemos sorteado, y es que en esta tesis todo lo que podia
salir mal, ha salido mal: hemos tenido problemas metodologicos con las dichosas bandas
inespecificas, nos han salido los colibries mas sanos de la historia, nos ha pillado una
pandemia... Aun asi, he conseguido llegar a este punto porque confio en vosotros.

I am grateful to both external reviewers, Pablo Salmén and Michael Tobler, who
have contributed to this thesis. I also thank Caroline Isaksson and both her PhD students,
Johan and Ann-Kathrin, for welcoming me into their research and teaching me all the
laboratory techniques. Without your guidance during my stay, I would not have been able
to finish my thesis. I would also like to thank Erica Winslott, you have not only been there
for me in the lab, but you have welcome me into Lund making my stay much brighter. I
am sure that your PhD will be great! Thanks to all the researches and students from Lund
University that were there in a daily basis. Y, como no, muchas gracias a David, Violeta
y Alex. Fuisteis mi refugio espafiol durante la estancia, me apoyasteis en una de las
mayores crisis durante la tesis, cuando creia que mi proyecto no tenia futuro e intentasteis
incluirme en vuestra vida a pesar de restricciones COVID y de que yo solo estaba de
pasada.

Coémo no agradecer a Borja Mild y Josu¢ Martinez de la Puente. Vosotros me
acompafiasteis y cuidasteis en el viaje de mi vida. Fueron unos dias muy intensos, de
mucho trabajo, pero no cambiaria ni un minuto de ellos. A Borja por todos los
conocimientos que me pudo transmitir sobre Nouragues y su biodiversidad, ademas de
por compartir tantas historias y Ti” Punch con nosotros. A Josué por sus consejos sobre
lo que me deparaba el futuro, siempre tratindome como a una mas. Gracias a los dos por

5



Acknowledgements

las risas en el mejor emplazamiento posible. El viaje a Guayana fue una de las primeras
cosas que hice en la tesis, muy perdida a la vez que ilusionada. Por eso, fue especialmente
importante para mi la “intervencion” de Laura Benitez cuando estaba preparando el viaje.
Todo empez6 cuando me ensefaste tus fotos y me contaste tu experiencia guayanera, y
para mi eso significd mucho. Siempre has estado ahi para charlar, guiarme, preocuparte
por mi, y todo sin tener una responsabilidad directa, gracias por ser tan dulce y abierta
conmigo. Ademas, otros viajes destacados en este periodo han sido los congresos.
Aunque breves, en ellos he podido conocer a gente maravillosa que me han abierto sus
brazos sin pensarlo dos veces. En concreto, gracias a la gente de malaria de Espana,
incluyendo a Martina Ferraguti, Jessica Jiménez Pefiuela y Alfonso Marzal, que me han
acogido debajo de su ala durante los congresos. También agradecer la dedicacion de Elisa
Bonaccorso y Michael Moens; aunque el proyecto de Ecuador no saliese al final,
estuvisteis pendientes y dispuestos en todo momento.

Al hacer una tesis, pasas de ser estudiante a ser companera, pero ese proceso es
gradual, por lo que mucho tengo que agradecerles a todas aquellas personas que me habéis
hecho crecer. Manolo Martin-Vivaldi, fuiste la primera persona que apoy6 mis ansias de
participar en ciencia. Ya en la Complu, todos los profesores me acogisteis rapidamente y
hemos compartido clases, conversaciones de pasillo, reuniones... Gracias especialmente
a Alvaro Ramirez por dirigirme y apoyarme en los comienzos de mi busqueda de tesis. A
Telle por ser un referente en todos los sentidos y por preocuparte siempre por mi. A Juanvi
por sus conversaciones sobre la vida investigadora y sus consejos de estadistica. Laura,
muchas gracias por haber sido mi compi de gamasidos todos estos afos; las clases eternas
contando bichejos se hacen mucho mas amenas hablando contigo sobre cualquier tema.
Finalmente, de mis compafieros mas senior me gustaria darle las gracias a Rafa. Detras
de esa fachada de bromista hay una persona que se ha preocupado por mi y por mis
sentimientos, escuchdndome y ddndome consejos para poder salir adelante, sin ti, esta
tesis no hubiera salido para delante y lo sabes. Entre los compafieros menos senior, tengo
que agradecer a Elisa, Guille Fandos, Alex Llanos, Maria y Vero por todas las risas, pero
sobre todo por el apoyo emocional cuando parecia que todo iba mal.

Tengo que agradecerles el resultado de esta tesis a todas las personas que han
trabajado en ella de manera mas directa, sobre todo ayuddndome en el laboratorio. Gracias
Dani por ser el primero en acompafiarme en el laboratorio y hacer PCRs codo con codo;
nunca conseguiré tener con ningun compaiiero la misma sinergia que contigo (ni en el
laboratorio ni en el piso). Marta, llegaste al laboratorio sin previo aviso, pero sin ti, sin
tus horas de dedicacion y sin tu voluntad para ayudarme en todo, esto no habria sido
posible. Y también a Jimena, que me ha salvado toda la parte fisioldgica de la tesis, que
no es poca. Me empec¢ a enfrentar a esta parte sin idea ninguna, cometiendo errores, pero
llegaste como Superwoman y me salvaste de mi misma. No solo me has ayudado y
ensefiado a desenvolverme con el estrés oxidativo, sino que me has animado en los
momentos de crisis y has dado mucho mas de lo que podias, luchando contra todos los
inconvenientes.

Y llega el momento de agradecer a mis compaferos de despacho y agregados.
Puede que esta sea una de las partes mas dificiles de escribir porque no sé como haceros
llegar todo lo que me habéis ayudado. Dani, has sido una de las personas mas importantes
de mi vida en Madrid. Llegué sin conocer a nadie, totalmente perdida, y me incluiste en
tu vida diaria sin pestafiear. Espero que los “miércoles locos” y todas nuestras

6



Acknowledgements

complicidades sigan igual que siempre. Elena, es increible como puedes ser tan buena
profesional y buena amiga al mismo tiempo. Por muchas cosas que tengas que hacer
siempre sacas un momento para pensar en mi. Gracias a todas las conversaciones que
hemos tenido Dani, tu y yo expresando todos nuestros sentimientos (creo que no he
llorado con nadie mas que con vosotros) me he convertido en la persona que soy hoy, y
no puedo estar mas contenta. Gracias a ambos también por haberme presentado a Victor
y a Sergio, que tanto mimo y cariiio han expresado desde entonces. Y en la ecuacion no
puede faltar el toque picante, gracias David por sacarme siempre una sonrisa, que sabes
que no es facil; gracias por confiar en mi y hacer que yo confie en ti. No te preocupes por
nada porque eres una persona brillante y estoy segura de que puedes con todo (por muy
jodido que se te ponga). También tengo que agradecerles mucho a mis hermanos “pollito”
mayores. Anton, gracias por estar ahi para darnos paseos, comer, comprar ropa, cualquier
excusa es buena para vernos. Eres una de las personas que mejor saben escuchar que he
conocido. Javi Pineda y Amparo, habéis cuidado de mi como nadie y me habéis hecho
perder las pocas dudas que me quedaban para dar el salto al extranjero. Gracias a Amparo
por controlar a Javi, y a Javi por tratarme de Minion. Gracias Héctor por todas las comidas
de microondas y las quedadas en los momentos mas importantes. Por supuesto gracias a
Gabri, que has sido capaz de ser un cientifico extraordinario y a la vez mantener tu
esencia, tus ganas de fiesta y de viajar. Ojald pueda llegar a ser algin dia la mitad de
buena que tu. Carmen Urefia, por mucho que lo niegues eres granaina, porque si no, no
tendrias el corazon que tienes. Gracias por todos los viajes a Granada, los desayunitos
ricos y el carifio inmenso que le pones a todo lo que haces. Espero Itziar que todo te vaya
rodado, porque te lo mereces, porque no he visto a nadie que se preocupe tanto por todo
el mundo. Nunca me imaginé cuando quedé contigo por primera vez para hablarte sobre
la tesis que ibas a ser tan importante para mi (jy tan rapido!). Marta, qué mas puedo decir
de lo que ya he dicho: eres dedicada y decidida, no solo en el trabajo, sino también en el
plano personal, gracias por cuidar tanto de mi. Gracias a Merce por reanimar el despacho
cuando hace falta y por compartir toda esa pasion que llevas por dentro. Por Gltimo gracias
a Carmen “Farmacia”, Pedro “Rebollito”, Pablo Yeste y todas las nuevas adquisiciones:
alegrais el dia a cualquiera.

Desligandonos un poco del trabajo, gracias a Javi y a Salma por vuestra
honestidad, por cuidarme cuando no estaba Pablo y por los paseos con los perris. Gracias
a Guille “Turones” por todas las chapas que sabes que tanto me gustan y por compartir
todo el bicheo del mundo, jya no puedo decir que te inventas los avistamientos de gineta!
Alex Garcia, desde el curso has ido creciendo poco a poco en mi corazoncito, hemos
compartido momentos en el Museo (€éramos los unicos pringaos por alli en verano),
conversaciones sobre ciencia y sobre calidad de vida. Gracias Alba por compartir
laboratorio conmigo y mas que eso, nuestro amor por los caballos. Y para finalizar la lista
de Madrid, gracias a Marina, porque aunque no seamos iguales no quiere decir que no
nos compaginemos. Gracias por preocuparte de nuestra salud y darnos palizas de vez en
cuando, pero sobre todo por ser como eres.

Gracias a mis amigos de Granada, que habéis aguantado charlas de ciencia sin
enteraros de nada y quejas sobre la vida de los doctorandos, siempre apoyandome y
dandome vuestro carifio incondicional. Gracias a Irene y José por todos los momentos de
juegos de mesa para “descansar” el cerebro y por compartir la vida submarina con
nosotros. Gracias Laura, Pepe, Claudio y Plata por estar siempre dispuestos a todo y crear
un espacio seguro para hablar de cualquier cosa. A Juanmi, por haber empezado juntos la

7



Acknowledgements

vida en Madrid y reirte de mi en cuanto tenias ocasion. A Anita Martin (y Rafa) por haber
vivido juntas el recorrido de bidlogas y buscar ante todo nuestra pasion. A Alex y Laura,
por cuidarme desde pequeiiita y darle salsa a la vida. A Sergio Alcaide (y Sonia) porque
nunca tendré un mejor pseudocuiiado con el que pasar mejores momentos. A todos los
amigos de Pablo que me habéis aceptado como a una mas. También a José¢ Fernandez
Calero, que empezaste las andanzas en ciencia conmigo, compartiendo nuestra pasion por
todo tipo de bichos. Espero que te vaya genial y encuentres tu huequito en ciencia.

Por ultimo a mi familia, me habéis dado apoyo incondicional, me habéis
escuchado despotricar pacientemente y me habéis rectificado cuando hacia falta. Ana,
gracias por estar ahi, escucharme y darme consejos para poder seguir adelante, y por ser
siempre una referente para mi. Gracias a mis padres, José Luis y Maria José, por estar
siempre ahi, aunque sea a distancia, por apoyar siempre mis suefos y por haberme
ensefado a luchar contra viento y marea por lo que quiero. Me habéis ensefiado a tener
pasion, el amor por la naturaleza (siempre seré vuestra cabrilla loca) y sobre todo a
volcarme en todo lo que hago. Gracias a Rea, por ser la perri-tesis mas buena del mundo
e intentar lamerme la cara cuando me da la llantera. Y como no gracias a Pablo, no podria
imaginarme un mejor compaifiero de viaje. Conmigo has sido bueno, atento, comprensivo,
carinoso y todo lo que se puede buscar en una pareja, y mira que te lo he puesto dificil
con mi montafia rusa durante la tesis: crisis de mitad de tesis, crisis de pandemia, crisis
de estancia en Lund, crisis de estancia en Londres, crisis de final de tesis. Todo lo que he
conseguido y lo que consiga, sera gracias y junto a ti. Eres perfecto y vas a ser un doctor
genial dentro de nada, espero empezar una nueva etapa contigo pronto.



Index

Index

AADSETACT. ...ttt ettt e h et ettt e b e e h b e bt e sabe e bt e e aaeebeas 11
RESUMEBTL ...ttt ettt s st e et esaaee s 15
List Of @bDIeVIAtIONS .....eeeueiiiiieieeiie ettt ettt et 19
General INITOAUCTION .....co.uiitiiiie ettt ettt st s e e bt e st enaeeeas 21
AIMS aNd NYPOtRESIS...ccueiiiiiiieciiece e e e e e e e 33

Chapter 1: Differences in exposure to vector bites and plant-based diet explain among-

species variation in prevalence of locally transmitted Neotropical avian malaria parasites

Chapter 2: Blackcaps Sylvia atricapilla with blood parasites have impaired oxidative

status during autumn MIZTALION ......cecvveeerieeeireeeiieeeeeeeieeeereeesreeesreeessseeessseesnsseesssseenns 69

Chapter 3: Young male blackcaps with blood parasite coinfections cope with oxidative

stress favouring anthocyanin-rich food during migratory fattening............cccceeeeuvennnee. 101
GeNETAl dISCUSSION ....eoutiiiiiiiiiietie ettt ettt ettt e st e bt e st e et e st e e bt e snaeenes 135
CONCIUSIONS ..ttt ettt ettt et e et e e bt e st e e bt e eabe e bt e sabeenbeeenbeeneee 145
RETEIEIICES ...ttt ettt ettt e st e e 147
F N 0] 157116 TSRS 167



10



Abstract

Abstract

Ecological implications of avian blood parasite infections: diet, physiology and

behaviour

The study of parasites in wild animals is essential to disentangle the host-parasite
relationships in nature, and to examine future zoonotic reservoirs. Prevalence of infection
depends on exposure to parasites and host competence, which differ between individuals
and species. The exposure to parasites is determined by the abundance and diversity of
parasites, the encounter rate between parasites and competent hosts, and the time of
exposure to parasites. Host competence depends on coping mechanisms, such as the
strategies of resistance and tolerance of each host. Haemosporidian parasites are blood
parasites from the phylum Apicomplexa that infect a high variety of vertebrate hosts,
including birds, which are mostly infected with parasites from the genera Plasmodium,
Haemoproteus and Leucocytozoon. These infections have costs that could affect the
reproductive success, performance or survival of birds. Since haemosporidian parasites
are transmitted by dipteran vectors, one important key to understand the exposure to
parasites is the differential biting preference of each vector. Biting probabilities of vectors
could depend on the detectability of each bird (CO> cues, body size) or traits such as the
amount of exposed surface of their body. Moreover, the behaviour of the birds could also
determine the exposure to vectors, since it could shape their encounter rates with vectors.
Both among and within species, there is also variation in the capacities of each bird to
cope with infections. The first step to fight against haemosporidians is the activation of
the humoral response, which can lead to tissue damage due to the production of reactive

oxygen and nitrogen species (RONS). When this oxidative damage is not controlled by
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endogenous or exogenous antioxidants, parasitic infections can induce oxidative stress.
One way to control the oxidative damage caused by haemosporidians is the intake of

antioxidants through the diet, mostly from plant origin.

The aim of this thesis is to discover the role of the exposure to vector bites (at
species level) and the infection coping mechanisms mediated by oxidative stress and diet
(at species and individual level) in the distribution and costs of haemosporidian parasites
in birds. To do so, we structured this thesis in three chapters. In Chapter 1, we explored
the importance of exposure to vector bites and the proportion of plant-based matter
included in the diet of a local community of birds in the Neotropics. Studying the
prevalence of haemosporidian infections in resident understory birds from lowland
primary rainforests in French Guiana, where all infections were locally acquired and there
is a huge diversity of potential hosts, and using phylogenetic techniques, we found that
exposure to vector bites and plant-based diet were positively correlated with the local
prevalence in passerines. In this chapter, we could also describe the community of
parasites residing in this underexplored region. Chapter 2 focuses on the individual
capacity of Eurasian blackcaps (Sylvia atricapilla) from different sexes and ages to cope
with blood parasites during autumn migration, which imposes physiological challenges
per se. We discovered that, during stopovers, first-year blackcaps from both sexes suffer
from more parasitic infections than older individuals. The costs of infections in terms of
oxidative stress were noticeable when birds harboured coinfections, which are considered
to be more virulent, especially when they involve Plasmodium parasites. We also
corroborated that migration might alter the oxidative balance of blackcaps. Finally, in
Chapter 3 we tested within the same ecological context whether young male blackcaps

can choose their diet according to their needs, favouring dietary antioxidants to cope with
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oxidative damage caused by blood parasites and migration. During stopover, we offered
antioxidant-enriched food and fat-enriched food to each individual to measure their
election and we found that infected birds had less antioxidant capacity, which could be
dealt with through diet since birds infected with more than one different parasite preferred
antioxidant-enriched food. Moreover, we found that birds with lower fat stores also chose
antioxidant-enriched food, perhaps to cope with oxidative stress derived from flight

effort.

We discovered that exposure to vectors and coping mechanism through diet may
be key factors shaping haemosporidian prevalence, at species and individual level. We
also found evidence of plant-based diets playing a role in host-parasite interactions,
maybe with the implication of oxidative stress. We also demonstrated the importance of
studying tropical environments to discover new parasites and parasite reservoirs. There
are also individual differences in the capacity to fight against infections, where younger
individuals might be more likely to harbour coinfections. Studying the costs of infections
during physiologically challenging periods such as migration might be essential for
uncovering such costs in natural, non-experimental settings. The general conclusion of
this thesis is that not all birds are equally susceptible and competent hosts for
haemosporidian parasites due to the interplay between (1) ecological traits of species
influencing on host exposure and coping abilities, (2) trade-offs between costly activities
(such as fighting parasite infections and aerobic exercise during migration), and (3)
individual behavioural decisions that may determine the physiological outcomes of all

the above.
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Resumen

Resumen

Implicaciones ecologicas de la infeccion por parasitos sanguineos en aves: dieta,

fisiologia y comportamiento

El estudio de parasitos en animales silvestres es esencial para desentrafiar las
relaciones parasito-hospedador y para determinar posibles reservorios de zoonosis. Las
prevalencias de infeccion dependen de la exposicion a los parasitos y de la competencia
hospedadora, que difieren entre individuos y especies. La exposicion a parasitos estd
determinada por la abundancia y diversidad de parasitos, la tasa de encuentro entre
parasitos y hospedadores competentes, y el tiempo de exposicion a parasitos. La
competencia hospedadora depende de los mecanismos para lidiar contra infecciones,
como las estrategias de resistencia y tolerancia de cada hospedador. Los parasitos
hemosporidios son parasitos sanguineos del filo Apicomplexa que infectan a una gran
variedad de hospedadores vertebrados, incluyendo aves, que son infectadas
mayoritariamente por parasitos de los géneros Plasmodium, Haemoproteus 'y
Leucocytozoon. Estas infecciones tienen costes que afectan al éxito reproductivo, el
desempetio o la supervivencia de las aves. Dado que los parasitos hemosporidios de las
aves se transmiten a través de dipteros, las diferentes preferencias de alimentacion de cada
vector son clave para comprender la exposiciéon a parasitos. Las probabilidades de
picaduras por vectores pueden depender de la detectabilidad de cada pajaro (sefiales de
CO», tamafio corporal) o rasgos tales como la cantidad de superficie corporal expuesta.
Ademas, el comportamiento de las aves también podria determinar la exposicion a
vectores si modula su tasa de encuentro con vectores. Tanto entre las especies de
hospedadores como dentro de cada una de ellas, hay variacién en la capacidad de cada

ave para lidiar con las infecciones. El primer paso para luchar contra los hemosporidios

15



es la activacion de la respuesta humoral, lo que podria conllevar dafio en los tejidos debido
a la produccion de especies reactivas de oxigeno y de nitrogeno (RONS). Cuando no se
controla el dafo oxidativo mediante antioxidantes endogenos o exdgenos, las infecciones
parasitarias pueden desembocar en estrés oxidativo. Una forma de controlar el dafio
oxidativo causado por hemosporidios es el consumo de antioxidantes a través de la dieta,

mayoritariamente de origen vegetal.

El objetivo de esta tesis es descubrir el papel de la exposicion a picaduras de
vectores (a nivel interespecifico) y de los mecanismos para lidiar con infecciones
mediados por estrés oxidativo y dieta (inter e intraespecifico) en la distribucion y los
costes en aves de parasitos hemosporidios. Para ello, estructuramos la tesis en tres
capitulos. En el Capitulo 1, exploramos la importancia de la exposicion a picaduras de
vectores y la proporcion de materia vegetal en la dieta de una comunidad local de aves
del neotropico. Al estudiar la prevalencia de infecciones de hemosporidios en aves
residentes de sotobosque de una zona baja de bosque primario de Guayana Francesa,
donde todas las infecciones son locales y hay una gran diversidad de hospedadores
potenciales, y usando técnicas filogenéticas, encontramos que la exposicion a picaduras
de vectores y la importancia de la materia vegetal en la dieta estaban positivamente
relacionadas con la prevalencia local en paseriformes. En este capitulo, también pudimos
describir la comunidad de parasitos de esta region poco explorada. El Capitulo 2 se centra
en la capacidad individual de currucas capirotadas (Sylvia atricapilla) de diferentes
edades y sexos para lidiar con parasitos sanguineos durante la migracion otofial, que
impone desafios fisioldgicos per se. Descubrimos que durante las paradas migratorias, las
currucas de ambos sexos de primer afio sufrian mas infecciones parasitarias que los

individuos mas viejos. Los costes de las infecciones en términos de estrés oxidativo
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fueron notorios cuando las aves tenian coinfecciones, que pueden ser mas virulentas
especialmente cuando intervienen parasitos del género Plasmodium. También
corroboramos que la migracion podria alterar el balance oxidativo de las currucas.
Finalmente, en el Capitulo 3 examinamos en el mismo contexto ecoldgico si los machos
jovenes de curruca pueden elegir su dieta dependiendo de sus necesidades, favoreciendo
los antioxidantes para lidiar con el dafio oxidativo causado por los pardsitos sanguineos y
la migraciéon. Durante la parada migratoria, ofrecimos a cada individuo comida
enriquecida con antioxidantes o con grasas y medimos su eleccion, encontrando que las
aves infectadas tenian menos capacidad antioxidante, lo que podria compensarse
mediante la dieta, ya que las aves infectadas con mas de un parasito diferente preferian la
comida enriquecida con antioxidantes. Ademas, descubrimos que las aves con menores
reservas de grasa elegian comida enriquecida con antioxidantes, posiblemente para lidiar

con el estrés oxidativo derivado del esfuerzo del vuelo.

Hemos descubierto que la exposicion a vectores y los mecanismos para lidiar con
parasitos a través de la dieta pueden ser determinantes en la prevalencia de
hemosporidios, a nivel de especie e individual. Encontramos evidencias de que las dietas
vegetales juegan un papel importante en las interacciones parasito-hospedador,
posiblemente con implicacion del estrés oxidativo. También demostramos la importancia
de estudiar ambientes tropicales para descubrir nuevos parasitos y reservorios de estos.
Hay diferencias individuales en la capacidad de luchar contra infecciones, siendo los
individuos mas jovenes mas susceptibles a las coinfecciones. Estudiar los costes de las
infecciones en momentos exigentes fisioldgicamente, tales como la migracion, es esencial
para desvelar los costes en condiciones naturales, no experimentales. La conclusion

general es que no todos los péjaros son igualmente susceptibles y competentes frente a
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parasitos haemosporidios debido a la relacion entre (1) los rasgos ecologicos de las
especies que tienen que ver con la exposicion y las estrategias de defensa contra parasitos,
(2) compromisos entre actividades costosas (como la lucha contra parésitos y el ejercicio
aerébico durante la migracion) y (3) comportamientos individuales que pueden

determinar los resultados fisiologicos de todo lo anterior.
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List of abbreviations

ABTS

AlCc

BSA

Cyt-b

DNA

DTNB

EDTA

GLMM

HWI

LM

MAB

MDA

ML

NADPH

PCA

PCR

2,2 '-azinobis-3-ethylbenzothiazoline-6-sulfonic acid

Corrected Akaike information criterion

Bovine serum albumin

Cytochrome b

Deoxyribonucleic acid

5,5'-dithiobis-(2-nitrobenzoic acid)

Ethylenediaminetetraacetic acid tetrasodium salt dehydrate

Generalised linear mixed models

Hand-wing index

Linear models

Mechanical advantage of the beak

Malondialdehyde

Maximum likelihood

Nicotinamide adenine dinucleotide phosphate

Principal component analysis

Polymerase chain reaction

19



List of abbreviations

PGLS

RBC

RONS

RTL

TAS

TBA

tGSH

VIF

Phylogenetic general least squares models

Red blood cells

Reactive oxygen and nitrogen species

Relative tarsus lenght

Total antioxidant status

Thiobarbituric acid

Total glutathione

Variance inflation factor
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Parasitic infections are widely studied under controlled circumstances and mostly
trying to interpret their impact on human or livestock health (Corwin 1997; Pullan and
Brooker 2008; Sabbatani et al. 2010). However, the use of wild animals to understand
host-parasite interactions has exponentially grown (Atkinson et al. 2008; Hawley and
Altizer 2011; Garcia-Longoria et al. 2016). This approach enables the discovery of
reservoirs of zoonotic pathogens (Johnson et al. 2015; Garcia-Longoria et al. 2016),

potentially damaging wildlife and humans.

All parasites induce costs to their hosts, burdening their performance, reproductive
success or survival (Krams et al. 2013; Delhaye et al. 2016; Chrétien et al. 2022). The
costs depend on parasite traits such as parasite load, activity or growth rate; and on host
traits such as tolerance or resistance strategies (Réberg et al. 2007; Muriel 2020). The
competence of a host is defined as the extent to which a host can successfully transmit a
parasite, which varies depending on its susceptibility to invading parasites and its
suitability for parasite growth and transmission once parasites have entered their body
(Stewart Merrill and Johnson 2020; Huang et al. 2023). In the case of vector-borne
parasites, the transmission of parasites is also strongly influenced by the exposure to
vectors (which may depend on host traits and vector preferences; Medeiros et al. 2013):
if host susceptibility and suitability remain constant, hosts that are more often bitten by
vectors amplify parasite transmission (Yan et al. 2021). Host susceptibility and suitability
determine the fate of an infection since parasite invasion (Stewart Merrill and Johnson
2020; Huang et al. 2023), which may depend to a great extent on coping mechanisms that
allow the host to fight against or live with parasites (Dietsch 2007; Hawley et al. 2011;

Langenhof and Komdeur 2018). The competence of a host could be studied from different
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perspectives. Hosts species might have coevolved with a parasite community, with
adaptations against infections (Gandon et al. 2002; Mgller et al. 2005). Individuals from
the same species could also exhibit different functional traits for parasite management
(Huang et al. 2023). Hence, the importance of studying host competence and parasitic

exposure at different levels to understand the distribution and repercussions of infections.

The probability of transmission of a parasite between hosts depends on the
exposure to parasites, which in turn depends on (1) the abundance and diversity of
parasites and vectors (in vector-borne parasites) present in the home range of the host
(Fecchio et al. 2017), (2) the encounter rate with parasites (that also depends on the
abundance of other competent hosts and vectors, and avoidance behaviours from the host;
Hawley and Altizer 2011; Isaksson et al. 2013; Barron et al. 2015), and (3) the time of
exposure to parasites, incrementing the probability of transmission (Reece et al. 2017).
Once infected, hosts may have coping mechanisms to deal with infections: resistance or
tolerance (Réberg et al. 2007; Sorci 2013; Arriero et al. 2018). When the costs of infection
exceed the costs of an immune response, hosts use their resistance mechanisms to reduce
parasite load or eliminate parasites, incurring in energetic and physiological burden of the
activation of the immune system (Delhaye, Jenkins, et al. 2018; Muriel 2020). On the
other hand, when the costs of living with the parasites are not too high, hosts may opt for
tolerance mechanisms that help counteract the possible impact of parasites in their health
(Réberg et al. 2009). Coping mechanisms also include behavioural adjustments (sickness
syndromes; Barber and Dingemanse 2010; Ashley and Wingfield 2012; Hite et al. 2019)
that could enhance the immune response (Hawley and Altizer 2011; Barron et al. 2015);

prevent further spread of parasites (Hawley and Altizer 2011; Barron et al. 2015) or
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enhance the physiological status of the bird. Adaptive feeding may be one of such

mechanisms (de Roode et al. 2013; Masello et al. 2018; Hite et al. 2019).

Haemosporidian parasites (Apicomplexa: order Haemosporida) are a group of
protozoans that parasitize a wide range of vertebrates using blood-sucking dipterans as
transmission vectors (Valkitinas 2005). Some of these parasites cause human malaria and
related animal diseases, relevant for public and animal health (Phillips and Pasvol 1992;
Cumnock et al. 2018). Initially, bird haemosporidians were thoroughly investigated as
surrogate models for human malaria parasites (Rivero and Gandon 2018; Santiago-
Alarcon and Marzal 2020), but currently their study in natural populations is important
for conservation purposes, since they have a great invasive potential and can have a
serious impact when colonising new ecosystems (van Riper et al. 1986). The use of
molecular techniques for the identification of the different lineages and species has been
very helpful, since their morphological identification is extremely complicated and
requires the help of specialists in the field (Hellgren et al. 2004; Bensch et al. 2009;
Fecchio, Chagas, et al. 2020). Bird haemosporidians are included in the genera
Plasmodium (which causes avian malaria), Haemoproteus (which is divided into two
subgenera, Haemoproteus and Parahaemoproteus), Fallisia (never found in passerines
and, therefore, not investigated in this thesis), and Leucytozoon (Valkiiinas 2005; Fecchio,

Chagas, et al. 2020; Santiago-Alarcon and Marzal 2020).

The life cycle of these parasites is rather complicated, with differences between
groups. In general, the sexual stage occurs inside the vectors (definitive hosts), leaving
the birds as intermediate hosts where they reproduce asexually. The vectors inoculate
sporozoites through their feeding process that move from the blood and accumulate in the

tissues of the bird as exoerythrocytic meronts. Meronts reproduce asexually (merogony),
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producing merozoites that spread within the bird. In the acute phase, short after the
infection, the intensity of infection increases via induction of merogony of sexual stages
in blood cells, creating gametocytes. The gametocytes usually live within blood cells and
can generate microgametes (various male microgametes arise from each
microgametocyte through exflagellation) or macrogametes (macrogametocytes
differentiate into female gametes). When a vector bites a bird with an active infection in
the blood, it could take gametocytes with the blood meal (Valkitinas 2005; Fecchio,
Chagas, et al. 2020; Nourani et al. 2020). Then, gametocytes enter the midgut, start the
gametogenesis, and get out of the bird’s blood cells. The process of fertilization occurs
extracellularly, producing a zygote, which transforms in an ookinete that exits the midgut
and transforms in an oocyst. The oocyst produces sporozoites (sporogony) that enter the
haemocele and salivary glands, where they could be transferred to a new bird (Valkiiinas
2005; Fecchio, Chagas, et al. 2020; Nourani et al. 2020). The different genera of parasites
are transmitted by different vectors, which could impact their distribution between hosts
since each dipteran vector has different feeding preferences. Plasmodium parasites are
transmitted by mosquitos from the family Culicidae; Haemoproteus by hippoboscid and
ceratopogonid flies; and Leucocytozoon by simuliid and ceratopogonid flies, although
there is a paucity of specific research that leaves this question far from resolved (Santiago-

Alarcon et al. 2012).

It is in the blood of birds that haemosporidian parasites are best studied, since they
can be easily collected and visually identified without harming the individual with highly
invasive procedures. Then, we could summarise the process of infection on birds in
different stages: prepatent, when parasites are in the tissues of the bird; acute, when the

parasites are in the blood and there is an increase in parasitemia; crisis, when the
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parasitemia is the highest; chronic, and latent, when the parasitemia decreases controlled
by the immune response of the host. It is usual for the infection to persist in birds, with

periodical relapses of parasitemia in stressful periods (Valkitinas 2005).

Avian malaria is proven to come at a cost for their hosts (Rivero and Gandon 2018;
Videvall 2019). There is a lot of interest on the physiological effects of the infections
(Isaksson et al. 2013; Badas et al. 2015), as such effects can lead to long-term costs on
fitness (Asghar et al. 2011; Krams et al. 2013; Muriel 2020; Remacha et al. 2023). But
not all individuals suffer the same amount of costs, as the latter vary depending on traits
such as sex, age, or physiological condition (Muriel 2020). There is evidence of
differences in immune function between females and males, leading to higher risks of
infection to males since testosterone may impair the immune system functioning (mostly
the humoral response; Roved et al. 2017; Vincze et al. 2022) or alter their behaviour (e.g.,
territorial behaviour), sometimes shifting their exposure to vectors (McCurdy et al. 1998;
Hawley et al. 2011). Younger birds that are developing (Santiago-Alarcéon et al. 2012;
Muriel 2020), or senescent birds that are losing the capacity to deal with infections (Finkel

and Holbrook 2000; Monaghan et al. 2009) could also suffer greater infection costs.

The costs of haemosporidians not only vary between individuals, but also between
life-stages that impose energetic or physiological challenges. During challenging
moments, birds might need to invest energy and resources on self-maintenance, being
unable to properly cope with infections (Hawley and Altizer 2011; Van de Crommenacker
et al. 2012). There are many studies that link the reproductive effort with an increase in
parasitemia and long-term costs on fitness (Asghar et al. 2011; Badas et al. 2015; Pigeault
etal. 2018). But there are fewer studies involving other costly activities, such as migratory

effort (Soares et al. 2020; de Angeli Dutra et al. 2021).
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Moreover, the parasitemia and the virulence of the parasites imply different costs
for the bird. There is evidence that Plasmodium parasites, and some parasite lineages
(Rivero and Gandon 2018), are more virulent and have stronger consequences in birds
(Santiago-Alarcon et al. 2012; Videvall 2019). In some hosts, it is usual to find more than
one parasite lineage (from the same or different genus) at the same time; those
coinfections are commonly more virulent than single infections (Alizon and van Baalen
2008; Marzal et al. 2008; Palinauskas et al. 2018; Pigeault et al. 2018). Also, the same
parasite lineage could have different effects depending on their host species (Ortiz-
Catedral et al. 2019). Then, the combination of bird and parasite traits influence the costs

of the interaction (Palinauskas et al. 2008).

Birds differ in their exposure to parasites and vectors, and in their host competence
through coping capacity (Hawley et al. 2011). Then, one of the main focus when studying
differential prevalence of infection is the exposure to parasites and, since haemosporidian
parasites are transmitted by dipteran vectors, it is connected with the probability of being
bitten by an infective (competent) vector (Cator et al. 2012; Gutiérrez-Lopez et al. 2019).
Although indispensable, exposure to vectors has not been exhaustively studied yet (but
see Santiago-Alarcon et al. 2012; Chakarov et al. 2020; Nourani et al. 2020). These
parasites can change the feeding preferences of vectors (Cator et al. 2014; Pigeault et al.
2015; Santiago-Alarcon and Marzal 2020) and the hormones of the birds to increase the
biting rate on competent hosts, enhancing the probability of successful transmission
(Dhondt and Dobson 2017). The detectability of the birds for vectors depends on traits
such as the size of the bird, cues of CO2 emissions, or the proportion of exposed surface
without feathers (around beak and eyes, and legs; Martinez-de la Puente et al. 2015;

Fecchio, Chagas, et al. 2020). Birds can also exhibit avoidance behaviours: foraging in
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places with low density of vectors, decreasing their encounter with other competent hosts,
sickness behaviours, etc. (Pigeault et al. 2015; Nourani et al. 2020). Then, there are
several behaviours that can modulate the probability of transmission of haemosporidian
parasites that could be species-specific, such as foraging site, incubation time, migration,
social behaviour, flocking behaviour, diet, or nesting behaviour (Gonzélez et al. 2014;
Matthews et al. 2016; Fecchio et al. 2022; Aguiar de Souza Penha et al. 2023). The
diversity of these traits (together with the diversity of host species) could be important to
disentangle host exposure to parasites. Since tropical regions are very rich in biodiversity
(and abundance) of birds and dipteran vectors, they have recently been the focus of
several studies accounting for exposure to haemosporidian infections (Fecchio, Chagas,
et al. 2020; Santiago-Alarcon and Marzal 2020). These areas are therefore excellent
scenarios to understand evolution of host-parasite interactions, and possible sources of

disease spreading.

There are also differences in the capacity of each host to cope with
haemosporidian infections since not all birds have the same physiological condition
(Isaksson et al. 2013). When birds face excessive exploitation due to parasite
multiplication, their immune system responds producing oxidant substances, reactive
oxygen and nitrogen species (RONS; Bichet et al. 2012; Delhaye et al. 2016; Muriel
2020), that not only attack the parasites but also the tissues of the host, producing
oxidative damage and also having a signalling role in the inflammatory response
(Costantini and Mgller 2009; Costantini 2010a). The imbalance between the antioxidant
defences of an organism and the prooxidants is called oxidative stress (Costantini 2010a).
To compensate the damage caused by infections and the immune response, birds can up-

regulate their endogenous antioxidant defences, or they could increase the intake of
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antioxidant-rich food (Costantini 2014). In nature, most antioxidant food comes from
plants (Lehane and Saliba 2008; Rudrapal and Chetia 2017), so birds that are able to
perceive the nutritional content of food sources and adaptively change their diet to
compensate their needs (Catoni, Schaefer, et al. 2008; Beaulieu and Schaefer 2014) would
be able to better cope with parasitic costs (Beaulieu and Schaefer 2013; de Roode et al.

2013).

Nevertheless, oxidative stress and other consequences of haemosporidian
infections are difficult to assess in the wild. When sampling birds, we take a small portion
of the avian population, leading to bias in our findings since really sick birds could be
under-sampled due to their higher mortality (Rivero and Gandon 2018; Muriel 2020). The
sampled birds would then be the ones that are able to cope with parasites and maintain
activity levels closer to normal (Atkinson et al. 2008). Then, studying infections during
challenging moments for the birds is key to uncover the hidden costs of parasites (Dhondt
and Dobson 2017; Andersson et al. 2018), since they have to trade-off between investing
resources in those specific requirements or to deal with infections (Sheldon and Verhulst
1996, Costantini 2010a). Some of those challenges can be development, reproduction or
migration, which impose energetic and physiological demands (Christe et al. 2012;
Delhaye et al. 2016; Eikenaar, Hegemann, et al. 2020; de Angeli Dutra et al. 2021).
However, the relation between migration and haemosporidian infections is poorly

studied.

The understanding of how birds have differential competence and exposure
towards haemosporidian infections is essential to disentangle the distribution of
prevalence and diversity of parasites and their repercussions in each individual and

species. This thesis addresses these problems using approaches at different scales, from
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the distribution of parasites at the community level to the impact of infections on

individuals.

31



32



Aims and hypothesis

Aims and hypothesis

With this thesis, we aim to uncover how variation in exposure to parasites and diet

(as a determinant of host competence) may shape the distribution of haemosporidian

parasites among hosts, how the impact of parasites interferes with the capacity of

individuals to deal with oxidative stress, and to what extent parasite impacts may be

attenuated through adaptively feeding on dietary antioxidants. To do so, we focused on

the exposure to vector bites (Chapter 1) necessary to acquire infections, and the coping

ability related to diet (Chapters 1 and 3) and oxidative stress (Chapters 2 and 3), which

may be determinant of birds’ suitability as parasite reservoirs (Huang et al. 2023). The

thesis is structured as follows:

Chapter 1. We approached the study of the parasite exposure and the
coping capacity of a community of understory birds from French Guiana,
using phylogenetic comparative methods. This area is a hotspot of avian
biodiversity and all sampled birds are residents, which creates a great
environment to study haemosporidian parasites that are locally transmitted
and have a huge range of potential host species. We also described the
community of circulating parasites in this understudied region. We
expected that bird species with a higher exposure to vector bites (either
because of their own morphology or their behaviour) would have higher
prevalence. Also, species whose diet were based mostly on plant matter
would have lower prevalence, because they are expected to gain easier

access to compounds that may help them to better control the infections.
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Chapter 2. We conducted a study at the individual level focusing on the
capacity of Eurasian blackcaps (Sylvia atricapilla) to cope with blood
parasites during a physiologically demanding period (autumn migration),
differentiating sex and age classes. We thought that, during stopover, birds
would show physiological stress caused by infections and migration, and
that more virulent infections, those with multiple parasites and/or
Plasmodium parasites, would have stronger consequences. Also, we
expected that younger individuals would suffer more the physiological
costs of parasites and migration, since they did not have previous
migratory experience and their infections were recently acquired. We also
thought that there might be difference between sexes in their capacity to
deal with oxidative stress due to the differential effect of sexual hormones
(with  testosterone  being immunosuppressive and  estrogen
immunoenhancing), being males the ones with worst capacity to cope with
infection.

Chapter 3. We tested the capacity of young male blackcaps, in the same
context than in Chapter 2, to deal with oxidative stress caused by infections
and migration through diet choices. Offering different food choices during
stopover, we expected that birds with worse oxidative status would prefer
antioxidant-enriched food items, while birds that had a better oxidative
status would choose to put on fats, which are very necessary to continue

the next migratory stage.
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Chapter 1: Differences in exposure to vector bites and plant-

based diet explain among-species variation in prevalence of

locally transmitted Neotropical avian malaria parasites

This chapter reproduces entirely the manuscript: Lucia Jiménez-Gallardo, Daniel A.
Truchado, Laura Benitez, Marta Correas-Araus, Guillermo Fandos, Borja Mila, Michagl
A. J. Moens, Alvaro Ramirez, Alvar Veiga-Schmitz, Javier Pérez-Tris and Carolina
Remacha. Differences in exposure to vector bites and plant-based diet explain among-
species variation in prevalence of locally transmitted Neotropical avian malaria parasites.

In preparation.
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Differences in exposure to vector bites and plant-based diet explain
among-species variation in prevalence of locally transmitted

Neotropical avian malaria parasites

Jiménez-Gallardo, Lucia'; Truchado, Daniel A.%; Laura Benitez®; Correas-Araus, Marta';
Fandos, Guillermo'; Mil4, Borja*; Moens, Michaél A. J.; Ramirez, Alvaro'; Veiga-

Schmitz, Alvar'; Pérez-Tris, Javier' ; Remacha, Carolina'*

1. Department of Biodiversity, Ecology and Evolution, Complutense University of
Madrid, Spain.

2. Centre for Plant Biotechnolgy and Genomics (CBGP), UPM-INIA/CSIC, Spain.

3. Department of Genetics, Physiology and Microbiology, Complutense University
of Madrid, Spain

4. National Museum of Natural Sciences, CSIC, Spain.

*Both senior co-authors contributed equally and are listed in alphabetic order.

Abstract

Parasites have a heterogeneous distribution among host species, but the
determinants of this variation in ecological communities, where major reservoirs coexist
with incompetent hosts, remain unclear. We studied the species’ traits correlated with
prevalence of haemosporidian blood parasites in a community of resident understory
birds from the primary rainforest of French Guiana. In this area, all infections are locally
acquired making prevalence descriptive of variation in local exposure to parasites or
species’ abilities to cope with infections. We screened Plasmodium, Haemoproteus and
Leucocytozoon infections in a sample of 822 birds of 91 species, with molecular methods
that allowed the identification of parasites using DNA barcodes. Focusing on the best
sampled passerine species, we conducted a comparative analysis of ecological correlates

of parasite prevalence based on records of behaviour and morphology. We tested the
37



Differences in exposure to vector bites and plant-based diet explain among-species variation in
prevalence of locally transmitted Neotropical avian malaria parasites

influence of two phenotypic gradients that measured the degree of exposure to vector
bites and the importance of vegetal food in the diet as a surrogate of the availability of
nutrients that may boost immune function. Controlling for bird phylogeny, exposure to
vector bites and dependence on plant-based diet were positively correlated with
prevalence. We found a positive effect of territoriality, but no effect of body size on
prevalence. In this community of passerines, where between-species differences in
prevalence cannot be confounded by geographical or temporal variation in activity or
community composition of parasites, our results indicate that species differ in host
competence and exposure to parasites independently of their evolutionary ancestry. Such
variation is correlated with species’ traits associated with exposure to vectors and abilities
to cope with infections, highlighting the importance of both factors in bird-

haemosporidian interaction outcomes.

Keywords: birds, ecological traits, haemosporidian parasites, tropical rainforest, host

exposure.
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1. Introduction

Parasites play a key role in ecosystems by reducing the fitness of their hosts
(Poulin 2007; Schmid-Hempel 2021). However, the impact of parasites as a selective
agent is not equally shared by all candidate host species, which vary in their exposure to
parasite invasion (Barrow et al. 2019) or in the way they cope with parasite exploitation
through resistance or tolerance mechanisms (host competence; Raberg et al. 2007).
Variation among species in exposure to parasites and coping abilities determine the
realised distribution of parasite burdens in host communities, where major reservoirs
coexist with incompetent hosts (Kilpatrick et al. 2006; Paull et al. 2012; Fenton et al.
2015). Comparative studies of species’ traits associated with host competence (the extent
to which a species can successfully transmit a parasite) and exposure to parasites are key
to uncover the ecological processes that boost or restrain parasite acquisition and
persistence within communities (Barron et al. 2015; Stewart Merrill and Johnson 2020;
Huang et al. 2023). However, tracing parasite exchange among species is often
impracticable, and therefore studies aimed at finding what shapes host-parasites

interactions are usually based on parasite prevalence (Paull et al. 2012).

Avian haemosporidians (Apicomplexa: Haemosporida) are parasitic protozoans
of the genera Plasmodium, Haemoproteus and Leucocytozoon, which can be detected in
the blood of birds using PCR-based methods that target universal genetic markers
(Hellgren et al. 2004; Ciloglu et al. 2019; but see Valkitinas et al. 2006). These
practicalities, along with the large diversity of both birds and haemosporidians, have
deemed this relationship a favourite model in the study of host-parasite interactions,
which has produced a unique knowledge of their distribution among bird species

worldwide (Bensch et al. 2009; Fecchio, Chagas, et al. 2020). The ecological significance
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of this interaction is substantiated by negative impacts of haemosporidian infections on
body condition, survival and breeding success of birds (Asghar et al. 2015; Pigeault et al.
2018). Haemosporidians are vector-borne parasites, which makes their presence in
particular hosts greatly dependent on species’ exposure to the bite of competent vectors.
The latter include different families of blood-sucking dipterans that vary in their
competence for transmitting each avian haemosporidian genera, their distribution, and
their bird preference (Valkitinas 2005; Hellgren et al. 2008; Santiago-Alarcon et al. 2012;

Gutiérrez-Lopez et al. 2019; Ferreira et al. 2020; Ferreira et al. 2020).

Various studies have analysed which host features best explain the distribution of
avian haemosporidians among host species (Ellis, Fecchio, et al. 2020), including global
approaches (Fecchio, Clark, et al. 2021), regional studies (Fecchio, Bell, et al. 2020;
Gupta et al. 2020; Fecchio et al. 2022), and analyses of local communities (Ricklefs et al.
2005; Ellis, Huang, et al. 2020). These studies have found variable outcomes regarding
the influence of host traits on haemosporidian prevalence (Ellis, Fecchio, et al. 2020),
which may partly be explained because variation in prevalence not always reliably reflect
species’ roles in the dynamics of transmission of local parasites. For example, migratory
species sampled in a given area may carry parasites acquired elsewhere, which may not
be effectively brought in the community of locally transmitted parasites if competent
vectors are locally absent (Hellgren et al. 2007; Ricklefs et al. 2017). In other cases,
comparative studies involve samples obtained during a long time or at various locations
for logistic reasons, where species identity may be confounded with geographic location,
habitat type or sampling period (Latta and Ricklefs 2010; Filion et al. 2020; Fecchio,

Clark, et al. 2021). These sources of variance make it difficult to reveal how variation
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among species in exposure to vector bites or host competence shape the structuring of

local host-parasite networks.

Lowland primary Neotropical rainforests are excellent scenarios to study which
species’ traits best explain the distribution of haemosporidian parasites at community
level. The Neotropics are among the most diverse regions worldwide, both for birds and
avian haemosporidians (Clark et al. 2014; Moens and Pérez-Tris 2016; Fecchio et al.
2019; Harvey et al. 2020). Consequently, vectors and parasites encounter a high variety
of potential hosts in this region, which greatly differ in their evolutionary ancestry,
ecological niche and morphological traits, all of which may influence on their exposure
to parasites and competence as parasite hosts (Fecchio, Chagas, et al. 2020). Importantly,
Neotropical lowland primary rainforests are rarely visited by migratory birds (Chesser
1994; Jahn et al. 2020), and their understory species are among the most extreme residents
in the bird community, to the point that their populations often become structured by soft
barriers such as rivers (Hayes and Sewlal 2004). Therefore, species’ differences in
haemosporidian prevalence of understory species can be safely assumed to be the
outcome of local host-parasite dynamics, where parasite encounter rates and coping

abilities of each species may be key.

We conducted a comparative analysis of variation in haemosporidian prevalence
among understory birds of the Nouragues nature reserve (French Guiana), one of best-
preserved primary rainforests in the Neotropics (Bongers et al. 2001). Inland rainforests
of the Guiana shield are fairly disconnected from both Amazonian lowlands and major
avian migratory routes in South America, and not a single migrant was included among
6658 individual birds of 248 species recorded during a 4-year survey conducted in

Nouragues (Thiollay 1994). This paucity of migrant birds, exceptional in the Neotropical
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region (Robinson et al. 2021), makes this area unique for the analysis of local
determinants of among-species variation in parasite prevalence, as it allows to safely
assume the absence of parasites being regularly imported from other areas. Previous
research has revealed divergent host roles in this bird community, where some species
concentrate infections while others seem to escape them, scoring lower prevalence than

expected from random transmission within the community (Truchado et al. 2020).

We aimed to distinguish between exposure to vector bites and species’ abilities to
cope with infections as drivers of such variation in Nouragues. We predicted higher
exposure-mediated prevalence of parasites for species that dwell in dense understory
where vectors rest, as well as for birds with greater surface of bare parts exposed to vector
bites (Martinez-de la Puente et al. 2015; Fecchio, Chagas, et al. 2020). To assess species’
competence, we quantified the importance of plant matter in the diet as a measure of the
access to nutrients that may boost the immune system (Beaulieu and Schaefer 2013; de
Roode et al. 2013), or to vegetal compounds with antimalarial effects, such as flavonoid
antioxidants (Lehane and Saliba 2008; Rudrapal and Chetia 2017; Masello et al. 2018).
Therefore, we predicted a coping-mediated negative correlation between proportion of
vegetal diet and prevalence of haemosporidians (Aguiar de Souza Penha et al. 2023). In
our analyses, we controlled possible effects of territoriality, which may be negatively
associated with exposure to vectors if territory spacing reduces parasite transmission
rates, or positively if patrolling movements to defend the territory increase vector
encounters (Herrera and Nunn 2019). We also controlled for body size as a possible
determinant of species’ exposure to parasites and coping abilities (Kamiya et al. 2014;

Rubhs et al. 2020).
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2. Materials and methods

2.1.8tudy area and sample collection

The samples were collected in a remote lowland tropical rainforest in northern
South America, in The Nouragues Nature Reserve, French Guiana, in two camps located
approximately 6 km apart, Pararé (4°1.9°’N, 52°40.8°’W, elevation 70 m a.s.l.) and
Inselberg (4°5.01°N, 52°40.8°W, 112 m a.s.l.; Fig. 1). The area is characterized by an
Equatorial climate influenced by the Inter-tropical Convergence Zone, where annual
temperature averages 26 °C approximately and annual precipitation is higher than
3,000 mm, with a dry season between August and November. The Inselberg camp,
located on the foothills of a 400-m high rocky outcrop, is dominated by Caesalpiniaceae
and Sapotaceae species. The forest at Pararé, on the banks of the Arataye River, is
dominated by Burseraceae species. The canopy height can reach 40-50 m but different
forest understory structures dotted with vines and small forest gaps from tree falls can be

observed (Thiollay 1994; Bongers et al. 2001).
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Figure 1. Location of the two camps in Nouragues Natural Reserve in French Guiana used as

sampling sites.

We mist-netted understory birds, during October-November of 2016 and
November-December of 2017 (38 sampling days at Pararé, 23 sampling days at
Inselberg). Within each camp we sampled different areas, changing sampling spot every
1-2 days to avoid bird habituation, and setting a variable number of mist nets depending
on habitat configuration and weather (total mist-net length per day ranged 48-189 m),
starting at sunrise and ending when bird activity decreased at mid-day. All birds were
measured and taken a blood sample by venepuncture (< 1 % body mass; Carpenter and
Campbell 1995). After processing, birds were fitted a numbered ring and released
unharmed at the site of capture. Blood samples were kept in absolute ethanol at ambient
temperature in the field and stored at -20 °C at the end of each sampling session. Our

sample included 822 individuals of 91 species, spanning 8 orders and 23 families
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(Supplementary Table S1). Based on local bird monitoring programs (Thiollay 1994), all

91 species sampled were resident.

2.2.Parasite screening

We extracted total DNA from blood samples with a standard ammonium acetate
protocol (Green et al. 2012) or using the SpeedTools DNA extraction kit (Biotools), and
we included at least one tube with water as blank in each extraction batch. We quantified
DNA concentration and diluted the samples to 25 ng/ul. We first tested all samples with
a sexing protocol (Fridolfsson and Ellegren 1999), or variants of this method when
required to sex some species (e.g., Han et al. 2009 for hummingbirds), which was used
as a control of sample quality for PCR and to obtain the sex of individuals (not used in
further analyses). We then screened samples and extraction blanks for parasite DNA
presence with a multiplex PCR that simultaneously targets DNA fragments of different
size of Haemoproteus, Plasmodium and Leucocytozoon parasites (Ciloglu et al. 2019).
The final reaction volume was 10 pl, with 5 pl of 2x Qiagen Multiplex PCR Master Mix
(Qiagen, Hilden, Germany), 0.2 ul of each primer (10 uM; PMF/R for Plasmodium,
HME/R for Haemoproteus, and LMF/R for Leucocytozoon), 1.8 ul of ddH>O, and 2 pul of
DNA diluted template. The PCR started with a hot start at 95 °C for 15 min, followed by
35 cycles at 94 °C for 30 s, 59 °C for 90 s and 72 °C for 30 s, and an extension at 72 °C
for 10 min. All reactions included negative controls (ddH>O) and a triple positive control
consisting of DNA of all three parasite genera obtained by mixing different bird samples.
We visualized the result by running 4 pl of the PCR product in 3 % agarose gels stained

with 100x GelRed®.

Positive samples in the multiplex PCR screening were amplified with a nested PCR

(Hellgren et al. 2004) that targets the MalAvi DNA barcode, a 478-bp fragment of the
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parasite Cyt b gene broadly used to determine the identity of parasites infecting each bird
(Bensch et al. 2009). A pre-amplification step targeted all three genera (primers
HAEMNFI and HAEMNR3), which was followed by specific amplifications of either
Plasmodium and Haemoproteus (primers HAEMF and HAEMR?2) or Leucocytozoon
(primers HAEMFL and HAEMR2L). Reactions were set at 25 pl total volumes, including
0.5 units AmpliTag DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA),
1 ul of each 10 uM primer, 2.5 ul of a mix of 1.25 mM of each dNTP, 1.1 ul of 25 mM
of MgCly, 2.5 ul of buffer 10%, 14.8 ul of ddH>O and 2 pl of DNA template. The thermal
profile included a denaturation step at 94 °C for 3 min; 20 cycles of 94 °C for 30 s, 50 °C
for 30 s and 72 °C for 45 s, and an extension of 10 min at 72 °C. We used 1 pul of the PCR
product as template for one or both specific amplification steps, according to the results
of the multiplex PCR screening, with the same PCR conditions and temperature profile
as the pre-amplification step, but running 35 cycles and using 15.8 ul of ddH»O. All
reactions included negative (ddH>O) and triple positive controls. We sequenced nested
PCR products using an Applied Biosystems™ 3730x] DNA Analyzer and manually
edited with Bioedit v 7.7 software (Hall 1999). Sequences that differed by at least 1 bp in
the MalAvi barcode were deemed as different lineages (Bensch et al. 2009). Newly
discovered linages were sequenced from both sides and coinfections were identified by
multiple products in the multiplex PCR and/or by mixed sequence signal in sequencing
electropherograms (Pérez-Tris and Bensch 2005a). Some samples that tested negative in
nested PCR were re-tested with the multiplex PCR screening conditions but using specific
uniplex PCR protocols, with the primers that target the genera for which a fragment of
the expected size had been amplified by multiplex PCR. This step allowed to distinguish

true infections from unspecific amplifications that occasionally produced bands of

46



Chapter 1

expected sizes as visualised on agarose gels. Positive results that could not be confirmed

by sequencing or reproduced by specific PCR were deemed negative.

We calculated the prevalence of infection for each species as the proportion of
sampled individuals that were infected. We computed total parasite prevalence (without
distinguishing parasite genera) and prevalence of each parasite genus. We discarded all
species with less than 10 sampled individuals to avoid low-precision prevalence estimates
(Ricklefs et al. 2005; Jovani and Tella 2006). Our sample was dominated by passerines
and hummingbirds, which together accounted for 90.1 % of species and 97.7 % of
individuals. Other bird orders were poorly represented in the sample (Supplementary
Table S1) and were therefore excluded from between-species comparisons. Various
hummingbird species were frequently sampled, but the singular lifestyle of
hummingbirds introduced undesirable heterogeneity for comparison purposes. For
instance, the morphological traits we considered are hardly interpreted as having the same
function in hummingbirds and passerines. As an example, we used beak slenderness as a
proxy for insectivorous diet, and wing roundness as indicative of high manoeuvrability
in dense vegetation (see below), two interpretations valid for passerines but not for
hummingbirds. Therefore, although we report all parasite interactions found in our study
for descriptive purposes, we excluded hummingbirds from the comparative analyses of
correlations between species’ traits and parasite prevalence, which therefore focused on

well-sampled passerine species.

2.3.Host traits
We used published data from all species included in the comparative analysis
(n>10) to assess which species attributes were associated with variation in

haemosporidian prevalence. We focused on host functional traits associated with the
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probability of vector bite or with the importance of plant matter in the diet. We assumed
that the ability to cope with infections is boosted by protective nutrients of vegetal origin
(Cornet et al. 2013; Delhaye, Glaizot, et al. 2018). We obtained morphological data from
the AVONET database, a resource that includes measurements of various bird dimensions
obtained with at least 0.1-mm precision from at least 4 live birds or museum specimens
(Tobias et al. 2022). Behavioural data were obtained from the EltonTraits 1.0 database
(Wilman et al. 2014), which reports the percentage of use of foraging strata and of

different elements present in the diet with 10 % precision.

To compute a size-independent index of exposure to vector bites, we conducted a
principal components analysis (PCA) of morphological correlates of microhabitat use
within the forest and observations of species microhabitat distribution. The hand-wing
index (HWI) was used as a measure of flying capabilities, where more aerial birds have
high HWI and more manoeuvrable species have low HWI (Savile 1957; Desrochers 2010;
Tobias et al. 2022). Among understory birds of tropical rainforests, improved
manoeuvrability (low HWI) is typical of species dwelling in dense vegetation, where
most dipteran vectors rest and parasite encounter rate increases consequently (Snow
1955; Service 1971; Burkett-Cadena et al. 2013; van Hoesel et al. 2019). In addition, we
used relative tarsus length (RTL, the residuals of tarsus length on log-transformed body
mass) as a measure of the surface of bare skin exposed to vector bites (Yan et al. 2017;
Gutiérrez-Lopez et al. 2019). Finally, we used the amount of time spent within the
understory as a measure of microhabitat preference that increases the probability of
encounter with vectors (Fecchio et al. 2022). We used the percentage of time spent
foraging below 2 m as a measure of preference for dense understory microhabitat. The

PC1 accounted for 66.7 % of the variance (factor loadings: HWI = -0.82; RTL = 0.90;
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foraging below 2 m = 0.72), and we interpreted PC1 scores (hereafter exposure to vectors)

as indicative of high rate of parasite encounters.

We conducted another PCA to obtain an index of the importance of plant-based
diet for each species. We used beak depth divided by beak length as an index of the
mechanical advantage of the beak (MAB), a functional trait that balances bite force
transmission and jaw closing speed during biting and is highly correlated with the
importance of hard-processing plant matter in avian diet (Navalon et al. 2019). Therefore,
MAB was used as a morphological correlate of plant-based diet. This relationship
between beak shape and feeding ecology is straightforward for passerines, with
insectivores and granivores on opposite extremes of the gradient (Navalon et al. 2019),
but bill shape may also depend on nondietary factors (Bright et al. 2016). Because of this
reason, we also considered the proportion of plant matter in the diet of each species, which
we computed by summing up all dietary categories including plant food in the EltonTraits
1.0 database (Wilman et al. 2014). Species with equal proportion of plant matter in their
diet differed in MAB, so we conducted the PCA with beak morphology and diet data as
sources of information on species’ feeding ecology. The PC1 accounted for 87.4 % of the
variance (factor loadings for MAB and proportion of plant matter in diet = 0.93), and we
interpreted PC1 scores (hereafter plant-based diet) as indicative of greater importance of

plant matter in the diet of the species (Navalon et al. 2019).

We controlled the possible confounding effects of body size and territoriality in
our analyses of the relationships between parasite prevalence and exposure to vectors or
plant-based diet. Body mass was used as a measure of body size of each species, which
is often associated with variation in parasite abundance among species (Kamiya et al.

2014; Downs et al. 2019), including some studies of avian haemosporidians (Scheuerlein
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and Ricklefs 2004; Ricklefs et al. 2005). We obtained data on territoriality of each species
from Tobias and Pigot (2019), distinguishing between strong territoriality (species that
maintained territories all year round) and weak or no territoriality (when territories were

defended seasonally or were restricted to the nest surroundings).

2.4.Data analyses

We conducted comparative analyses controlling the phylogeny of bird species, for
which we obtained a consensus tree from 1,000 Erikson trees computed by Birdtree (Jetz
et al. 2012). We used the R package caper version 1.0.3 (Orme et al. 2023) to fit
phylogenetic general least squares models (PGLS) of species’ prevalence as a function of
exposure to vectors and plant-based diet, controlling for possible confounding effects of
body size and territoriality. We estimated the phylogenetic signal of the model residuals
by optimizing Pagel’s A (Orme et al. 2023). We tested the same model structure for total
prevalence (regardless of parasite genus) and for Plasmodium prevalence. We did not
analyse Haemoproteus or Leucocytozoon infections because of smaller sample sizes of
these parasites (see results). In all analyses, we transformed continuous variables
whenever needed to meet normality, and z-standardized them to compute comparable
model coefficients. We also checked that residuals were distributed according to model

assumptions. We used R 4.2.2 (R Core Team 2022) in all statistical analysis.

3. Results
Out of 822 individuals tested, we found 81 individuals infected by one or more
parasites. Parasite detectability was boosted by the multiplex PCR screening, as 41.9 %

of all parasite infections found by this method were not reproduced by nested PCR. We
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retrieved 47 parasite DNA sequences from 43 birds of 22 species. We found 22 different
parasite linages, 7 of which were new to the MalAvi database (Bensch et al. 2009),
including 5 Haemoproteus and 17 Plasmodium (none of the Leucocytozoon infections
could be sequenced; Supplementary Table S1). We detected coinfections in 8 birds, and
in 3 of them we could not retrieve fully resolved parasite sequences (based on
electropherogram peaks, 3 of the parasites involved in these cases might add to the list of
newly discovered lineages). Newly discovered lineages were often close relatives of
parasites previously found in the Neotropics (Fig. 2). The most abundant linage was
THACAEO8 (27.7 %) present in seven species of antbirds (Thamnophilidae) and one
manakin (Pipridae). Detailed information on the distribution of parasite lineages among

species are found in Supplementary Table S1.

Community-level prevalence (9.9 %) was heterogeneously distributed among
parasites of the genera Plasmodium (65 infections / prevalence 7.9 %), Haemoproteus
(17 /2.1 %), and Leucocytozoon (4 / 0.5 %). There were 18 passerine species with n > 10
individuals sampled (with parasite prevalence ranging 0 — 53.9 %), which were selected
for comparative analyses. These species spanned a broad phylogenetic diversity,
including 6 families (Furnariidae, Pipridae, Thamnophilidae, Thraupidae, Turdidae and
Tyrannidae; Fig. 3). Antbirds (Thamnophilidae) were the best represented family with
nine species including the species with the highest prevalence, Isleria guttata with 53.9 %
of individuals infected. The mean total prevalence of well sampled species was
17.0% = 16.4:  Plasmodium  14.0 %+ 15.4, Haemoproteus 2.5% +4.0 and

Leucocytozoon 0.5 % + 1.2.
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Figure 2. Consensus tree after 100 bootstrap replicates with sequences of 479 bp of
cytochrome b of Plasmodium (A) and Haemoproteus (B) parasite lineages found in South

American birds. Data were extracted from the MalAvi database (Bensch et al. 2009). Lineage
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names are shown for parasites found in our study (newly discovered lineages are marked with

stars). Bootstrap support values for nodes above 50 are shown. The Haemoproteus tree has

been rooted using a Plasmodium lineage (SGS1), and vice versa (SYATO1 roots the Plasmodium

tree).
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Figure 3. Phylogeny of 18 passerine species with at least 10 individuals sampled. The tree was

obtained by the majority rule consensus from 1,000 Ericson trees produced by Birdtree (Jetz et

al. 2012). Blue dots represent the standardized prevalence of infection of each species.
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In the PGLS model of total parasite prevalence as a function of exposure to vector
bites, plant-based diet, body mass and territoriality, phylogenetic signal was not
significantly different from either zero (P =1) or 1 (P = 0.09), and the model run with a
ML-estimated A = 0 (undetectable phylogenetic signal). We found positive effects of both
exposure to vectors and plant-based diet on parasite prevalence (Table 1, Fig. 4A). Body
mass was not significantly correlated with prevalence, but strong territoriality showed a
significant positive correlation with prevalence. When we modelled the variation in
prevalence of Plasmodium as a function of the same species’ traits, phylogenetic signal
was not significantly different from either zero (P = 0.46) or 1 (P = 1), and the model run
with a ML-estimated A = 1 (Brownian evolution). We found the same associations
between prevalence of Plasmodium and species’ traits observed for total parasite

prevalence (Table 1; Fig. 4B).

Table 1. Phylogenetic general least squares models analysing variation in parasite prevalence
(total or Plasmodium) as a function of two phenotypic gradients obtained by PCA of
morphological and behavioural variables (exposure to vecto