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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 (CO2 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 

Implicaciones ecológicas de la infección por parásitos sanguíneos en aves: dieta, 

fisiología y comportamiento 

El estudio de parásitos en animales silvestres es esencial para desentrañar las 

relaciones parásito-hospedador y para determinar posibles reservorios de zoonosis. Las 

prevalencias de infección dependen de la exposición a los parásitos y de la competencia 

hospedadora, que difieren entre individuos y especies. La exposición a parásitos está 

determinada por la abundancia y diversidad de parásitos, la tasa de encuentro entre 

parásitos y hospedadores competentes, y el tiempo de exposición a parásitos. La 

competencia hospedadora depende de los mecanismos para lidiar contra infecciones, 

como las estrategias de resistencia y tolerancia de cada hospedador. Los parásitos 

hemosporidios son parásitos sanguíneos del filo Apicomplexa que infectan a una gran 

variedad de hospedadores vertebrados, incluyendo aves, que son infectadas 

mayoritariamente por parásitos de los géneros Plasmodium, Haemoproteus y 

Leucocytozoon. Estas infecciones tienen costes que afectan al éxito reproductivo, el 

desempeño o la supervivencia de las aves. Dado que los parásitos hemosporidios de las 

aves se transmiten a través de dípteros, las diferentes preferencias de alimentación de cada 

vector son clave para comprender la exposición a parásitos. Las probabilidades de 

picaduras por vectores pueden depender de la detectabilidad de cada pájaro (señales de 

CO2, tamaño corporal) o rasgos tales como la cantidad de superficie corporal expuesta. 

Además, el comportamiento de las aves también podría determinar la exposición a 

vectores si modula su tasa de encuentro con vectores. Tanto entre las especies de 

hospedadores como dentro de cada una de ellas, hay variación en la capacidad de cada 

ave para lidiar con las infecciones. El primer paso para luchar contra los hemosporidios 
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es la activación de la respuesta humoral, lo que podría conllevar daño en los tejidos debido 

a la producción de especies reactivas de oxígeno y de nitrógeno (RONS). Cuando no se 

controla el daño oxidativo mediante antioxidantes endógenos o exógenos, las infecciones 

parasitarias pueden desembocar en estrés oxidativo. Una forma de controlar el daño 

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 exposición a picaduras de 

vectores (a nivel interespecífico) y de los mecanismos para lidiar con infecciones 

mediados por estrés oxidativo y dieta (inter e intraespecífico) en la distribución y los 

costes en aves de parásitos hemosporidios. Para ello, estructuramos la tesis en tres 

capítulos. En el Capítulo 1, exploramos la importancia de la exposición a picaduras de 

vectores y la proporción de materia vegetal en la dieta de una comunidad local de aves 

del neotrópico. 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 exposición 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 capítulo, también pudimos 

describir la comunidad de parásitos de esta región poco explorada. El Capítulo 2 se centra 

en la capacidad individual de currucas capirotadas (Sylvia atricapilla) de diferentes 

edades y sexos para lidiar con parásitos sanguíneos durante la migración otoñal, que 

impone desafíos fisiológicos per se. Descubrimos que durante las paradas migratorias, las 

currucas de ambos sexos de primer año sufrían más infecciones parasitarias que los 

individuos más viejos. Los costes de las infecciones en términos de estrés oxidativo 
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fueron notorios cuando las aves tenían coinfecciones, que pueden ser más virulentas 

especialmente cuando intervienen parásitos del género Plasmodium. También 

corroboramos que la migración podría alterar el balance oxidativo de las currucas. 

Finalmente, en el Capítulo 3 examinamos en el mismo contexto ecológico si los machos 

jóvenes de curruca pueden elegir su dieta dependiendo de sus necesidades, favoreciendo 

los antioxidantes para lidiar con el daño oxidativo causado por los parásitos sanguíneos y 

la migración. Durante la parada migratoria, ofrecimos a cada individuo comida 

enriquecida con antioxidantes o con grasas y medimos su elección, encontrando que las 

aves infectadas tenían menos capacidad antioxidante, lo que podría compensarse 

mediante la dieta, ya que las aves infectadas con más de un parásito diferente preferían la 

comida enriquecida con antioxidantes. Además, descubrimos que las aves con menores 

reservas de grasa elegían comida enriquecida con antioxidantes, posiblemente para lidiar 

con el estrés oxidativo derivado del esfuerzo del vuelo. 

Hemos descubierto que la exposición a vectores y los mecanismos para lidiar con 

parásitos 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 parásito-hospedador, 

posiblemente con implicación del estrés oxidativo. También demostramos la importancia 

de estudiar ambientes tropicales para descubrir nuevos parásitos y reservorios de estos. 

Hay diferencias individuales en la capacidad de luchar contra infecciones, siendo los 

individuos más jóvenes más susceptibles a las coinfecciones. Estudiar los costes de las 

infecciones en momentos exigentes fisiológicamente, tales como la migración, es esencial 

para desvelar los costes en condiciones naturales, no experimentales. La conclusión 

general es que no todos los pájaros son igualmente susceptibles y competentes frente a 
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parásitos haemosporidios debido a la relación entre (1) los rasgos ecológicos de las 

especies que tienen que ver con la exposición y las estrategias de defensa contra parásitos, 

(2) compromisos entre actividades costosas (como la lucha contra parásitos y el ejercicio 

aeróbico durante la migración) y (3) comportamientos individuales que pueden 

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

 

ABTS 2,2 ′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid 

AICc Corrected Akaike information criterion 

BSA Bovine serum albumin 

Cyt-b Cytochrome b 

DNA Deoxyribonucleic acid 

DTNB 5,5′-dithiobis-(2-nitrobenzoic acid) 

EDTA Ethylenediaminetetraacetic acid tetrasodium salt dehydrate 

GLMM Generalised linear mixed models 

HWI Hand-wing index 

LM Linear models 

MAB Mechanical advantage of the beak 

MDA Malondialdehyde 

ML Maximum likelihood 

NADPH Nicotinamide adenine dinucleotide phosphate 

PCA Principal component analysis 

PCR Polymerase chain reaction 
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PGLS Phylogenetic general least squares models 

RBC Red blood cells 

RONS Reactive oxygen and nitrogen species 

RTL Relative tarsus lenght  

TAS Total antioxidant status 

TBA Thiobarbituric acid 

tGSH Total glutathione 

VIF Variance inflation factor 
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General introduction 

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; García-Longoria et al. 2016). This approach enables the discovery of 

reservoirs of zoonotic pathogens (Johnson et al. 2015; García-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 (Råberg 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; Møller 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 (Råberg 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 

(Råberg 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 (Valkiūnas 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-

Alarcón 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 (Valkiūnas 2005; Fecchio, 

Chagas, et al. 2020; Santiago-Alarcón 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 (Valkiūnas 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 (Valkiūnas 

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-

Alarcón 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 (Valkiūnas 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; Badás 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-Alarcón 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; Badás et al. 2015; Pigeault 

et al. 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-Alarcón 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-López et al. 2019). 

Although indispensable, exposure to vectors has not been exhaustively studied yet (but 

see Santiago-Alarcón 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-Alarcón 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; Martínez-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 (González 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-Alarcón 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 Møller 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.
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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 
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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 
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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; Råberg 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 Valkiūnas 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 (Valkiūnas 2005; Hellgren et al. 2008; Santiago-Alarcón et al. 2012; 

Gutiérrez-López 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 



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

42 

 

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 (Martínez-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; 

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

2.1.Study 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 ºC 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 ºC 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/µl. 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 µl, with 5 µl of 2× Qiagen Multiplex PCR Master Mix 

(Qiagen, Hilden, Germany), 0.2 µl of each primer (10 µM; PMF/R for Plasmodium, 

HMF/R for Haemoproteus, and LMF/R for Leucocytozoon), 1.8 µl of ddH2O, and 2 µl 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 (ddH2O) 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 µl of the PCR product in 3 % agarose gels stained 

with 100× 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 HAEMR2) or Leucocytozoon 

(primers HAEMFL and HAEMR2L). Reactions were set at 25 µl total volumes, including 

0.5 units AmpliTaq DNA polymerase (Thermo Fisher Scientific, Waltham, MA, USA), 

1 µl of each 10 µM primer, 2.5 µl of a mix of 1.25 mM of each dNTP, 1.1 µl of 25 mM 

of MgCl2, 2.5 µl of buffer 10×, 14.8 µl of ddH2O and 2 µl 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 µl 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 µl of ddH2O. All 

reactions included negative (ddH2O) and triple positive controls. We sequenced nested 

PCR products using an Applied Biosystems™ 3730xl 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 
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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-López 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 (Navalón 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 (Navalón 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 (Navalón 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 λ (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 

THACAE08 (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 (SYAT01 roots the Plasmodium 

tree). 

 

 

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 λ = 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 λ = 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 vector bites and plant-based diet), body 

mass and territoriality (strong vs weaker modes of territorial spacing). The phylogenetic signal 

of each model (maximum likelihood estimate of λ) is also shown. 

 

Parasite prevalence (λ = 0) Plasmodium prevalence (λ = 1) 

 Estimate ± se F1,13 P Estimate ± se F1,13 P 
Exposure to vector bites 1.15 ± 0.27 18.26 < 0.001 1.09 ± 0.26 18.03 < 0.001 
Plant-based diet 1.20 ± 0.39 9.63 0.008 1.13 ± 0.39 8.21 0.013 
Body mass -0.16 ± 0.24 0.44 0.517 -0.04 ± 0.26 0.02 0.888 
Territoriality (strong) 0.67 ± 0.27 6.43 0.025 0.81 ± 0.27 9.03 0.010 
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Figure 4.  Residual effects in a phylogenetic general least squares model of the exposure to 

vectors bites (upper plots) and plant-based diet (lower plots) on total prevalence (A) and 

Plasmodium prevalence (B), controlling for exposure to vector bites (only for plant-based diet), 

plant-based diet (only for exposure to vector bites), body mass and territoriality (strong vs 

weaker modes of territorial spacing). The dots are species’ estimates, and grey areas represent 

95 % confidence intervals. 
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4. Discussion 

In this community of Neotropical resident passerines, exposure to vectors and 

plant-based diet were positively correlated with prevalence of haemosporidian parasites. 

Controlling for phylogenetic relationships among species, understory birds that dwell in 

dense vegetation and have more skin exposed to vector bites scored higher parasite 

prevalence. In addition, species that depend more strongly on plant matter attained higher 

parasite prevalence. Besides, strong territoriality was correlated with higher rates of 

parasitism. Importantly, these relationships are interpretable as the outcome of differences 

among species in their susceptibility and suitability as hosts for a community of locally 

transmitted parasites.  

In our study, parasite diversity was as high (22 distinct lineages in 47 parasites 

sequenced) as previously reported for Amazonian lowlands (245 linages in 520 sequences 

in Fecchio et al. 2019). The parasite community was clearly dominated by the genus 

Plasmodium, which represented 77 % of sequenced parasite lineages (similar to 81 % in 

Amazonian forests reported by Fecchio et al. 2019) using Nested PCR as the screening 

method. The genus Haemoproteus had low prevalence and diversity, and Leucocytozoon 

occurred at very low frequency (only 4 infections found in different species: Silver-

beaked Tanager Ramphocelus carbo, Wedge-billed Woodcreeper Glyphorynchus 

spirurus, Musician Wren Cyphorhinus arada and White-crowned Manakin Pseudopipra 

pipra). Similar results have been found for the latter parasite genus in Amazonian 

lowlands (PCR-based prevalence < 1 %; Fecchio et al. 2018). All Leucocytozoon 

infections in our study were detected by multiplex PCR screening and later confirmed by 

uniplex PCR with specific primers, but we failed to amplify MalAvi barcodes by nested 
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PCR and therefore could not identify genetic lineages, probably due to low intensity 

infection as the multiplex method is more sensitive (Ciloglu et al. 2019). In fact, the 

combination of multiplex PCR screening and nested PCR greatly increased parasite 

detectability in our study, in which nearly half (41.9 %) of infections would have been 

missed by the nested PCR methods currently used in most comparative studies of these 

parasites, thereby biasing prevalence estimates. Therefore, our study further recommends 

using highly sensitive methods in analyses of prevalence of avian haemosporidians 

(Ciloglu et al. 2019), even if detected parasites are hard to sequence. On the other side, 

double checking of the multiplex PCR screening with specific primers and sequencing of 

uniplex PCR products when in doubt proves advisable to avoid inflating the rate of false 

positives by deeming unspecific amplifications as parasite detections. 

The composition of the parasite community could be the outcome of variation in 

the abundance or activity of different groups of dipteran vectors, with mosquitos of the 

family Culicidae (which transmit Plasmodium) dominating over vectors of 

Haemoproteus (all lineages found in our study belong to subgenus Parahaemoproteus, 

transmitted by biting midges of the family Ceratopogonidae) and Leucocytozoon 

(blackflies of the family Simuliidae; Ferreira et al. 2020). However, our results provide 

strong evidence for local transmission of all three parasite genera in the primary rainforest 

of the Guiana shield, which means that competent vectors are present although perhaps 

not in the same abundance. Therefore, Haemoproteus and Leucocytozoon might be less 

efficiently transmitted than Plasmodium in this area, for example if unknown 

environmental constraints affected parasite development in the vectors, a possibility that 

has been postulated for Leucocytozoon in Amazonian lowlands (Fecchio et al. 2018; 

Fecchio, Bell, et al. 2020).  
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Although vector activity may play a role in structuring parasite communities, there 

is evidence that host-parasite compatibility rather than vector activity determines 

distribution of prevalence in bird communities (Medeiros et al. 2013). Moreover, some 

Haemoproteus parasites have problems to develop gametocytes in the blood of 

Neotropical passerines (Moens et al. 2016), meaning that for some parasites low 

prevalence could be the outcome of their interaction with hosts with immune abilities that 

restrain their blood circulation. Rainforest bird communities are dominated by long-lived 

species with slow-paced life-histories (Wiersma et al. 2007), which are associated with 

more robust constitutive innate immunity, reduced inflammatory responses and enhanced 

anti-inflammatory mechanisms (Tieleman et al. 2005; Sears et al. 2011). Different 

immune abilities of tropical and temperate birds could contribute to structuring parasite 

communities in each region, with Haemoproteus and Leucocytozoon attaining low 

prevalence due to strong host regulation of their parasitaemia. Compared to these two 

genera, Plasmodium undergoes merogony in blood and cannot hide in other tissues 

(Valkiūnas 2005), which may increase the cost of mounting an immune response against 

this genus (Cornet et al. 2013; Delhaye, Jenkins, et al. 2018), promoting strong resistance 

against Plasmodium parasites at initial phases of parasitaemia but tolerance during 

chronic infection, as it has been observed for these parasites in experimental settings 

(Sorci 2013). 

Parasite infections were heterogeneously distributed among bird species. For 

example, hummingbirds were abundant in our sample (187 individuals tested of 11 

species), but we only found one Fork-tailed Woodnymph Thalurania furcata infected, 

with a Plasmodium parasite that could not be sequenced. The paucity of haemosporidian 

infections in hummingbirds contrasts with prevalence records ranging from 14.3 % to 
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80 % in Andean forests (Moens et al. 2016), a difference which may be explained by the 

apparent absence in our study site of Haemoproteus witti, the most abundant 

hummingbird parasite in the Andes (Moens et al. 2016). This observation supports the 

idea that local transmission determines species’ host roles in our study. 

Our comparative analysis of 18 resident passerine species with reliable prevalence 

estimates provided evidence that exposure to vector bites was an important driver of 

parasite prevalence. Bird species with long legs and round wings that forage in dense 

understory might acquire more parasites by facing more frequent vector bites. The 

epitome of this trait combination are antbirds (Thamnophilidae), a family of understory 

dwellers that contained the species with the highest prevalence in our sample 

(Supplementary Table S1; see also Truchado et al. 2020), as it has been observed in other 

studies in Amazonia (Fecchio et al. 2017), although the existence of other relevant hosts 

kept the phylogenetic signal low in our models. Increased transmission in dense 

understory may principally involve Plasmodium parasites, the genus which drives the 

patterns of variation in prevalence in this system, because female mosquitos rest and find 

blood meals in cluttered understory vegetation (Service 1971; Burkett-Cadena et al. 2013; 

van Hoesel et al. 2019). However, it is unclear whether dense understory species are more 

exposed to vector bites due to habitat use (Fecchio et al. 2022) rather than to the 

morphological correlates of their lifestyle. 

We predicted that bird species that include abundant plant matter in their diet 

would have lower prevalence, as it has been observed for example in Psittaciformes 

(Masello et al. 2018). However, we found a significant correlation with the opposite sign. 

This result could be explained if high reliance on plants were confounded with dwelling 

in low forest strata because fruits, a major source of protective nutrients of plant origin 
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(Lehane and Saliba 2008; Beaulieu and Schaefer 2013; Rudrapal and Chetia 2017), 

abound in the Neotropical forest understory (Schaefer et al. 2002). However, exposure to 

vector bites and plant-based diet were negatively associated in our sample (r = -0.66, 

p < 0.01). Therefore, we interpret the positive correlation between plant-based diet and 

prevalence as evidence of increased parasite tolerance in plant eaters. Assisted by the 

protective effects of dietary antiparasitic compounds, plant eaters could afford elevated 

intensity of chronic infections (Sorci 2013), which would increase parasite detectability 

as a consequence, particularly so for Plasmodium parasites (Hellgren et al. 2004). If this 

interpretation is correct, elevated parasite load would increase both the attractiveness to 

mosquitos of infected plant-feeding birds (Yan et al. 2018) and the rate of parasite 

transmission to mosquitos feeding upon their blood (Cornet et al. 2014), boosting the role 

of plant-feeding species as avian malaria reservoirs in Neotropical rainforests.    

Controlling for the major effects of exposure to vector bites and plant-based diet, 

strong territoriality was positively associated with parasite prevalence. Previous studies 

found higher prevalence of blood parasites in group-living species (Tella 2002; Fecchio 

et al. 2011). However, studies conducted so far compared solitary and colonial species, 

while our analyses of understory passerines did not include social birds (except for 

manakins that gather in leks). Therefore, it remains an open question whether strong 

territoriality is associated with higher vector encounter rates if defensive patrolling 

movements bring birds into vector-rich microhabitats (Herrera and Nunn 2019), or it 

rather increases susceptibility. In fact, territorial behaviour increases testosterone levels 

(Wingfield et al. 1987; Hau et al. 2000), which has an immunosuppressive effect (Folstad 

and Karter 1992) and may induce persistent susceptibility to Plasmodium as observed in 

mammals (Benten et al. 1997).  
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Host body size was not correlated with parasite prevalence in our study. Most 

comparative analyses of prevalence of avian haemosporidians have tested for this 

correlation, and very few have detected it (Matthews et al. 2016; Ellis, Fecchio, et al. 

2020). Finding an effect of body size may be difficult in studies that combine species at 

different trophic levels or from different habitats (Kamiya et al. 2014), but such influences 

were irrelevant in our study. Although variation in body size is clearly associated with 

parasite abundance in mammals and fish, the relationship is generally weak and largely 

mediated by phylogenetic effects in birds (Poulin 1995), likely due to the smaller range 

of body size variation in birds compared to other vertebrates. Homogeneously small body 

size may further obscure any relationships between host body size and prevalence in 

studies of small passerine species captured in mist nets (the body mass of species included 

in our comparative analyses ranged 8.1 to 54 g). On the other hand, although body size 

has been pointed out as a universal predictor of parasite abundance across taxa (see a 

metanalysis in Kamiya et al. 2014), it remains to be investigated whether the same 

conclusion applies to vector-borne parasites.  

Haemosporidian prevalence is known to be correlated with factors other than the 

ones included in the phenotypic gradients analysed here. For example, behavioural traits 

such as nest type and location in the forest, and life-history traits such as development 

time, clutch size or lifetime expectancy have been found to be correlated with prevalence 

in comparative analyses of Neotropical birds (Ellis, Fecchio, et al. 2020). Small per 

species sample size recommended not to test many predictors in our models, therefore we 

focused on ecological traits associated with exposure to vector bites and diet as predictors 

of parasite prevalence, omitting other relevant ecological traits. Nevertheless, many of 

these traits are largely captured by the phenotypic gradients analysed in our study, for 
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example nest height is correlated with foraging height, and body size captures much 

variation in life-history parameters. Besides, our study of passerine species limits 

variation in life-histories and behavioural traits compared to analyses conducted at 

broader phylogenetic scale (but see an example of correlation between life-history traits 

and prevalence within a passerine family in Aguiar de Souza Penha et al. 2023). 

Prevalence may greatly vary seasonally or in relation to migratory behaviour, but these 

factors were irrelevant in our study as we sampled resident birds during the same season 

(we are aware that different species may have different seasonal patterns of variation in 

prevalence, although seasonal patterns tend to be weaker in Neotropical communities; 

Chapa-Vargas et al. 2020). Finally, we did not study the relationship between species’ 

traits and prevalence of Haemoproteus nor Leucocytozoon in this community, which are 

usually more host-specialised and might follow different transmission dynamics 

compared to Plasmodium, the genus that drives the observed patterns (Ellis, Fecchio, et 

al. 2020; Lima and Pérez-Tris 2020). Future studies with greater databases may uncover 

other relationships between species’ traits and parasite prevalence in this community of 

resident Neotropical birds, broadening the understanding of ecological determinants of 

heterogeneous host competence directly linked to local transmission dynamics.
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Supplementary information 

Supplementary Table S1 

Table S1. Taxonomic composition of the sample of birds analysed in this study, with information on the number of individuals tested, number of 

infected by Haemoproteus (H), Plasmodium (P) and Leucocytozoon (L), and identity of the parasites detected (genus and genetic lineage according 

to the MalAvi database; Bensch et al. 2009). The number of sequences found of each parasite lineage is indicated. Parasites that were identified to 

the genus level by specific uniplex PCR but could not be sequenced the MalAvi barcode are named “screening”. Some sequences could not be 

fully resolved but provided enough data to be treated as new lineages (their name includes “Undetermined”). Bird species that were included in the 

comparative analysis of species’ traits correlated with parasite prevalence are highlighted in bold. 

Orden Family Species name 
n 

tested 
infection 
(H/P/L) Genus Linage in MALAVI 

n 
sequences 

Accipitriformes Accipitridae Pseudastur albicollis 1 (0/0/0)    

Caprimulgiformes Trochilidae 
Campylopterus 
largipennis 33 (0/0/0)    

  Florisuga mellivora 1 (0/0/0)    
  Glaucis hirsutus 10 (0/0/0)    
  Heliothryx auritus 1 (0/0/0)    
  Phaethornis bourcieri 21 (0/0/0)    
  Phaethornis malaris 15 (0/0/0)    
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  Phaethornis ruber 2 (0/0/0)    

  
Phaethornis 
superciliosus 55 (0/0/0)    

  Thalurania furcata 47 (0/1/0) Plasmodium screening  
  Threnetes niger 1 (0/0/0)    
  Topaza pella 1 (0/0/0)    

Columbiformes Columbidae Geotrygon montana 1 (0/0/0)    
  Leptotila rufaxilla 6 (0/0/0)    

Coraciiformes Alcedinidae Chloroceryle aenea 3 (0/0/0)    
  Chloroceryle inda 2 (0/0/0)    

Coraciiformes Momotidae Momotus momota 1 (0/0/0)    
Falconiformes Falconidae Micrastur ruficollis 1 (1/0/0) Haemoproteus H_MICGIL01 1 
Passeriformes Cardinalidae Cyanoloxia cyanoides 5 (0/3/0) Plasmodium P_PADOM11 1 
  Conopophagidae Conopophaga aurita 2 (0/0/0)      
  Cotingidae Cotinga cayana 1 (0/0/0)      
    Lipaugus vociferans 3 (0/0/0)      
    Phoenicircus carnifex 1 (0/0/0)      
  Formicariidae Formicarius analis 3 (0/1/0) Plasmodium screening   
    Formicarius colma 6 (0/3/0) Plasmodium screening   
  Furnariidae Automolus ochrolaemus 7 (0/0/0)      

    
Campylorhamphus 
procurvoides 1 (0/0/0)      

    
Deconychura 
longicauda 1 (0/0/0)      

    Dendrocincla fuliginosa 1 (0/0/0)      
    Glyphorynchus spirurus 63 (1/0/1) Haemoproteus screening   
          Leucocytozoon screening   
    Philydor erythrocercum 4 (0/0/0)      
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    Philydor pyrrhodes 3 (0/0/0)      
    Sclerurus caudacutus 3 (0/0/0)      
    Sclerurus rufigularis 10 (0/0/0)      
    Xenops minutus 4 (0/0/0)      

    
Xiphorhynchus 
pardalotus 8 (1/0/0) Haemoproteus 

H_MIOMAC03 
(new) 1 

  Hirundinidae Progne chalybea 1 (0/0/0)      

  Pipridae 
Ceratopipra 
erythrocephala 16 (1/1/0) Haemoproteus 

H_MIOMAC04 
(new) 1 

          Plasmodium 
P_Undetermined_

2 (new) 1 
    Corapipo gutturalis 5 (0/0/0)      
    Lepidothrix serena 24 (0/1/0) Plasmodium screening   
    Manacus manacus 9 (0/0/0)      

    Pseudopipra pipra 45 (3/4/1) Haemoproteus 
H_MIOMAC04 

(new) 1 
          Plasmodium P_THACAE08 2 
          Haemoproteus H_LEPCOR03 1 

          Plasmodium 
P_Undetermined_

3 (new) 1 
  Polioptilidae Microbates collaris 2 (0/1/0) Plasmodium P_CYCYA01 1 

    
Ramphocaenus 
melanurus 2 (0/0/0)      

  Thamnophilidae Cercomacra nigricans 2 (0/0/0)      

    
Cercomacroides 
tyrannina 1 (0/0/0)      

    Cymbilaimus lineatus 1 (0/1/0) Plasmodium P_THAMB01 1 
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Epinecrophylla 
gutturalis 21 (0/2/0) Plasmodium P_CYCYA01 1 

    Gymnopithys rufigula 14 (0/2/0) Plasmodium 
P_GYMRUF01 

(new) 1 
          Plasmodium P_THACAE08 1 
    Hylophylax naevius 10 (0/5/0) Plasmodium A25370 1 
          Plasmodium P_THACAE08 4 
    Hypocnemis cantator 8 (0/1/0) Plasmodium P_THACAE08 1 
    Isleria guttata 13 (1/6/0) Plasmodium A25370 1 
          Plasmodium P_THACAE08 2 
          Haemoproteus screening   
    Microrhopias quixensis 2 (0/0/0)      

    
Myrmoderus 
ferrugineus 3 (0/0/0)      

    Myrmornis torquata 2 (0/0/0)      
    Myrmotherula axillaris 15 (0/5/0) Plasmodium P_MIRAXI03 1 
          Plasmodium A25370 2 
          Plasmodium P_MYRAXI09 1 

    
Myrmotherula 
longipennis 19 (0/1/0) Plasmodium P_THACAE08 1 

    
Myrmotherula 
menetriesii 4 (0/0/0)      

    
Myrmotherula 
surinamensis 3 (0/0/0)      

    Percnostola rufifrons 4 (0/1/0) Plasmodium screening   
    Pithys albifrons 62 (1/1/0) Haemoproteus low trace values   
          Plasmodium low trace values   
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Thamnomanes 
ardesiacus 9 (0/2/0) Plasmodium P_THACAE08 1 

    Thamnomanes caesius 21 (0/2/0) Plasmodium P_THACAE08 1 
    Thamnophilus murinus 2 (0/0/0)      

    Willisornis poecilinotus 31 (0/9/0) Plasmodium 
P_WILPOE26 

(new) 3 
          Plasmodium P_THASAT10 2 

          Plasmodium 
P_WILPOE27 

(new) 1 

          Plasmodium 
P_Undetermined_

1 1 

          Plasmodium 
P_WILPOE28 

(new) 1 
  Thraupidae Cyanerpes caeruleus 1 (0/0/0)      
    Islerothraupis luctuosa 1 (0/0/0)      
    Lanio fulvus 2 (0/0/0)      

    
Maschalethraupis 
surinama 8 (1/1/0) Haemoproteus H_TACCRI01 1 

    Ramphocelus carbo 23 (2/4/1) Plasmodium P_CORPIL02 1 
          Haemoproteus H_TACCRI01 1 
    Saltator maximus 2 (0/0/0)      
    Sporophila angolensis 1 (0/0/0)      

  Tityridae Myiobius barbatus 7 (1/0/0) Haemoproteus 
H_MIOMAC04 

(new) 1 

    
Onychorhynchus 
coronatus 2 (0/0/0)      

    Schiffornis turdina 4 (0/0/0)      
  Troglodytidae Cyphorhinus arada 6 (0/1/1) Plasmodium screening   
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          Leucocytozoon screening   
    Microcerculus bambla 2 (0/0/0)      
    Pheugopedius coraya 3 (0/1/0) Plasmodium screening   

  Turdidae Turdus albicollis 13 (0/1/0) Plasmodium 
P_TURALB07 

(new) 1 
  Tyrannidae Attila spadiceus 2 (0/0/0)      
    Corythopis torquatus 4 (0/0/0)      

    Mionectes macconnelli 32 (4/3/0) Haemoproteus 
H_MIOMAC04 

(new) 1 

          Haemoproteus 
H_MIOMAC03 

(new) 2 
          Plasmodium screening   
    Myiozetetes cayanensis 1 (0/0/0)      
    Platyrinchus coronatus 11 (0/0/0)      
    Platyrinchus saturatus 4 (0/1/0) Plasmodium screening   
    Rhynchocyclus olivaceus 2 (0/0/0)      

    
Tolmomyias 
poliocephalus 2 (0/0/0)      

    Tyrannus melancholicus 2 (0/0/0)      

  Vireonidae 
Tunchiornis 
ochraceiceps 4 (0/0/0)      

Piciformes Galbulidae Galbula albirostris 3 (0/0/0)    
  Picidae Celeus elegans 1 (0/0/0)      
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Abstract 

Avian haemosporidian parasites decrease bird fitness, and their impact is expected 

to increase when their hosts face difficulties to maintain the balance between antioxidant 

defences and prooxidants (oxidative balance). During physiologically challenging life 

stages such as migration, blood parasite infections may impair performance of individuals 

that are less prepared to tackle oxidative stress and disease. We tested whether infection 

status and oxidative balance during autumn migration differed between young blackcaps, 

which are on their first migratory journey and have recently acquired parasite infections, 

and older ones, which have more experience in migration and parasite defence. We also 

analysed variation between males and females, which may deal with infections or 

oxidative stress differently due to differences in sexual hormones and their implication in 

the immune system. We captured blackcaps in a stopover area and measured body 

condition, the number of blood parasites linages as determined from DNA sequences, and 

physiological condition using different parameters descriptive of birds’ oxidative status. 

Blackcaps with large body mass, high haemoglobin and triglyceride content, and lower 
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uric acid content (which we interpreted as being physiologically more prepared to depart 

from stopover) had lower levels of antioxidant capacity of plasma, probably because of 

physiological adjustments prior to the next flight stage. Young individuals had higher 

frequency of coinfections (different parasites in blood) than adults, and Plasmodium 

parasites occurred only in coinfections. The antioxidant capacity of plasma was lower in 

coinfected birds than in not infected birds, and individuals coinfected with Plasmodium 

had more oxidative damage to lipids in their red blood cells. Our results support the idea 

that haemosporidian infections impair the oxidative balance of blackcaps during autumn 

migration and may be especially harmful to young individuals, an impact which could 

impair individual migration performance and ultimately fitness.  

Keywords: oxidative stress, young blackcaps, ecophysiology, haemosporidian 

parasites, migration stopover, Sylvia atricapilla. 
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1. Introduction 

Parasite infections impair host performance and ultimately fitness (Poulin 2007; 

Krams et al. 2013; Chrétien et al. 2022). Avian haemosporidian parasites (Apicomplexa) 

are vector-borne blood parasites of the genera Plasmodium, Haemoproteus, and 

Leucocytozoon that invade the blood and other tissues of a wide range of bird species 

(Valkiūnas 2005). They have negative impacts on development, reproduction, and 

survival of their hosts (Asghar et al. 2015; Pigeault et al. 2015; Muriel 2020). Birds 

infected with haemosporidian parasites rely on resistance mechanisms to reduce intensity 

of infection, which may induce a strong humoral response with energetic and 

physiological consequences; or they rather express tolerance mechanisms to live with the 

infection minimizing damage (Sorci 2013; Muriel 2020). Whatever strategy is chosen, it 

requires an investment of resources that become unavailable for other vital functions, 

which entails long-term costs (Tomás et al. 2007; Van de Crommenacker et al. 2012). 

During their life cycle, haemosporidian parasites activate the immune system of 

their hosts (Delhaye, Jenkins, et al. 2018) and break red blood cells (RBC) and other 

invaded cells, inducing cell malfunction, anaemia and lower haemoglobin concentration 

(Phillips and Pasvol 1992), an impact that is most important during the acute phase of 

infection, short after parasites are acquired (Krams et al. 2013; Muriel 2020). Parasite 

metabolism together with the immune response of the host produce reactive oxygen and 

nitrogen species (RONS; Bichet et al. 2012; Bryla et al. 2022), which could damage 

tissues if they accumulate in the organism (Sorci and Faivre 2009). Oxidative stress 

results from the imbalance between reactive species and antioxidant defences, which can 

be endogenous or exogenous (Monaghan et al. 2009; Costantini 2010a). Then, when 

confronting an oxidant situation, animals could either increase the production of 
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endogenous antioxidants or promote the consumption of dietary antioxidants (Monaghan 

et al. 2009; Costantini 2010a; Chapter 3). 

There are several stressful situations when birds may incur in oxidative damage 

such as development, senescence, reproduction, or migration (Finkel and Holbrook 2000; 

Guindre-Parker and Rubenstein 2018; Salmón et al. 2018). During migration, intense 

aerobic exercise and physiological adjustments during refuelling (including putting on 

fats prone to oxidation) make birds specially prone to oxidative stress (Marasco et al. 

2021), which promotes up-regulation of endogenous defences or increased intake of 

dietary antioxidants during stopovers (McWilliams et al. 2021). During those challenging 

moments, parasitic effects are expected to be stronger, since limited antioxidant defences 

may strengthen the trade-off between immune defence and oxidative repair (Eikenaar et 

al. 2018).  

When dealing with parasitic infections and oxidative stress, individual 

performance may be influenced by traits like sex, age, or body condition (Monaghan et 

al. 2009; Christe et al. 2012; Isaksson et al. 2013; Muriel 2020). The immunosuppressive 

effect of testosterone to the humoral response (Folstad and Karter 1992; Roved et al. 

2017; Vincze et al. 2022) may increase Plasmodium parasitemia (as it has been observed 

in mice; Benten et al. 1997), which could increase prevalence and the cost of infections 

in males (Jenkins et al. 2015), making it imperative to measure the relationships between 

parasites and oxidative stress differentiating between males and females (Roved et al. 

2017). Host age is also important since youngs and adults differ in the degree of 

development of their immune system, their capacity to tackle oxidative stress (Costantini 

et al. 2006; Alonso‐Álvarez et al. 2010; Romero-Haro and Alonso-Álvarez 2014), their 

experience to overcome migration challenges (Rotics et al. 2016), or how long they have 
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harboured parasite infections (Huang et al. 2020). Therefore, comparing young and adult 

birds is essential to fully understand how birds cope with parasites during migration.  

We studied individual differences in the capacity of Eurasian blackcaps (Sylvia 

atricapilla) to maintain oxidative balance when infected by haemosporidian parasites 

during autumn migration. We differentiated between single infections and coinfections, 

considering the different parasite genera and lineages present in blood (Bensch et al. 

2009; Ciloglu et al. 2019), and investigated with special detail the infections of 

Plasmodium parasites, which are known to be more virulent than the other genera of 

parasites (García-Longoria et al. 2022; Messina et al. 2022). We predicted a negative 

relationship between parasite infection status and oxidative status measured by indices of 

oxidative damage and antioxidant capacity, an effect which we expected to be stronger 

for males due to the immunosuppressive effect of testosterone and the better immune 

protection against parasites in females (Vincze et al. 2022), and especially for young 

blackcaps, since they are developing physiological and immunological mechanisms to 

cope with oxidative stress and parasites. 

 

2. Materials and Methods 

2.1. Field sampling 

We conducted our sampling during the peak of autumn migration of blackcaps 

(Cantos 1995) in October 2019 and 2020 (during 4 sampling days each year, 4-11 October 

in 2019 and 14-26 October in 2020), in a stopover site located in central Spain 

(40°20'08"N 3°24'27"W, 780 m a.s.l). We captured individuals from 9:30 until 15:30 

aproximately with mist-nets, using blackcap song records to lure them. We captured 154 
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blackcaps in total, 89 in 2019 and 65 in 2020. Following Svensson (1992), we determined 

the sex and age of individuals, differentiating between young birds born in the previous 

spring and older individuals (adults). Our sample included 66 females and 88 males; and 

51 adults and 103 young birds. A sample of 49 males (48 of them young) were kept in 

cages during ca. 30 min before processing, as part of a collateral study on feeding 

preferences of young individuals (Chapter 3). The rest of birds were kept in cotton bags 

until processed as quickly as possible. We weighed birds to the nearest 0.01 g and 

measured tarsus length with 0.01 mm precision. Finally, we took a blood sample (< 1% 

body mass) from the jugular vein. We used standard aluminium rings to individualise 

birds avoiding pseudorreplication and then released them. We kept blood samples 

refrigerated in heparinised tubes until the afternoon, when samples were transported to 

the laboratory and processed. Samples were centrifuged to separate plasma from RBC 

and each subsample was stored at -80 °C until further analysis.  

Blackcaps arrive lean at stopovers, where they put on fats until departure 

(Langslow 1976; Arizaga et al. 2008). Then, to measure body condition as a proxy of 

stored fat, we used the residuals of the linear regression of log-transformed body mass on 

tarsus length. 

2.2.Haemosporidian parasite infections 

We extracted total DNA from blood with the SpeedTools Tissue DNA extraction 

kit (Biotools, Madrid, Spain) and diluted the samples to 25 ng/µl. Then, all the samples 

were screened for haemosporidian parasites following a multiplex PCR that distinguished 

between Haemoproteus, Plasmodium, and Leucocytozoon parasites (Ciloglu et al. 2019). 

Total volumes were set at 10 µl, including 5 µl of 2× Qiagen Multiplex PCR Master Mix 

(Qiagen, Hilden, Germany), 0.2 µl of each primer (10 µM; PMF/R for Plasmodium, 
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HMF/R for Haemoproteus and LMF/R for Leucocytozoon), 1.8 µl of ddH2O, and 2 µl of 

DNA template. The protocol included a hot start at 95 °C for 15 min, 35 cycles at 94 °C 

for 30 s, 59 °C for 90 s, and 72 °C for 30 s, and a final extension at 72 °C for 10 min. All 

reactions included a negative control (ddH2O) and a DNA sample that was positive for 

all three genera of parasites. We run 4 µl of the PCR products on 2 % agarose gels stained 

with 100× GelRed®. 

All samples found positive in the multiplex PCR were amplified with a nested 

PCR (Hellgren et al. 2004). This PCR had a first amplification targeting the three genera 

with primers HAEMNFI and HAEMNR3. Then, a specific amplification targeted 

Plasmodium and Haemoproteus (HAEMF and HAEMR2), or Leucocytozoon (HAEMFL 

and HAEMR2L). The first step was set at 25 µl and included 0.5 units of AmpliTaq DNA 

polymerase (Thermo Fisher Scientific, Waltham, MA, USA), 1 µl of each 10 µM primer, 

2.5 l of a mix of 1.25 mM of each dNTP, 1.1 µl of 25 mM of MgCl2, 2.5 µl of Buffer 

10×, 14.8 µl of ddH2O, and 2 µl of DNA template. The reaction started with a step at 

94 °C for 3 min; followed by 20 cycles of 94 °C for 30 s, 50 °C for 30 s, and 72 °C for 

45 s, and ended with an extension of 10 min at 72 °C.  Then, 1 µl of the product of the 

first step was used as the template in the second one, with different primers depending on 

the results of the screening multiplex PCR. This second step had 35 cycles following the 

same temperature profile and PCR conditions as described above, but compensating the 

volume difference with ddH2O. We always included a negative and a triple positive 

control. The final products of amplification were used to sequence a fragment of 478 bp 

of Cyt-b gene, which is used to identify avian malaria lineages (Bensch et al. 2009), using 

an Applied Biosystems™ 3730xl DNA analyser. We considered as different parasite 

lineages the sequences that differed by one or more base pairs (Bensch et al. 2009).  
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If the presence of several parasite lineages was confirmed either by the multiplex 

PCR or by double peaks in sequencing electropherograms, we considered the sample as 

coinfected (Pérez-Tris and Bensch 2005a; Valkiūnas et al. 2006; Ciloglu et al. 2019). If 

only one parasite lineage could be confirmed, we considered them as single-infected. 

Therefore, we classified the infection status of individuals using a factor with three levels: 

not infected, infected by one parasite, and coinfected by two or more parasites (only 5 

individuals had 3 different parasites). Most infections involved Haemoproteus parasites, 

while Leucocytozoon were much less common, and Plasmodium always occurred in 

coinfection with parasites of other genera (see results). Therefore, we conducted 

additional analyses focusing on Plasmodium coinfections, which we deemed more 

virulent due to the synergistic effect of coinfection and the presence of a parasite that is 

usually more virulent to birds (Marzal et al. 2008; García-Longoria et al. 2022; Messina 

et al. 2022). 

2.3.Oxidative status and physiological markers 

Before separating plasma from RBC, we measured haemoglobin concentration 

with Drabkin reaction (Spinreact, Girona, Spain), following manufacturer’s instructions. 

Haemoglobin levels could be related to parasite activity if haemosporidians cause 

anaemia, and is also known to vary during migration stopovers (Piersma et al. 1996). We 

run each sample, calibrator and blank (ddH2O) in duplicates on 96-well plates. The 

absorbance was measured in a Biotek Epoch microplate spectrophotometer (BioTek 

Instruments, Inc.) at 540 nm. The repeatability was ri = 0.89 (n = 154; p < 0.001), with 

an inter-assay CV of 12.61 % and an intra-assay CV of 1.78 %. As described before, we 

centrifuged the remaining blood sample for 10 min at 12000 rpm to separate plasma from 
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RBC. The same observer determined the degree of haemolysis on plasma distinguishing 

3 levels of redness (0: clear sample, 1: pale red stain, 2: red sample). 

To standardize measurements on RBC (see below), we measured protein content 

of RBC using Bradford assay (Sigma-Aldrich, St. Louis, MO). We run each sample in 

duplicates on 96-well plates, including protein standard (BSA) ranging from 0.1 to 

1.4 mg/ml and a blank (ddH2O). All measures followed manufacturer's instructions, 

taking absorbance at 595 nm using a Synergy HT MultiMode Microplate199 Reader 

(BioTek Instruments, Inc.; this spectrophotometer was used in all subsequent analyses). 

Repeatability was ri = 0.58 (n = 154; p < 0.001), inter-assay CV between the samples was 

17.21 % and the CV intra the samples was 6.50 %. 

We measured an endogenous antioxidant indicator in RBC using intracellular total 

glutathione levels (tGSH) following López-Arrabé et al. (2014). Briefly, all samples were 

diluted (1:20 w/v), homogenised in stock buffer (0.01 M phosphate buffered saline and 

0.02 M EDTA) and mixed with an equal volume of 10 % trichloroacetic acid. After that, 

samples were vortexed during 5 s three times in 10 min and then centrifuged at 2000 g 

for 10 min at 6 °C. We separated the supernatant and added firstly NADPH and DTNB, 

and GSH reductase after 15 s. We run all samples in 96-well plates in duplicates, with a 

blank (buffer), and a standard curve (serial dilution of GSH from 0.5 to 0.031 mM). We 

measured one 12-well row at a time, measuring absorbance at 405 nm after 15 and 45 s. 

The tGSH was determined comparing the output of the change in absorbance with the 

standard curve. The tGSH levels were standardised to the total protein content in the 

sample by dividing tGSH by protein values. The repeatability was ri = 0.92 (n = 153; 

p < 0.001), inter-assay CV was 12.60 % and the intra-assay CV was 8.31 %. 
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As a measure of oxidative damage to cell membranes we used a by-product of 

lipid peroxidation, malondialdehyde (MDA). Blood parasites could cause peroxidation of 

phospholipids in RBC because of the activation of the immune system and their own 

metabolism (Percário et al. 2012). Also, during migration, the integrity of cell membranes 

is key to the performance of the pectoral muscle (Weber 2009). Then, we measured MDA 

in plasma (plasma-MDA) and in RBC (RBC-MDA), as two indices of general lipid 

peroxidation and damage to RBC membranes, respectively. We followed Romero-Haro 

and Alonso-Álvarez (2014), including a blank and a standard curve per batch diluted from 

1,1,3,3 tetraethoxypropane with 40 % ethanol. We added butylated hydroxytoluene, 

phosphoric acid, and thiobarbituric acid (TBA) solutions to each sample and incubated 

them for 1 h in a dry bath at 100 °C. MDA-TBA adducts were formed, and we added pure 

n-butanol, vortexed and centrifuged. We collected the upper phase and transferred it into 

an HPLC vial. We injected all samples in duplicates when possible (139 out of 149 

samples of plasma-MDA, and 152 out of 154 samples of RBC-MDA) into an Agilent 

1200 HPLC system (Agilent Technologies, Santa Clara, CA, USA), and measured them 

with a fluorescence detector (ref. G1321A, Agilent Technologies). Repeatability of 

plasma-MDA was ri = 0.91 (n = 139; p < 0.001), with an inter-assay CV = 27.44 % and 

an intra-assay CV = 17.22 %. The repeatability of RBC-MDA was ri = 0.76 (n = 152, 

p < 0.001), inter-assay CV = 20.58 % and intra-assay CV = 15.81 %. We standardised the 

levels of RBC-MDA dividing by the total protein content. 

We quantified the antioxidant capacity of plasma as a marker of the level of 

circulating antioxidant defences, such as vitamins C or E and carotenoids. We measured 

total antioxidant status (TAS) following the protocol proposed by Miller et al. (1993) and 

modified by López-Arrabé et al. (2014). We run samples, blank and calibrator (Trolox, 
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an α-tocopherol derivative) in duplicates whenever there was enough plasma (132 out of 

148 samples), in 96-well plates. We run just one row at a time to control the reaction 

delay. Briefly, we added metmyoglobin (an equilibrated mixture of myoglobin and 

potassium ferricyanate), a chromogen (2,2 ′-azinobis-3-ethylbenzothiazoline-6-sulfonic 

acid or ABTS), and H2O2 to start the reaction in each well. We recorded absorbance at 

660 nm, each 10 s at 37 °C. The repeatability was ri = 0.96 (n = 132; p < 0.001), inter-

assay CV was 14.19 % and the intra-assay CV 5.44 %.  

Uric acid concentration is usually positively correlated to TAS values, and it is 

also an endogenous antioxidant and a product of the catabolism of amino acids in birds 

(Cohen et al. 2007; Pérez-Rodríguez et al. 2008; Costantini 2010b). Therefore, we 

measured uric acid in plasma to correct TAS values using a commercial kit (Biosystems, 

Barcelona, Spain). The test was run according to manufacturer’s instructions. We used 

96 well plates incubating them at 37 °C for 10 min and measuring absorbance at 520 nm. 

We run each sample in duplicates whenever possible (140 out of 151 samples). 

Repeatability was ri = 0.95 (n = 140, p < 0.001), inter-assay CV was 4.07 % and the intra-

assay CV was 5.76 %. 

Finally, we measured plasma triglycerides, as an indicator of the fattening status 

of the birds during stopover (Jenni and Jenni-Eiermann 1998), using a commercial kit 

(Biosystems, Barcelona, Spain) according to manufacturer’s instructions. Furthermore, 

triglycerides can be related to MDA levels and therefore may need to be controlled for in 

the analysis of this variable (Pérez-Rodríguez, Romero-Haro et al. 2015). We measured 

absorbance at 500 nm. The repeatability of duplicates (138 out of 148) was ri = 0.98 (n = 

138; p < 0.001), inter-assay CV was 1.72 % and the intra-assay CV was 5.76 %. 
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2.4.Statistical analyses 

We used the R package MASS v 7.3-60 (Venables and Ripley 2002) to fit an 

ordinal logistic regression model testing whether individuals of each sex or age class 

differed in their odds of bearing more parasites, using the multiple infection variable as a 

factor with three ordered levels, from not infected to coinfected. We used the Brant’s test 

implemented in the brant package v 0.3-0 (Schlegel and Steenbergen 2020) to check the 

proportional odds (parallel regression) assumption of the model. We fitted a logistic 

regression (with binomial error and logit link function) to analyse differences between 

sexes and age classes in the probability of harbouring Plasmodium infections. 

We checked the influence of haemolysis level and plate identity to each 

measurement and corrected them when needed. Since TAS and uric acid levels were 

strongly correlated (r = 0.78), we extracted the residuals of that relation as a TAS 

corrected measure. We checked the relation between all the variables that could be 

involved directly in the migratory metabolism of blackcaps, namely body condition as a 

measure of fat content, haemoglobin, uric acid, and triglycerides, and performed a 

Principal Component Analysis (PCA) with them. The PC1 accounted for 34.0 % of 

variance in the correlation matrix (factor loadings: body condition = 0.61, 

haemoglobin = 0.63, uric acid = -0.58, and triglycerides = 0.50), and we interpreted PC1 

scores as an index of individuals’ readiness to continue the migratory journey (Jenni et 

al. 2006). Although the correlation between plasma-MDA and triglycerides was weak 

(r = 0.15, F1,142 = 3.40, p = 0.07), we considered more appropriated to correct plasma-

MDA values using the residuals of their regression on triglycerides following previous 

studies (Pérez-Rodríguez, Romero-Haro et al. 2015). 
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To assess the effect of infections, sex, and age on the physiological condition of 

individuals, we fitted lineal models (LM) with physiological parameters as dependent 

variables. We tested separately the effect of the multiple infection variable (not infected, 

single infected, or coinfected) and the effects of Plasmodium coinfections (present or 

absent), including age, year, and sex as covariates. We also included readiness to depart 

(PC1 scores) in the analyses where none of the variables included in this PCA was the 

dependent variable. When an oxidative damage biomarker was analysed as a dependent 

variable, we included all antioxidant biomarkers as covariates and viceversa. We also 

included in the analysis the two-way interactions between infection and age, sex, and the 

physiological parameters included as covariates, when the corresponding interactions 

were significant. We tested which variables and interactions best predicted the response 

variable using the Akaike information criterion (AIC; Burnham and Anderson 2002) 

using the dredge function with the MuMIn package v 1.47.5 (Bartoń 2023). Based on 

AIC values corrected for small sample size (AICc), we focused in all models with ΔAICc 

≤ 2 as the best models. When the best models included the null model, we concluded that 

none of the effects tested was significant. Otherwise, we averaged the best models to 

compute the significance of effects (Symonds and Moussalli 2011). Whenever infection 

(the focal factor in our study) was included in any of the best models, we used the option 

fixed in MuMin to recalculate model-averaged estimates only with models including 

infection. All estimates were full averaged across models. Finally, when the multiple 

infection variable was retained in the model averaging step, we used the relevel option to 

estimate all pairwise between-level differences. All continuous variables were checked 

for normality, transformed when advisable (square root-transformed uric acid, tGSH, and 

TAS; log-transformed plasma-MDA and triglycerides) and z-standardised. Residuals of 
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the models were distributed according to model assumptions. We conducted all statistical 

analyses using R 4.3.2 (R Core Team 2023). 

 

3. Results 

We tested 154 blackcaps, of which 130 were infected with haemosporidian 

parasites, 43 harboured more than one parasite, and 22 were coinfected by Plasmodium 

parasites (see Supplementary Table 1 for further information of parasite lineages). Out of 

103 young blackcaps tested, 91 (88.3 %) were infected, and 36.3 % of these harboured 

coinfections, compared to 39 (76.5 %) adults infected, 25.6 % with coinfections. There 

were 10 (15.2 %) females not infected, 37 single-infected (56.1 %), and 19 coinfected 

(28.8 %); while males were 14 not infected (15.9 %), 50 single-infected (56.8 %), and 24 

coinfected (27.3 %). For young birds, the odds of bearing higher levels of the multiple 

infection variable, i.e., being infected or coinfected versus not infected, was 2.22 times 

that of adults (ordinal logistic regression estimate for young = 0.80; se = 0.35; 95 % CI 

[0.12, 1.50]; t152 = 2.27; p = 0.023; Fig. 1), holding constant the effect of sex, which was 

not significant (estimate for females = 0.24; se = 0.33; t152 = 0.73; p = 0.47). The 

probability of harbouring Plasmodium was slightly higher for females than for males, 

although the difference was not significant (estimate for females = 0.86; se = 0.50; z = 

1.80; p = 0.072). Controlling for sex in the logistic regression, both age classes showed 

similar probabilities of having Plasmodium infections (estimate for young = 0.51; se = 

0.53; z = 0.97; p = 0.33). 
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Figure 1. Estimated probability of bearing different levels of parasite infection (no infection, 

single infection, or coinfection) estimated for young (grey) and adult (black) blackcaps in an 

ordinal logistic regression model with age and sex (not significant) as predictors of infection 

status. Bars denote 95 % confidence intervals. 

 

Models with ΔAIC ≤ 2 analysing variation in physiological parameters included 

the null model for haemoglobin, uric acid, plasma-MDA (in the case of total infections, 

but not in Plasmodium infections), and triglycerides (Supplementary Table 2 and 3). We 

found a positive relation between tGSH and RBC-MDA (Fig. 2 and 5), and birds closer 

to departure (with higher readiness PC1 scores) had lower levels of antioxidant capacity 

of plasma (TAS; Fig. 3). Moreover, when testing for the different levels of the multiple 

infection parameter (fixed for model averaging), we found that birds infected with 

multiple parasites had lower TAS compared to not-infected individuals (Fig. 3). Finally, 

birds infected by Plasmodium parasites had higher values of plasma-MDA (Fig. 4). 



Blackcaps Sylvia atricapilla with blood parasites have impaired oxidative status during autumn 
migration 

86 

 

 

Figure 2. Full model averaging estimates with 95 % confidence intervals of the effects of 

variables included in the best models for variation in tGSH (square root transformed) of 

blackcaps. None of the best models included multiple infection status or Plasmodium infection 

as predictors. The p-values of statistically significant effects are shown. Plasma-MDA was log-

transformed. 
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Figure 3. Full model averaging estimates with 95 % confidence intervals of the effects of 

variables included in the best models for variation in TAS (square root transformed) of blackcaps, 

when these were tested using multiple infection status (A) or Plasmodium infection (B) as 

parasite-related predictors. The p-values of statistically significant effects are shown. The effect 

of multiple infection status is shown with not infected as the reference level. Changing the 

reference to single-infected: 0.064 ± 0.051, p = 0.208 not-infected; -0.082 ± 0.050, p = 0.106 

multiple-infected. Uric acid was square root transformed. 
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Figure 4. Full model averaging estimates with 95 % confidence intervals of the effects of 

variables included in the best models for variation in plasma-MDA (log transformed) of 

blackcaps, when these were tested using Plasmodium infection as the parasite-related predictor 

(the null model was included among the best models when we used this variable to test parasite 

influences). The p-values of statistically significant effects are shown. Square root 

transformation was applied to tGSH. 
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Figure 5. Full model averaging estimates with 95 % confidence intervals of the effects of 

variables included in the best models for variation in RBC-MDA of blackcaps, when these were 

tested using multiple infection status (A) or Plasmodium infection (B) as parasite-related 

predictors (none of the best models included multiple infection status as predictor when we 

tested the effect of parasites with this variable). The p-values of statistically significant effects 

are shown. The effect of multiple infection status is shown with not infected as the reference 

level. Square root transformation was applied to tGSH. 
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4. Discussion 

We found that young blackcaps during autumn migration presented more 

coinfections than adults, which were more likely to harbour single parasites when they 

were infected. We also found that Plasmodium parasites were always present in 

coinfection with other parasites, something we would not have been able to detect without 

combining several techniques for parasite detection (Hellgren et al. 2004; Ciloglu et al. 

2019). Globally, infected birds showed signs of poorer capacity to maintain oxidative 

balance during migration, as shown lower levels of TAS in coinfected individuals 

compared to not infected, and higher oxidative damage to lipids in blackcaps infected by 

Plasmodium parasites. We did not find any effect of age or sex on the physiological status 

nor the body mass of migrating blackcaps. Nevertheless, since Plasmodium parasites 

were always found in coinfection, and coinfections can be more virulent (Alizon and van 

Baalen 2008; Pigeault et al. 2018; García-Longoria et al. 2022) and concentrated in young 

blackcaps, our results support the idea that blackcaps in autumn migration face the 

strongest parasite burden during their first year of life.  

Birds infected by Plasmodium parasites in our population had higher levels of 

damage to lipids in their plasma as measured by MDA values. Moreover, we found a 

gradual decrease in the antioxidant capacity of plasma with increasing number of 

parasites in blood, which led to a significant difference between not infected and 

coinfected individuals. The small size of this effect was probably due to high variability 

of TAS measurements among birds that are (1) analysed in an observational study and 

(2) undergoing profound changes of their oxidative balance associated with migration, 

which combines the physiological consequences of flight effort with metabolic and 

dietary adjustments during stopovers (Beaulieu and Schaefer 2013; Chapter 3). Taken 
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together, these effects probably inflate the error term in our analyses, so that the observed 

effect and its progressivity from not infected to coinfected individuals may be evidence 

of a relevant influence of parasites on the oxidative balance of migrating blackcaps (Van 

de Crommenacker et al. 2012).  

Our results suggest that multiple haemosporidian infections and Plasmodium 

infections could be especially harmful to blackcaps, as they might increase the cost of 

migration by impairing oxidative status (Butler et al. 2021; Messina et al. 2022). Other 

studies have also found an increased virulence of coinfections of avian haemosporidians 

(Marzal et al. 2008; Pigeault et al. 2018), and our study contributes to unveil the 

physiological link between haemosporidian coinfection and impaired bird fitness. 

Coinfections may severely diminish the fitness of blackcaps if they decrease their chances 

of successfully completing the first migration cycle and, consequently, joining the 

breeding population as recruits. This selective filter may partly explain the lower 

prevalence of coinfections (which often included Plasmodium parasites) among adult 

blackcaps, although this effect could also be explained if adults had cleared most virulent 

infections acquired earlier in their life, and tolerate less aggressive parasites in chronic 

infections (Belo et al. 2011; Ellis et al. 2014). These two possible causes of age-related 

differences in the frequency of most virulent infections are not mutually exclusive.  

We found a syndrome of physiological variables (greater fat deposits, high 

haemoglobin level, high triglyceride content and lower uric acid level) indicative of 

blackcaps’ readiness for departure from the stopover site (Jenni et al. 2006). During 

stopovers, birds replenish their fat stores, stop using proteins to obtain energy (having 

less protein catabolic subproducts such as uric acid as a consequence; Romero-Haro and 

Alonso-Álvarez 2014; Pérez-Rodríguez, Romero-Haro et al. 2015), and compensate the 
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haemoglobin concentration (Piersma et al. 1996). However, we are careful with this 

interpretation since the link between triglyceride content and the duration of the stopover 

might not always be straitforward, although it seems to be negatively linked to the 

departure time, being the birds with more triglycerids the ones that spend less time in the 

stopover (Williams et al. 2007; DeSimone et al. 2023). Contrary to what we expected, 

birds that seemed to be physiologically prepared for departure had also lower levels of 

antioxidant capacity of plasma. The total antioxidant capacity of plasma might be 

depleting during stopover since in this period birds need to compensate the oxidative 

damage caused during flight through hyperphagia, which is linked to a decrement in the 

metabolic rate to increment the fattening (McWilliams et al. 2021). Antioxidant capacity 

might also be lower at the end of the stopover because of the accumulation and usage of 

polyunsaturated fatty acids that are prone to oxidation (McWilliams et al. 2021). Also, 

there was a positive correlation between tGSH levels and damage to lipids in RBC. 

Although tGSH levels not only measure endogenous antioxidant defences (Romero-Haro 

and Alonso-Álvarez 2015), our results clearly align with previous studies that have found 

a up-regulation of glutathione peroxidase in migrating birds, which was interpreted as an 

adaptation to maintain a balanced oxidative status when exercise increases the production 

of pro-oxidants (Jenni-Eiermann et al. 2014). Therefore, our results could be interpreted 

as a hormetic response to a constrained overproduction of RONS during migration 

(Costantini 2010a; Jenni-Eiermann et al. 2014; McWilliams et al. 2021). In RBC, the lipid 

damage during stopover could be dealt with through the upregulation of endogenous 

antioxidants (Leeuwenburgh and Heinecke 2001). Therefore, blackcaps might be 

suffering with oxidative stress from migration that needs to be compensated during 

stopovers. In turn, the complex physiology of the migrating bird may make the links 

between parasites and oxidative stress difficult to uncover in natural settings. For 
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example, we did not detect differences in the physiological status of male and female 

blackcaps, which were expected based on previous research (Roved et al. 2017; Vincze 

et al. 2022), a result which may parly be explained because the modulating effect of sex 

hormones on the immune system may be attenuated before sexual maturity is attained, 

and infections were concentrated in young blackcaps during migration. 

Our results suggest a combined effect of migration and haemosporidian parasites 

on the oxidative balance of young and adult blackcaps. Previous studies also found 

individual differences in how haemosporidian parasites were associated with oxidative 

status of breeding birds (Isaksson et al. 2013). Migration may be an important challenge, 

and future longitudinal studies may be key to interpret the lifetime costs of carrying 

parasites during seasonal migration in the same and other species with different migratory 

patterns. While our data point towards a greater impact of parasites early in life, we could 

not uncover how parasites change their prevalence and impact as individuals age (Finkel 

and Holbrook 2000; Balbontín et al. 2009). Moreover, in our study, most of the infections 

have probably already become chronic, having fewer effects on the immune system and 

oxidative status of their hosts (Ellis et al. 2014). From this perspective, parasites acquired 

during migration may have a stronger impact if the physiological cost of infection 

increases during acute parasitaemia (Palinauskas et al. 2008), a cost which might promote 

the selection of stopover habitat far from the reach of parasite vectors. Supporting this 

idea, many species of migratory forest birds shift habitat preferences during migration. 

Birds often increase searching behaviour when arriving lean in stopovers compared to 

when they are already fat prior to departure (Moore and Aborn 2000), and frequently 

select edge-dominated and early successional forests during autumn migration (Rodewald 

and Brittingham 2004). These behaviours are compatible with birds searching for habitats 
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where fleshy fruits that contain protective antioxidants are more abundant (Kollmann and 

Schneider 1999; Tellería et al. 2008; Chapter 3), but also where encounters with parasite 

vectors may be more easily avoided (Snow 1955; Service 1971; Burkett-Cadena et al. 

2013; van Hoesel et al. 2019; Chapter 1). All in all, the oxidative costs of haemosporidian 

parasite infections need to be considered during the different life-stages of the hosts, since 

these costs may contribute to establish the physiological nexus between parasite 

infections and bird fitness. 
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Supplementary information 

Supplementary Table S1 

Table S1. Lineages of haemosporidian parasites from 130 infected blackcaps, distinguishing 

between adults and young individuals. Parasite lineages differ from other lineages by at least 

one base pair of the MalAvi barcode, 478-bp of the Cyt b gene (Bensch et al. 2009). Infections 

that could not be sequenced are included as “Unknown”. The total number of parasite 

occurrences is higher than the number of infections due to multiple infections (the table shows 

the number of single infections of each parasite followed by the number of multiple infections 

in which it was involved in parentheses). Twenty-four individuals were not infected. Prevalence 

is calculated based on the total number of individuals tested from each age. 

Hosts’ age Genus Lineage Species n Prevalence 
Adult Haemoproteus SYAT01 H. parabelopolskyi 5 (7) 23.52 % 

 SYAT02 H. parabelopolskyi 2 (2) 7.84 % 

 SYAT03 H. pallidulus 1 1.96 % 

 SYAT07 H. parabelopolskyi 10 (3) 25.49 % 

 SYAT13 Undetermined 1 1.96 % 

 
Unknown 
Haemoproteus Undetermined 11 (6)  

Plasmodium 
Unknown 
Plasmodium Undetermined 1 (4)  

Leucocytozoon BT2 Undetermined 1 1.96 % 

 SFC8 Undetermined 0 (3) 5.88 % 
 SYAT22 Undetermined 0 (1) 1.96 % 

  
Unknown 
Leucocytozoon Undetermined 0 (1)  

Hosts’ age Genus Lineage Species n Prevalence 
Young Haemoproteus SYAT01 H. parabelopolskyi 24 (14) 36.89 % 

  SYAT02 H. parabelopolskyi 14 (8) 21.36 % 

  SYAT03 H. pallidulus 1 0.97 % 

  SYAT07 H. parabelopolskyi 8 (4) 11.65 % 
  SYAT10 Undetermined 1 0.97 % 

  SYAT13 Undetermined 5 (1) 5.83 % 
  WW2 H. majoris 1 0.97 % 

  
Unknown 
Haemoproteus Undetermined 17 (4)  
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 Plasmodium SYAT05 P. vaughani 1 (1) 1.94 % 

  
Unknown 
Plasmodium Undetermined 0 (6)  

 Leucocytozoon BT2 Undetermined 1 (1) 1.94 % 

  SFC8 Undetermined 1 (2) 2.91 % 

  SYAT22 Undetermined 1 0.97 % 

  
Unknown 
Leucocytozoon Undetermined 2 (1)  
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Supplementary Table S2 

Table S2. Selection of the best models including the multiple infection status to explain variation 

in each physiological variable, according to the Akaike Information Criterion corrected by sample 

size (models with ΔAICc ≤ 2 compared to the best). When the null model was one of the best, 

we only report other models with lower AICc. Variables that were significant in the averaged 

model are in bold. 

Model df AICc ΔAICc Weight 
Haemoglobin     
1. year 3 439.6 0.00 0.19 
2. Null model 2 440.1 0.49 0.15 
tGSH (sqrt)     
1. RBC-MDA 3 395.2 0.00 0.15 
2. plasma-MDA (log) + RBC-MDA 4 396.2 1.02 0.09 
3. readiness + RBC-MDA 4 396.7 1.44 0.07 
4. age + RBC-MDA 4 397.1 1.84 0.06 
5. sex + RBC-MDA 4 397.1 1.84 0.06 
TAS (sqrt)     
1. coinfection + readiness + uric acid (sqrt) 6 251.1 0.00 0.06 
2. coinfection + readiness + sex + uric acid (sqrt) 7 251.3 0.20 0.05 
3. coinfection + readiness + uric acid (sqrt) + year 7 251.6 0.47 0.04 
4. coinfection + readiness + sex + uric acid (sqrt) + year 8 251.9 0.72 0.04 
5. coinfection + readiness + RBC-MDA + uric acid (sqrt) 7 252.3 1.19 0.03 
6. readiness + uric acid (sqrt) 4 252.5 1.32 0.03 
7. coinfection + readiness + sex + RBC-MDA + uric acid 
(sqrt) 

8 252.5 1.36 0.03 

8. coinfection + readiness + RBC-MDA + uric acid (sqrt) 
+ year 

8 252.6 1.49 0.03 

9. readiness + sex + uric acid (sqrt) 5 252.7 1.56 0.03 
10. coinfection + readiness + sex + RBC-MDA + uric acid 
(sqrt) + year 

9 252.8 1.71 0.02 

Uric acid (sqrt)     
1. coinfection 4 431.0 0.00 0.18 
2. Null model 2 431.6 0.64 0.13 
Plasma-MDA (log)     
1. readiness 3 404.1 0.00 0.05 
2. Null model 2 404.2 0.07 0.05 
RBC-MDA     
1. tGSH (sqrt) 3 394.8 0.00 0.15 
2. tGSH (sqrt) + year 4 396.4 1.59 0.07 
Triglycerides (log)     
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1. age 3 421.2 0.00 0.17 
2. age + year 4 421.2 0.07 0.16 
3. sex + year 4 422.0 0.87 0.11 
4. age + sex 4 422.0 0.88 0.10 
5. age + sex + year 5 422.1 0.93 0.10 
6. year 3 422.1 0.94 0.07 
7. sex 3 422.9 1.73 0.06 
8. Null model 2 423.1 1.93 0.02 
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Supplementary Table S3 

Table S3. Selection of the best models including Plasmodium infections to explain variation in 

each physiological variable, according to the Akaike Information Criterion corrected by sample 

size (models with ΔAICc ≤ 2 compared to the best). When the null model was one of the best, 

we only report other models with lower AICc. Variables that were significant in the averaged 

model are in bold. 

Model df AICc ΔAICc Weight 
Haemoglobin     
1. year 3 439.6 0.00 0.16 
2. Null model 2 440.1 0.49 0.13 
tGSH (sqrt)     
1.RBC-MDA 3 395.2 0.00 0.12 
2. plasma-MDA (log) + RBC-MDA 4 396.2 1.02 0.07 
3. readiness + RBC-MDA 4 396.7 1.44 0.06 
4. age + RBC-MDA 4 397.1 1.84 0.05 
5. sex + RBC-MDA 4 397.1 1.84 0.05 
TAS (sqrt)     
1. readiness + uric acid (sqrt) 4 252.5 0.00 0.06 
2. readiness + sex + uric acid (sqrt) 5 252.7 0.24 0.05 
3. readiness + uric acid (sqrt) + year 5 253.5 1.03 0.03 
4. Plasmodium + readiness + uric acid (sqrt) 5 253.6 1.16 0.03 
5. readiness + sex + uric acid (sqrt) + year 6 253.8 1.32 0.03 
6. readiness + RBC-MDA + uric acid (sqrt) 5 253.9 1.43 0.03 
7. uric acid (sqrt) 3 254.1 1.60 0.03 
8. readiness + sex + RBC-MDA + uric acid (sqrt) 6 254.1 1.67 0.03 
9. Plasmodium + readiness + sex + uric acid (sqrt) 6 254.3 1.81 0.02 
10. age + readiness + uric acid (sqrt) 5 254.3 1.84 0.02 
Uric acid (sqrt)     
1. Plasmodium 3 430.5 0.00 0.17 
2. Plasmodium + sex 4 430.7 0.19 0.16 
3. Null model 2 431.6 1.05 0.10 
Plasma-MDA (log)     
1. Plasmodium + readiness 4 400.5 0.00 0.07 
2. Plasmodium 3 400.7 0.20 0.06 
3. Plasmodium + readiness + year 5 401.1 0.59 0.05 
4. Plasmodium + year 4 401.1 0.63 0.05 
5. Plasmodium + tGSH (sqrt) 4 402.0 1.46 0.03 
6. Plasmodium + readiness + tGSH (sqrt) 5 402.0 1.47 0.03 
7. Plasmodium + tGSH (sqrt) + year 5 402.4 1.91 0.03 
RBC-MDA     
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1. tGSH (sqrt) 3 394.8 0.00 0.14 
2. tGSH (sqrt) + year 4 396.4 1.59 0.06 
3. Plasmodium + tGSH (sqrt) 4 396.5 1.69 0.06 
Triglycerides (log)     
1. age 3 421.2 0.00 0.13 
2. age + year 4 421.2 0.07 0.12 
3. sex + year 4 422.0 0.87 0.08 
4. age + sex 4 422.0 0.88 0.08 
5. age + sex + year 5 422.1 0.93 0.08 
6. year 3 422.1 0.94 0.08 
7. age + Plasmodium 4 422.3 1.12 0.07 
8. age + Plasmodium + year 5 422.5 1.33 0.06 
9. sex 3 422.9 1.73 0.05 
10. Null model 2 423.1 1.93 0.05 
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Abstract 

Parasites may alter host physiology, which may promote behavioural adaptations 

to counteract their effect. Adaptive feeding may help individuals to cope with infection, 

especially during physiologically demanding life stages. For instance, migrating birds 

need fuel for long-distance flights and repair oxidative damage caused by intense aerobic 

exercise, and parasites may influence on how individuals balance these needs. Infected 

birds may face increased oxidative challenges, which could induce them to favour 

antioxidant defences over other needs, such as fattening. We tested whether migrating 

birds can adaptively choose food according to their needs, favouring dietary antioxidants 

to cope with oxidative stress caused by haemosporidian blood parasites during migration. 

During autumn migration, we mist-netted young male Eurasian blackcaps (Sylvia 

atricapilla) stopping over in central Spain. We placed the birds in cages where they were 

offered fat and anthocyanin-enriched food alternatives. We measured preference for each 

food offer. We tested their infections with haemosporidian parasites by PCR techniques 
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and their parasitaemia by blood smear inspection. We also measured physiological 

variables that account for nutritional and oxidative status in red blood cells and plasma. 

We found that birds with multiple infections favoured anthocyanin-enriched food 

controlling for an effect of body mass on food preference (lean blackcaps preferred 

anthocyanins, likely because they are urged to repair oxidative damage upon arrival on 

stopover with depleted energy reserves). Haemosporidian-infected birds had a lower 

antioxidant capacity of plasma, although no effect of infections on oxidative damage was 

detected, and individuals with more oxidative damage preferred anthocyanin-enriched 

food. Our results suggest that haemosporidian infections may increase individuals’ 

antioxidant needs, which could affect migratory performance if the urge to find dietary 

antioxidants reduces the rate of fuel consumption. 

 

Keywords: adaptive food choice, dietary antioxidants, ecophysiology, haemosporidian 

parasites, migration stopover, Sylvia atricapilla. 
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1. Introduction 

Animals face different physiological and energetic challenges during their life cycle, 

which entail trade-offs that usually promote behavioural adaptations (Ricklefs and 

Wikelski 2002). One such adaptation is the food choice according to nutritional 

requirements (Catoni et al. 2011). Both dietary needs and the availability of food sources 

needed to meet them vary among life cycle stages, forcing individuals to adaptively 

allocate limited resources among different activities, such as growth (Romero-Haro and 

Alonso-Álvarez 2014), reproduction (Seress et al. 2020), daily activity (Beaulieu and 

Schaefer 2014) or migration (Jenni-Eiermann 2017). Thus, the idea that 'you are what you 

eat' may be expanded because 'you need to be different things at different times'.  

The effects of parasites on the physiology and behaviour of their hosts have been long 

recognised (Moore 2002; Poulin 2007), and accounting for parasites may be key in studies 

of animal performance (Chrétien et al. 2023). By depleting host resources and eliciting 

the activation of the immune system, parasites may influence on nutrient requirements 

and resource allocation of their hosts (Cornet et al. 2014; Nwaogu et al. 2020), which may 

promote dietary shifts as an adaptive response to cope with parasite infections. All these 

effects on host physiology could be enhanced in high-energetic demanding situations, 

such as migration (Jenni-Eiermann 2017; Hegemann et al. 2018). One important link 

between parasite infection and host feeding behaviour may be oxidative stress (Isaksson 

et al. 2013; Delhaye et al. 2016; Muriel 2020). Reactive oxygen species (ROS) are 

produced during metabolic activity or during the activation of the immune system, and 

they may damage DNA, proteins, or lipids. Endogenous and exogenous antioxidants 

represent an important defence mechanism against ROS-induced oxidative stress (Finkel 

and Holbrook 2000; Monaghan et al. 2009). When animals can perceive the nutritional 
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content of food and select antioxidants when they face oxidative damage (Schaefer et al. 

2008; Schaefer et al. 2014), self-medication arises as a possible way to maintain oxidative 

balance (Beaulieu and Schaefer 2013; de Roode et al. 2013).  

Avian haemosporidians are the protozoans that cause malaria and similar diseases in 

birds (Valkiūnas 2005; Atkinson et al. 2008). These parasites have great impact on bird 

populations by decreasing host reproductive success and survival (Merino et al. 2000; 

Asghar et al. 2015). Haemosporidian infections induce oxidative stress through activation 

of the humoral immune system (Delhaye et al. 2018; Muriel 2020) and breakage of red 

blood cells (RBC; Pigeault et al. 2015). Consequently, parasitised individuals must 

allocate resources to immunity (Sheldon and Verhulst 1996; Tschirren and Richner 2006), 

which may deplete antioxidant defences that would otherwise help to maintain oxidative 

balance (Monaghan et al. 2009). Therefore, favouring dietary antioxidants may help 

parasitised individuals maintain a balanced oxidative status by reinforcing antioxidant 

defences, and directly fighting against infections, since some dietary antioxidants such as 

anthocyanins, the most important class of flavonoids derived from plants usually 

consumed by birds, are known to have an important antimalarial role (Lehane and Saliba 

2008; Rudrapal and Chetia 2017; Masello et al. 2018; Akinnusi et al. 2023). However, 

this feeding behaviour could compromise the consumption of other important nutrients 

(Beaulieu and Schaefer 2014) or increase the oxidative imbalance if antioxidants become 

excessive relative to the amount of ROS (Beaulieu and Schaefer 2013). These trade-offs 

may be most important during life stages when maintaining oxidative balance is difficult 

(Hall et al. 2010; Guindre-Parker and Rubenstein 2018; McWilliams et al. 2021), which 

may exacerbate the negative influence of parasites on animal behaviour and performance 

(Chrétien et al. 2023). 
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The impact of haemosporidian parasites on bird oxidative status may be 

particularly strong during migration periods (Hegemann et al. 2018), when birds 

engage in intense aerobic exercise that increases both energy requirements and 

oxidative challenges (McWilliams et al. 2021). Migrating birds put on fat to fuel long-

distance flight (Araújo et al. 2019), but unsaturated fatty acids used as energy reserves 

are prone to oxidation, and endurance flight effort might increase ROS production 

that needs to be compensated by up-regulation of endogenous antioxidant defences 

and/or increasing during stopovers the intake of antioxidant-rich food (Skrip et al. 

2015; Eikenaar et al. 2020; McWilliams et al. 2021), such as fruits with more 

anthocyanins (Bolser et al. 2013). Therefore, parasite infections are expected to alter 

migrating bird feeding decisions, favouring dietary antioxidants rather than more 

energetic food although fattening is a priority (Beaulieu and Schaefer 2013; Zuzarte-

Luís and Mota 2018).  

We conducted a behavioural assay with young male Eurasian blackcaps Sylvia 

atricapilla to assess if individuals infected by haemosporidian parasites differ from 

their uninfected counterparts in their preference for major dietary antioxidants or fat 

when faced with this choice during migration, and whether oxidative status could 

mediate the relationships between parasite infection and individual feeding 

preferences during this period of high exposure to oxidative challenges. Blackcaps 

are a model of research on migratory behaviour and bird-haemosporidian 

relationships, and provide an excellent opportunity for this analysis because they 

consume both antioxidant-rich and fat-rich fruits on migration stopovers and can 

assess the relative content of these nutrients based on fruit colour (Schaefer et al. 

2008; Schaefer et al. 2014). Blackcaps may accrue both energetic and defensive 

benefits from the same fruits; for example, wild or cultivated olives may be the 
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primary source of fat for blackcaps to restore energy reserves on Mediterranean 

stopover sites (Rey et al. 1996; Jordano 2013), but also contain phenolic compounds, 

α-tocopherol and β-carotene with antioxidant properties (Visioli et al. 2002; Catoni, 

Peters, et al. 2008). However, dietary antioxidants that have high antioxidant potency 

and are abundant in bird-consumed fruits, among which anthocyanins outstand from 

both regards, may be particularly important to cope with parasite-induced oxidative 

stress (Catoni, Peters, et al. 2008). Anthocyanins have been found to have anti-

parasitic properties (Rudrapal and Chetia 2017; Masello et al. 2018; Akinnusi et al. 

2023), anthocyanin-rich diets are known to boost the immune system (Bakuradze et 

al. 2019), and blackcaps that select fruits with high anthocyanin content enhance their 

humoral immune response (Catoni, Schaefer, et al. 2008). Therefore, we predict that 

parasitised blackcaps captured during migration will favour anthocyanin-enriched 

over fat-enriched food to control an increased risk of oxidative damage. If preference 

for anthocyanins is a defensive behaviour against oxidative stress, we also predict that 

infected birds will have poorer oxidative status measured through physiological 

indices of oxidative damage or antioxidant capacity, and that variation in these 

physiological indices will mediate individual food preferences. In addition, the 

physiological impact of haemosporidian infections may depend on the proportion of 

RBC that are infected (intensity of infection) or on the synergistic effects of multiple 

infections, where different parasites coexisting in the blood increase the cost of the 

disease (Pigeault et al. 2018; García-Longoria et al. 2022). Therefore, we predict that 

the more parasites blackcaps harbour, the greater will be their preference for 

anthocyanin-enriched food. 
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2. Materials and Methods 

2.1. Study Area and Field Methods 

We mist-netted migrating blackcaps in a stopover site located near Campo Real, 

central Spain (40°20'08"N 3°24'27"W, 780 m a.s.l), during October 2019 and 2020. The 

area is dominated by olive groves (Olea europaea) crossed by a stream where fruiting 

shrubs abound, especially daneworts (Sambucus ebulus) and brambles (Rubus fruticosus). 

Therefore, blackcaps stopping over in this area during autumn migration can choose 

between fat-rich olives and anthocyanin-rich berries typical of their diet during the 

autumn-winter period (Herrera 1987; Schaefer et al. 2008; Jordano 2013).  

We tried to narrow the sampling period within capture sessions and years to avoid 

the effects of daily and phenological variation on the physiology and behaviour of 

blackcaps (due to circadian routines, different origin of individuals, changing prevailing 

weather conditions, or other temporal influences). To this end, we captured blackcaps 

between 9:00 and 15:30 CET during four sampling days each year (sampling dates ranged 

4-11 October in 2019 and 14-26 October in 2020), within the peak of passage of the 

species in this region (Cantos 1995). To maximize capture rates, we tape-lured birds into 

mist nets using male song recordings. To minimise the time elapsed from capture to 

handling, we watched the nets (one or two operating simultaneously) with binoculars and 

took birds as they hit the net whenever this was possible, or otherwise visiting the nets 

every 10 minutes. Birds were kept in individual cotton bags for 30 minutes to homogenise 

stress levels (Huber et al. 2021) and to increase motivation to eat after mild fasting. They 

were sexed and aged according to plumage, distinguishing between young (individuals 

born in the previous spring) and older birds (Svensson 1992). We wanted to minimise 
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sample size for ethical reasons, and thus focused on young male birds to reduce the 

number of factors in the statistical design. Males were chosen instead of females because 

our sample was sex-biased (63 % males); therefore, our study is relevant to the young 

male fraction of the population. Young blackcaps are ideal for studying the ecological 

correlates of food preference during migration because they are facing first parasite 

infections, which reduces the behavioural variation associated with a previous infection 

history (Remacha et al. 2023). In addition, they are visiting the stopover site for the first 

time in their lives and therefore have the same experience.  

A total of 48 young male blackcaps were included in the study (25 captured in 

2019 and 23 in 2020). We weighed birds to the nearest 0.01 g with a digital scale and 

placed them in individual cages (cloth mesh, 25 x 25 x 25 cm). We recorded behaviour 

using a video camera (GoPro Hero 9 Black) placed in front of the cage, covering all other 

sides and the top of the cage with filter paper to minimise external stimuli. The cages 

were fitted with a perch near the side facing the camera, with two food choices presented 

on each side nailed to a semi-vertical twig.  

We designed a meaningful nutrient-preference test presenting birds with two food 

choices that were equal in all respects except for the dietary treatment. We used a piece 

of toad skin melon (about 2 cm3) as the substrate for both food choices. By using large 

pieces of fruit with high water content, we made sure that the birds found the food 

(Remacha et al. 2023) and avoided variation in size, shape or fruit attributes known to 

influence fruit choice by birds (González‐Varo et al. 2022), other than the changes caused 

by our treatment. Each piece of melon had been soaked overnight in extra virgin olive oil 

(Coosur®) or cranberry juice (Granini®), hereafter named fat-enriched or anthocyanin-

enriched food, respectively. Blackcaps consume abundant wild and cultivated olives, 
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whose principal nutritional reward is energy from fats (Herrera 1987; Jordano 2013). 

Olive oil is highly energetic and contains a high proportion of unsaturated fatty acids that 

help migrant birds to build fat reserves very efficiently (Pierce et al. 2005). Importantly, 

olive oil is also rich in polyunsaturated fatty acids such as omega-3 and omega-6 (Zarrouk 

et al. 2019), which enhance the aerobic capacity of migrating birds but must be obtained 

from dietary sources (Price and Guglielmo 2009; Weber 2009). Conversely, cranberry 

juice provides little energy rewards but has a high anthocyanin content (Bakuradze et al. 

2019). Migratory birds in autumn migration show preference for fruits with high 

anthocyanin content, which has been interpreted as a protective behaviour against 

oxidative stress associated with endurance flight (Bolser et al. 2013). Although olives 

contain other dietary antioxidants such as phenolic compounds, α-tocopherol and β-

carotene (Visioli et al. 2002; Catoni, Peters, et al. 2008), compared to these antioxidant 

compounds anthocyanins are various orders of magnitude more available in fruits 

consumed by blackcaps, show much higher antioxidant potency, and are known to be 

important antioxidants in the fight against haemosporidian parasites (Catoni, Peters, et al. 

2008; Lehane and Saliba 2008; Akinnusi et al. 2023). Fat- and anthocyanin-enriched 

melon pieces acquired distinctive golden and purple-reddish tinges, respectively, which 

we deemed useful for blackcaps to assess the nutritional rewards of either choice 

(Schaefer et al. 2008; Schaefer et al. 2014). The two food choices swapped cage location 

between individuals (Supplementary information).  

Migrating blackcaps arrive on the stopover sites lean, start to gain mass typically 

on day 2 post-arrival, and put on fat until reaching maximum body mass at departure time 

(Langslow 1976), increasing approximately 0.2 g day-1 in Iberian locations (Arizaga et 

al. 2010). In our sample, the heaviest individual (21.4 g) was 46.6 % heavier than the 
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lightest (14.6 g). Therefore, we used the residuals of the linear regression of body mass 

on tarsus length, both log transformed (residual mass hereafter) as a measure of body 

condition of individuals, which was indicative of both their metabolic efficiency and the 

time they had spent on stopover. Once the video-recording finished, we measured the 

length of the tarsus with 0.01 mm precision using a digital calliper. At the end of the 

manipulation of the birds, we took a blood sample (< 1 % body mass) from the jugular 

vein. We used a drop to make a blood smear, which was air-dried and fixed with absolute 

ethanol for 3 minutes. The rest of the blood was kept refrigerated in heparinised tubes 

during fieldwork. Birds were fitted with a standard aluminium ring (SEO/Birdlife Spanish 

ringing scheme) to avoid repetitions and were released unharmed at the capture site. 

2.2. Behavioural analyses 

We visualised the video recordings using the VLC media player (3.0.8 Vetinari). 

We analysed the feeding behaviours observed between time 0, when the researcher 

disappeared from the image after leaving the bird in the cage, and the first time when the 

researcher reappeared to retrieve the bird. To standardize individual observations, we 

stopped recording behaviours at time = 1390 s, set by the shortest recording. Not all 

individuals ate during the test, or pecked the fruit one or a few times, probably because 

the time birds spent captive (which was short for ethical reasons) was not enough for all 

individuals to decide to eat on a new food source (cube-shaped pieces of melon). To 

overcome this limitation, we considered three feeding-oriented behaviours that could be 

unequivocally recognised in our video recordings: pecking the fruit, pecking attempts 

(when the bird approached its beak to the fruit without pecking), and showing interest 

(when the bird directed its head towards one fruit and kept eye contact for more than 

2 seconds without attempting to peck). Considering the proportion of occasions in which 
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individuals directed each feeding-oriented behaviour to one food offer as indicative of 

their inclination for that choice, we found that the propensity to peck, to attempt pecking 

or to show interest for the same food choice were all positively correlated (pairwise 

Pearson correlations between proportions of each type of behaviour directed to fat-

enriched food as the reference: pecking - pecking attempts r = 0.87, n = 17; 

pecking - showing interest r = 0.95, n = 17; pecking attempts - showing interest r = 0.88, 

n = 15; all three correlations with p < 0.001), meaning that all three feeding-oriented 

behaviours conveyed the same information on individual food preferences. Then, we used 

each individual behaviour as a dichotomous decision between food choices. All videos 

were blindly analysed to the infection status, body mass, or physiological condition of the 

individuals.  

2.3. Infection status 

We assessed the infection status of blackcaps by combining PCR techniques and 

microscopy. We extracted total DNA from blood with the SpeedTools DNA extraction 

kit, following the manufacturer's protocol, and diluted the samples to a final concentration 

of 25 ng/µl. We first tested all samples with a multiplex PCR that simultaneously targets 

DNA fragments of different sizes of Haemoproteus, Plasmodium, and Leucocytozoon 

parasites (Ciloglu et al. 2019). Reactions were set in total volumes of 10 µl, including 

5 µl of 2× Qiagen Multiplex PCR Master Mix (Qiagen, Hilden, Germany), 0.2 µl of each 

of six primers (10 µM; PMF/R for Plasmodium, HMF/R for Haemoproteus and LMF/R 

for Leucocytozoon), 1.8 µl of ddH2O, and 2 µl of DNA template. The temperature profile 

included 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. The PCR reactions 

included a negative control (ddH2O) and a triple positive control (DNA positive for all 
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three genera of parasites). We visualised 4 µl of the PCR product on 2 % agarose gels 

stained with 100× GelRed®. 

To identify the parasite lineages infecting each bird, positive samples for the 

previous multiplex PCR were amplified with a nested PCR (Hellgren et al. 2004), which 

targets 478 bp of the parasite Cyt-b gene broadly used as a DNA barcode for avian 

haemosporidians (Bensch et al. 2009). Nested PCR consisted of a preamplification step 

that targeted the three genera (with primers HAEMNFI and HAEMNR3) followed by 

specific amplifications targeting either Plasmodium and Haemoproteus (with primers 

HAEMF and HAEMR2) or Leucocytozoon (primers HAEMFL and HAEMR2L). We set 

pre-amplification reactions at 25 µl total volume, including 0.5 units of AmpliTaq DNA 

polymerase (Thermo Fisher Scientific, Waltham, MA, USA), 1 µl of each 10 µM primer, 

1.25 mM of each dNTP, 1.5 mM of MgCl2, 2.5 µl of Buffer 10×, 14.8 µl of ddH2O, and 

2 µl of DNA template. The thermal profile included an initial 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 µl of the product for one or both specific amplification steps 

depending on the result of multiplex PCR. Specific reactions involved 35 cycles with the 

same temperature profile and PCR conditions as pre-amplification, but including 15.8 µl 

of ddH2O. All reactions included negative and triple positive controls passed from pre-

amplification to the specific amplification step. We sequenced the final PCR products 

using an Applied Biosystems™ 3730xl DNA analyzer, and considered parasite lineages 

that differed in one or more base pairs in the MalAvi DNA barcode as distinct lineages 

(Bensch et al. 2009).  

We stained blood smears with Giemsa (pH 7.2) for 1 h and inspected them with a 

light microscope (LEICA DM2500, Leica Microsystems, Wetzlar, Germany), with a 
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sampling effort of at least 5000 red blood cells (RBC) observed at 1000× magnification. 

Infected individuals were quantified the intensity of the infection as the number of 

infected cells in 5000 RBC. Individuals that were PCR positive but had no visible 

parasites were thus estimated an intensity of infection of 0 infected cells in 5000 RBC (no 

structural zeros were included as only infected birds were analysed). We considered any 

possible observation of the presence of more than one parasite lineage in blood (multi-

genus amplification by multiplex PCR, mixed sequence signal  in DNA barcodes obtained 

by nested PCR, or detection of different parasites by molecular and microscopy methods) 

as evidence of multi-parasite infection, hereafter multiple infection, including infections 

with two or more different lineages from the same or different genus (Pérez-Tris and 

Bensch 2005; Valkiūnas et al. 2006; Ciloglu et al. 2019). Otherwise, infected individuals 

were considered to harbour single-parasite infections. The lineage composition of 

multiple infections could not be determined in many cases, for example when not all 

parasite genera detected by multiplex PCR could be retrieved by nested PCR. Because of 

that reason, and due to sample size limitations, we did not test the effect of the exact 

number of parasite lineages coinfecting the bird, or the effect of particular parasite 

lineages or parasite combinations, on the physiology and behaviour of blackcaps. 

2.4. Physiological Analyses 

To assess whether parasites could be causing anaemia, after fieldwork on each day 

of capture we measured haemoglobin concentration in blood with Drabkin reaction 

(Spinreact, Girona, Spain), following the manufacturer's instructions. We set each sample 

in duplicates on 96-well plates, including a calibrator and blank (ddH2O). We measured 

absorbance at 540 nm using a Biotek Epoch microplate spectrophotometer (BioTek 

Instruments, Inc.). Repeatability of the assay was high (ri = 0.97; n = 48; p < 0.001), inter-
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assay CV was 12.61 % and intra-assay CV was 1.03 %. Immediately after the analysis, 

we centrifuged the rest of the blood for 10 min at 12000 rpm to separate plasma from 

RBC. We visually determined the degree of hemolysis using a three-level scale based on 

the redness of plasma (0: clear sample, 1: pale red stain, 2: red sample). Plasma and red 

blood cell (RBC) fractions were stored at -80 °C until further analysis. 

We measured the protein content of the RBC samples to standardize other 

measurements (see below) using the Bradford assay (Sigma-Aldrich, St. Louis, MO), 

testing them in duplicate on 96-well plates, following the manufacturer's instructions. In 

each plate, we added protein standard (BSA) ranging from 0.1 to 1.4 mg/ml, blank 

(ddH2O), or RBC. We measured absorbance at 595 nm using a Synergy HT MultiMode 

Microplate199 Reader (BioTek Instruments, Inc.; this spectrophotometer was used in all 

subsequent analyzes). The repeatability of the protein measurements was high (ri = 0.73; 

n = 48; p < 0.001), inter-assay CV between the samples was 17.21 % and the CV intra 

the samples was 5.26 %. 

We determined intracellular total glutathione levels in RBC (tGSH) as an 

endogenous antioxidant indicator in RBC following López-Arrabé et al. (2014). The 

samples were diluted (1 : 20 w/v) and homogenised in stock buffer (0.01 M phosphate 

buffered saline and 0.02 M EDTA) and mixed with an equal volume of 10 % 

trichloroacetic acid. We vortexed the mixture three times during 5 s in 10 min and then 

centrifuged it at 2000 g for 10 min at 6 °C, to separate the supernatant. After that, we 

added NADPH and DTNB in the first step and GSH reductase in the second step after 

15 s. We used 96-well plates including duplicate samples, a blank (buffer), and a standard 

curve (serial dilution of GSH from 0.5 to 0.031 mM). Only one 12-well row from the 

plate was used at a time. We measured absorbance at 405 nm after 15 and 45 s, and the 
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change in absorbance was used to determine the intracellular tGSH concentration by 

comparing the output with the standard curve. Levels were standardised to the total 

protein content in the sample by dividing tGSH by protein values. The repeatability of 

the standardised tGSH calculated in duplicates was high (ri = 0.93; n = 48; p < 0.001), 

inter-assay CV was 12.60 % and the intra-assay CV was 8.17 %. 

We used malondialdehyde (MDA) to measure lipid peroxidation as an index of 

oxidative damage to cell membranes. The integrity of membrane phospholipids is key for 

the metabolic performance of pectoral muscle during endurance flight (Weber 2009), and 

parasite invasion may cause peroxidation of phospholipids of RBC membranes due to the 

combined effects of parasite metabolism and host immune responses (Percário et al. 

2012). Therefore, we quantified the concentration of MDA both in plasma (plasma-MDA, 

as a measure of general lipid peroxidation faced by the individual) and RBC (RBC-MDA, 

a measure of oxidative damage to the RBC membrane), following Romero-Haro and 

Alonso-Álvarez (2014). We included a blank and a standard curve per batch diluted from 

1,1,3,3-tetraethoxypropane with 40 % ethanol. We added butylated hydroxytoluene, 

phosphoric acid, and thiobarbituric acid (TBA) solutions to each sample (standard or 

blank) and incubated them for 1 h in a dry bath at 100 °C. MDA-TBA adducts were 

formed, and pure n-butanol was added, vortexed, centrifuged, and the upper phase was 

collected to transfer it into an HPLC vial. We extracted the samples to inject them in 

duplicate into an Agilent 1200 HPLC system (Agilent Technologies, Santa Clara, CA, 

USA), and measured them with a fluorescence detector (ref. G1321A, Agilent 

Technologies). Repeatability was high for both plasma-MDA (ri = 0.87; n = 45; p < 0.001; 

inter-assay CV = 27.44 % and intra-assay CV = 15.41 %) and RBC-MDA (ri = 0.76, 
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n = 48, p < 0.001; inter-assay CV = 20.58 % and intra-assay CV = 14.45 %). We 

standardised the levels of RBC-MDA dividing by the total protein content. 

To obtain a biomarker of the general level of circulating antioxidant defences of 

the individual, as vitamin C, vitamin E and carotenoids that are frequently obtained with 

the diet, we measured the antioxidant capacity of plasma quantifying total antioxidant 

status (TAS) following Miller et al. (1993) with modifications described in López-Arrabé 

et al. (2014). We used an α-tocopherol derivative (Trolox) as a calibrator. The samples 

were run in duplicates whenever there was enough plasma (44 out of 46 samples), using 

96-well plates with a calibrator and blank. We ran a row per time to control the reaction 

delay. We added metmyoglobin (an equilibrated mixture of myoglobin and potassium 

ferricyanate) to each sample, blank, or control. We also added a chromogen (2,2 ′-

azinobis-3-ethylbenzothiazoline-6-sulfonic acid or ABTS) and H2O2 to start the reaction. 

We recorded absorbance at 660 nm, each 10 s at 37 °C. The repeatability calculated in 

duplicates was high (ri = 0.95; n = 43; p < 0.001), inter-assay CV was 14.19 % and the 

intra-assay CV 5.83 %.  

Uric acid is the main form of nitrogen excretion due to catabolism of amino acids 

in birds. Furthermore, it is also an endogenous antioxidant whose concentration is 

frequently positively related to TAS values (Cohen et al. 2007; Pérez-Rodríguez et al. 

2008), potentially confounding the interpretation of this biomarker (Cohen et al. 2007; 

Costantini 2011). Therefore, we measured uric acid in plasma to correct TAS values and 

as a measure of nutritional status, using a commercial kit (Biosystems, Barcelona, Spain). 

The test details were implemented according to the manufacturer's instructions, using 96 

well plates that we incubated at 37 °C for 10 min and measured absorbance at 520 nm. 



Chapter 3 

119 

 

All duplicates had high repeatability (ri = 0.99, n = 46, p < 0.001), inter-assay CV was 

4.07 % and the intra-assay CV was 3.86 %. 

Finally, we measured plasma triglycerides, as an indicator of the nutritional status 

of the birds and to standardise MDA measurements if necessary, using a commercial kit 

(Biosystems, Barcelona, Spain) according to the manufacturer's instructions. Triglyceride 

concentrations can be an index of lipid absorption a few hours before sampling and 

therefore reflect the individual’s state of fattening (Jenni and Jenni-Eiermann 1998). 

Furthermore, triglyceride levels can be related to MDA levels, either because MDA is 

also present in food or because MDA can also be influenced by the amount of circulating 

lipids (Pérez-Rodríguez, Romero-Haro et al. 2015). We tested 45 out of 48 samples in 

duplicate and measured their absorbance at 500 nm. The repeatability of duplicates was 

high (ri = 0.97; n = 44; p < 0.001), inter-assay CV was 1.72 % and the intra-assay CV 

was 3.98 %. 

2.5. Data Analysis 

All analyses were performed using R 4.2.2 (R Core Team 2022). Continuous 

variables were checked for normality, transformed when advisable, and z-standardised 

for comparison of effect estimates. We checked that residuals were distributed according 

to model assumptions with DHARMa R package (Hartig 2022) and specific diagnostic 

plots in each model. First, we tested our specific hypothesis, whether there is an effect of 

infection on food preference. Then, we analysed the relationships between infections in 

each physiological condition variable indicative of oxidative status. Finally, we examined 

the effects of physiological condition as predictors of food choice. When the multiple 
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infection status had a significant effect, we conducted Tukey's post-hoc comparisons of 

factor levels using the emmeans R package (Lenth 2022). 

To analyse the effect of infection on food preference, we fitted generalised linear 

mixed effects models (GLMM) with binomial error and logit link function using the lme4 

package R (Bates et al. 2015). Individual food preferences estimated as the proportion of 

feeding-oriented behaviours directed to either food choice had variable reliability 

depending on the number of behaviours performed by the individual (Douma and Weedon 

2019). Therefore, we use each behaviour as an observation of the binomial response 

variable 'preference', with values 0 (preference for anthocyanin-enriched food) or 1 

(preference for fat-enriched food). The 19 birds that did not show feeding-oriented 

behaviours were excluded from the analysis of food choice. We include the identity of 

the individuals as a random factor in our models to control the information available to 

estimate the preference of the individuals. Residual mass and infection were included as 

fixed predictors, along with year to reduce unexplained variance. We fitted two types of 

models to assess the nature of the effect of haemosporidian infections, each considering 

a different measure of infection: (1) whether the bird had no parasites, harboured a single-

parasite infection, or had a multiple infection, and (2) the intensity of infection. 

We controlled that haemolysis did not significantly affect physiological 

parameters (all differences between haemolysis levels: p > 0.08). Uric acid was controlled 

in the analysis of TAS, as both variables were positively correlated (r = 0.86). RBC-MDA 

was positively correlated with tGSH (r = 0.58), which we interpreted as a hormetic 

response (Costantini 2014) of migrating birds at stopover regulating antioxidant defences 

according to oxidative status. To correctly score the oxidative status of individuals 

captured at different stages along this gradient, we performed a Principal Component 
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Analysis (PCA) with RBC-MDA and tGSH, where PC1 measured hormesis (both 

variables with factor loading = 0.89, 79.1 % of variance explained, RBC hormesis 

hereafter), and PC2 measured exposure to lipid peroxidation relative to enzymatic 

antioxidant defences of RBC (factor loadings: tGSH = -0.46 and RBC-MDA = 0.46, 20.9 

% of variance explained, RBC oxidative stress hereafter).  

To assess the relationships between infection, and physiological condition of 

individuals, we fitted lineal models (LM) with physiological parameters as dependent 

variables. We assessed two types of models in relation to infection or intensity of infection 

(as described above) and included the year and residual mass as covariables. When an 

oxidative damage biomarker was analysed as a dependent variable, we included an 

antioxidant biomarker as a covariate and vice versa.  

Finally, we evaluated the relationships between physiological variables indicative 

of oxidative status and bird food preference. We assessed which physiological variables 

best predicted food preference using the Akaike information criterion (AIC) (Burnham 

and Anderson 2002) with the dredge function in the MuMIn package (Bartoń 2023). We 

used GLMM with preference as a binomial response and individual identity as a random 

factor. The saturated model included the fixed effects of year, three biomarkers of 

oxidative status (plasma-MDA, RBC hormesis and RBC oxidative stress), a biomarker of 

antioxidant capacity (TAS), and triglycerides and uric acid to correctly interpret the 

effects of plasma-MDA and TAS, respectively (note that uric acid also has antioxidant 

properties). We calculated multicollinearity with the variance inflation factor (VIF). We 

selected the best model based on AIC values corrected by small sample size (AICc), and 

averaged all models with ΔAICc ≤ 2 to compute the significance of effects (Symonds and 

Moussalli 2011). 
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3. Results 

Of 48 birds tested, 6 (4 in 2019 / 2 in 2020) were not infected with haemosporidian 

parasites, 28 (15/13) had single infections, and 14 (6/8) had multiple infections, two of 

which involved more than two parasite lineages. Detailed information on the prevalence 

of each parasite lineage found in this sample is available in Supplementary information. 

The infected birds had a very low intensity of infection (mean = 3.30 parasites in 5000 

RBC, sd = 4.33). Twenty-nine blackcaps performed feeding-oriented behaviours, of 

which 4 were not infected, 19 had single infections and 6 had multiple infections. 

3.1. Food preference and infection 

We found significant effects of year, residual body mass, and multiple infection on 

food preference (Table 1). Birds that harboured multiple infections showed a stronger 

preference for anthocyanin-enriched food than single-infected birds (z = 2.75; pTukey = 

0.016), but we failed to detect different food preferences between non-infected birds and 

individuals of the two infected groups (all pTukey values > 0.31), although the sample size 

of non-infected individuals showing feeding-oriented behaviours was small (Fig. 1). Fat 

preference was higher in 2020 and increased as blackcaps were fatter (Table 1). The 

intensity of infection did not influence food preference after controlling for the significant 

effect of residual mass and year (Table 1).  
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Figure 1. Variation in preference for fat-enriched food (as opposed to preference for 

anthocyanin-enriched food) between blackcaps with different levels of multiple status of 

infection by haemosporidian parasites (sample sizes in each group are indicated). Preference 

estimates (marginal means) with 95% confidence intervals represent the probability that 

feeding-oriented behaviours are directed to fat-enriched food, controlling for residual body 

mass and year. The p-value is shown for comparisons that were statistically significant in a 

Tukey's post-hoc test. Dots are observations of single feeding-oriented behaviours, which 

therefore take values of 0 if directed to anthocyanin-enriched food and 1 if directed to fat-

enriched food, jittered to reduce overlapping. The identity of individuals expressing these 

behaviours (represented with dots of different colour) has been controlled as a random factor 

in the model. 
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Table 1. GLMMs analysing variation in food preference as a function of ecological condition 

(residual body mass and parasite infection), controlling for the fixed effect of year, and including 

individual differences as a random factor. Significant results are highlighted in bold. Different 

models (in columns) with parasite infection quantified as the multiple infection status or the 

intensity of the infection were tested. Significance was assessed with likelihood ratio tests (LRT). 

Tukey’s post-hoc results for pairwise comparisons between levels of multiple status of infection 

(estimate ± se): not-infected vs single-infected = -1.79 ± 2.31, p = 0.72; not-infected vs multiple-

infected = 4.33 ± 2.96, p = 0.32; single-infected vs multiple-infected = 6.12 ± 2.22, p = 0.02. 

 Multiple status of infection Intensity of infection (log) 

 Estimate ± se LRT (df) p Estimate ± se LRT (df) p 
Parasite infection  8.02 (2) 0.02 -0.70 ± 1.11 0.38 (1) 0.54 
Residual body mass 1.92 ± 1.03 4.16 (1) 0.04 2.08 ± 0.95 5.99 (1) 0.01 
Year (2019) -2.82 ± 0.99 8.64 (1) 0.003 -3.10 ± 1.34 7.52 (1) 0.006 

 

3.2. Physiology and infection 

The multiple status of infection of the individuals had a marginal effect on the 

antioxidant capacity of plasma (F2,37 = 2.62; p = 0.09), although the plotted data (Fig. 2) 

suggested that single- and multiple-infected birds had very similar TAS values corrected 

by uric acid levels (not-infected: mean ± SE = 0.43 ± 0.51; single-infected: -0.05 ± 0.58; 

multiple-infected: -0.05 ± 0.26). Taking single- and multiple-infected birds together, TAS 

values of infected birds were significantly lower than those of non-infected birds (contrast 

between infected and non-infected individuals: F1,37 = 4.87; p = 0.034). We did not find 

any significant relationship between residual mass or infection status and haemoglobin, 

triglycerides, uric acid, plasma-MDA, RBC hormesis, or RBC oxidative stress 

(Supplementary information). 



Chapter 3 

125 

 

 

Figure 2. Variation in plasma antioxidant capacity (z-standardised TAS values) between 

blackcaps with different levels of multiple status of infection by haemosporidian parasites 

(sample sizes in each group are indicated). Estimates (dark circles) and 95 % confidence intervals 

were computed from a model controlling for uric acid content, residual body mass, year and 

plasma MDA. Pale dots are individual estimates, jittered horizontally to reduce overlapping. The 

p-value corresponds to the difference between non-infected birds and the two groups of 

infected individuals (single- and multiple-infected birds together) when the model was fitted 

with this contrast for the levels of the multiple status of infection. 

3.3. Food preference and physiology 

We obtained six models with ΔAIC ≤ 2 (Table 2), which were deemed equally good to 

explain food preference. The model with lowest AICc value included RBC oxidative 

stress, plasma-MDA (log-transformed), uric acid and year. Given that the best model was 

not strongly weighted against competitor models, we used a full model averaging of the 

six models to obtain parameter estimates following (Symonds and Moussalli 2011). 

Plasma-MDA was the only physiological variable with a significant effect on food 

preference: individuals with lower log-transformed plasma-MDA preferred fat-enriched 

food (full model estimate ± adjusted SE = -2.08 ± 1.04, P = 0.047) controlling for an 
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effect of the year (estimate ± adjusted SE = -1.99 ± 1.01, P = 0.049, all other effects with 

P > 0.07). 

 

Table 2. Selection of the best models to explain food preference as a function of physiological 

parameters involved in oxidative status. The models are arranged according to the Akaike 

Information Criterion corrected by sample size (AICc), where the best model (number 1) is the 

one with lowest AICc. Models with ΔAICc ≤ 2 are shown (6 best models out of 128 candidates), 

indicating their AICc value, the increase in AICc compared to the best model, the model weight 

and the number of parameters. The same information is shown for the null model (ranked 95) 

at the end of the table. 

Model AICc ΔAICc Weight k 
1.RBC stress + plasma MDA (log) + uric acid + year 210.67 0.00 0.07 6 
2. plasma MDA (log) + uric acid + year 211.12 0.45 0.05 5 
3.RBC stress + plasma MDA (log) + uric acid + TAS + year 211.92 1.25 0.04 7 
4.RBC stress + plasma MDA (log) + year 212.01 1.34 0.03 5 
5. RBC hormesis + RBC stress + plasma MDA (log) + uric 
acid + year 

212.39 1.72 0.03 
7 

6.RBC stress + plasma MDA (log) + TAS + year 212.58 1.91 0.03 6 
95. Null model 217.55 6.88 0.00 2 

 

4. Discussion 

Our behavioural test with young male blackcaps captured on migration showed that 

birds preferred anthocyanin- or fat-enriched food alternatives depending on their 

physiological condition. The results supported a scenario in which feeding decisions may 

help birds to cope with the oxidative challenges they face as they recover from and 

prepare to the intense aerobic exercise during endurance flight. In this scenario, 

haemosporidian parasites could have an impact on host physiology by exacerbating 

oxidative challenges through the depletion of the antioxidant capacity. This impact may 
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have influenced on individual food preferences making birds with infections by multiple 

parasites more likely to choose antioxidant-enriched food, which supports the idea that 

increasing the intake of dietary antioxidants may be a self-medication mechanism to cope 

either with elevated risk of oxidative stress due to infection (Zuzarte-Luís and Mota 

2018), or with the infection itself (Lehane and Saliba 2008; Masello et al. 2018). Our 

observations of infected birds having lower total antioxidant capacity, and individuals 

with higher levels of oxidative damage to lipids having preference for anthocyanin-

enriched food, are compatible with this interpretation. However, further analyses with 

larger samples especially of non-infected birds, and preferably under more controlled 

conditions would be required to substantiate this conclusion. 

The small sample size for non-infected birds showing feeding-oriented behaviours 

did not allow drawing reliable conclusions regarding the feeding preferences of this 

group, and therefore we focus our discussion on the two groups of infected individuals. 

Co-infected blackcaps showed stronger preference for anthocyanin-enriched food than 

single-infected ones. Consumption of antioxidants such as anthocyanins could be a means 

of self-medicating against haemosporidians (Akinnusi et al. 2023) if it reduced oxidative 

damage caused by the parasite or by activation of the immune system during the infection 

(Beaulieu and Schaefer 2013; de Roode et al. 2013; Muriel 2020). This effect of 

parasitism was only significant in multiple infections, which could increase parasite 

virulence or the cost of the host's immune response (Pigeault et al. 2018; Garcia-Longoria 

et al. 2022), although the small sample size of uninfected birds forces us to take this result 

with caution. In this context, the consumption of antioxidants could be detrimental to the 

energy intake essential for migration performance (Beaulieu and Schaefer 2014), or it 

could compromise the active search of alternative essential nutrients, such as 
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polyunsaturated fatty acids that may enhance physiological performance during migration 

(Weber 2009). However, the consumption of anthocyanin-enriched food by multiple-

infected birds could be a means to alleviate the potential oxidative stress caused by 

virulent infections. 

We found a small correlation between infection and the oxidative balance, since 

infected birds showed lower values of plasma antioxidant capacity. Antioxidant depletion 

associated with immune activation (Costantini and Møller 2009) or production of free 

radicals as a result of parasite exploitation (Percário et al. 2012) may induce an increase 

in ROS in infected birds (Delhaye et al. 2016), that should be compensated through diet. 

Similar results of infections have been found in other stressful situations such as during 

reproduction (Badás et al. 2015), or in low-quality habitat (Messina et al. 2022). However, 

we did not detect any correlation between infection status and other biomarkers of 

oxidative status. These correlations could have been concealed by a hormetic response, 

which is supported by a positive correlation between tGSH and RBC-MDA. Faced with 

predictable oxidative stress, migrating birds could up-regulate antioxidant defences 

before suffering too much oxidative damage (Costantini 2010; McWilliams et al. 2021), 

thus buffering the relationships between oxidative parameters and the sources of stress. 

We did not find any relationship between parasitemia and biomarkers of oxidative 

stress, although other studies have found it in other species such as great tits Parus major 

(Isaksson et al. 2013; Delhaye et al. 2016). However, blackcaps showed very low 

parasitemia in our study, probably as a consequence of parasite retreat to internal tissues 

after the summer (Valkiūnas et al. 2004; Pérez-Rodríguez, de la Hera et al. 2015), 

although mortality during acute infection in younger individuals may contribute to 

explain the pattern (Garcia-Longoria et al. 2022). This result indicates that blackcaps 
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during autumn migration have mostly chronic infections with few parasites in the 

bloodstream (possibly derived from infections acquired during the breeding season; 

Pérez-Rodríguez, de la Hera et al. 2015), yet such low-intensity infections may have an 

impact on oxidative status during migration, which could contribute to the mortality cost 

of haemosporidian infections observed in other migratory bird species (Asghar et al. 

2015). 

We found a positive correlation between relative body mass and preference for fat-

enriched food, which we attribute to the fact that body mass of migrating blackcaps 

captured on stopover is most dependent on the time they have spent at the stopover site, 

as birds gain body mass from arrival to departure (Langslow 1976; Arizaga et al. 2010). 

Thus, leaner birds may prefer anthocyanin-enriched food if dietary antioxidants help them 

cope with oxidative damage associated to the aerobic effort of the preceding flight stage 

(Costantini 2008; Eikenaar et al. 2020). Conversely, fatter birds closer to departure may 

focus on putting on fats to fuel the next flight stage, thereby preferring fat-enriched food. 

Preference for olive oil could be further increased close to departure if birds benefit from 

acquiring so-called "natural doping" polyunsaturated fatty acids present in olive oil as 

these may increase metabolic efficiency during endurance flight (Weber 2009). Our 

interpretation of the relationship between body mass and food preferences observed in 

blackcaps is supported by the fact that blackcaps lose weight on arrival at stopover sites 

(Langslow 1976), which may be indicative of a period when tissue repair is being 

prioritized over fat deposition, dependent on individual condition at arrival. Furthermore, 

birds with less oxidative damage in plasma (as measured by MDA) selected fats rather 

than anthocyanins, supporting the idea that individuals with a good oxidative status could 

focus on rebuilding fat stores or prioritise the intake of alternative essential nutrients that 
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may give them a physiological advantage during endurance flight (Weber 2009; 

Costantini 2010; Beaulieu and Schaefer 2014).  

Understanding the intricate relationships between body condition, oxidative status 

and dietary preferences during migration has long been at the centre of research on the 

physiological performance of migrating birds (Weber 2009). Although the small sample 

size (especially of non-infected birds) and the influence of natural variation in our study 

force us to draw conclusions with caution, our results support the idea that 

haemosporidian infections have an influence on these relationships by exacerbating the 

oxidative challenges faced by birds during this critical life cycle stage, thereby providing 

a physiological mechanism to explain the negative impact of chronic avian malaria 

infections on survival observed in migrating birds (Asghar et al. 2015), and emphasising 

the importance of accounting for parasite infections in studies of animal performance 

(Chrétien et al. 2023).  
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Supplementary information 

Supplementary Figure S1 

 

Figure S1. Posterior view of the cage as displayed for the blackcaps. They could see the outside 

through the front, where the camera was installed. All other surfaces were covered. The cage 

had a perch in the front and two semi-vertical perches where the two food choices were 

presented, in this case anthocyanin-enriched food is to the left of the image and fat-enriched 

food to the right. Note that the two food choices are readily distinguishable by their colour, 

which blackcaps may use as a reliable clue of nutrient content of fruits (Schaefer et al. 2008). 
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Supplementary Table S1 

Table S1. Identity and prevalence (n = 48) of the haemosporidian parasites found in the study. 

Distinct parasite lineages differ from other lineages by at least one base pair of the MalAvi 

barcode (478 bp of the Cytochrome b gene), and are named referred to according toby their 

names in that database (Bensch et al., 2009). Lineages have been identified to genus level based 

on DNA sequence similarity with known parasites, and those that belong to known species are 

named accordingly. Unknown parasites are those for which the genetic barcode could not be 

sequenced. The total number of parasite occurrences is higher than the number of infections 

due to multiple infections (the table shows the number of single infections of each parasite 

followed by the number of multiple infections in which it was involved in parentheses). Six 

individuals were not infected. 

Genus Lineage Species Occurrences Prevalence 
Haemoproteus SYAT01 H. parabelopolskyi 12 (5) 35.4 %

SYAT02 H. parabelopolskyi 1 (8) 18.8 %
SYAT03 H. pallidulus 1 2.1 %
SYAT07 H. parabelopolskyi 1 (6) 14.6 %
SYAT10 Undetermined 1 2.1 %
SYAT13 Undetermined 2 (0) 4.2 %
WW2 H. majoris 1 2.1 %
Unknown Haemoproteus Undetermined 7 (1) 

Plasmodium SYAT05 P. vaughani 0 (1) 2.1 %
Unknown Plasmodium Undetermined 2 

Leucocytozoon BT2 Undetermined 1 2.1 %
SYAT22 Undetermined 1 2.1 %

 Unknown Leucocytozoon Undetermined 2 (1) 
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Supplementary Table S2 

Table S2. Linear models analysing the relationships between physiological parameters and 

parasites, controlling by year and residual body mass. All significant results are highlighted in 

bold. We used parasites as a global term to refer to the multiple infection status and the intensity 

of infection. TAS11. TAS measurements are corrected with uric acid when included as covariate. 

 

 

  
Multiple infection 

status 
Intensity of 

infection (log) 

  df F  p df F p 
Haemoglobin Parasite variable 2,43 0.74 0.48 1,38 2.52 0.12 

 Residual mass 1,43 0.06 0.8 1,38 1.41 0.24 

 Year 1,43 1.23 0.27 1,38 0.55 0.46 
TAS Parasite variable 2,37 2.62 0.09 1,33 0.69 0.41 

 Residual mass 1,37 0.12 0.74 1,33 0.67 0.41 

 Year 1,37 5.15 0.03 1,33 3.38 0.07 

 Uric acid 1,37 137.6 <0.001 1,33 130 <0.001 

 Plasma-MDA (log) 1,37 0.01 0.92 1,33 0.05 0.82 
Uric acid 
 Parasite variable 2,42 0.74 0.49 1,37 1.88 0.18 

 Residual mass 1,42 0.31 0.58 1,37 0.9 0.35 

 Year 1,42 0.25 0.62 1,37 0.22 0.64 
Plasma-MDA Parasite variable 2,38 0.40 0.68 1,34 0.56 0.46 

 Residual mass 1,38 3.13 0.09 1,34 1.67 0.21 

 Year 1,38 0.58 0.45 1,34 0.74 0.40 

 TAS1 1,38 <0.01 0.95 1,34 0.07 0.80 
RBC hormesis Parasite variable 2,43 0.93 0.40 1,38 0.19 0.66 

 Residual mass 1,43 0.25 0.61 1,38 0.79 0.38 

 Year 1,43 0.41 0.53 1,38 0.66 0.42 
RBC oxidative 
stress Parasite variable 2,43 0.02 0.98 1,38 0.43 0.52 

 Residual mass 1,43 0.96 0.33 1,38 0.61 0.44 

 Year 1,43 0.24 0.63 1,38 0.53 0.47 
Triglycerides Parasite variable 2,42 0.15 0.86 1,37 0.06 0.81 

 Residual mass 1,42 0.09 0.76 1,37 0.05 0.83 

 Year 1,42 1.95 0.17 1,37 1.56 0.22 
 
1TAS values were corrected by uric acid when TAS was included as a covariate. 
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General discussion 

In this thesis we have applied a multilevel approach to unveil the differences in 

exposure to vectors and competence of birds as hosts for haemosporidian parasites, at the 

among-species level in a community of Neotropical birds, and at the within-species level 

in a population of migrating blackcaps. We found that, at the community level, there are 

some ecological traits of species that shape parasite prevalence, such as exposure to 

vectors and coping behaviours that may determine host competence in tropical areas 

(Chapter 1). Chapters 2 and 3 delve into the differences in host competence among 

individual birds from the same species by investigating behavioural and physiological 

mechanisms that help them cope with parasite infections. In Chapter 2, the distribution of 

parasite infections in the population, and variation in physiological parameters of 

individuals of different sex and age classes in relation to infection levels, are coherent 

with the existence of trade-offs between coping with infection and other physiological 

demands (in this case associated with migration).  Finally, we show that birds could have 

behavioural adaptations (i.e., feeding choice) to better cope with parasites during 

physiologically demanding periods, which may help them to reduce the physiological 

cost of infection (Chapter 3). 

As shown in this thesis, the coping capacity of birds against haemosporidian 

parasites may differ between species and individuals. We found that behavioural 

responses to infections are key in the distribution of prevalence of infection. Our results 

suggest that host feeding behaviour may be important in host-parasite interactions. We 

found evidence of dietary shifts as a behavioural response of individuals to infections, 

and, according to our comparative analysis, dietary differences among species may play 

a key role in shaping the distribution of prevalence at the community level. In contrast 
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with most studies regarding diet and infection, we have paid a lot of attention to the 

formulation of the feeding behaviour and have developed an observational trial to test the 

capacity of birds to select their food to meet their needs. We found an important role of 

plant-based diets most of which could be rich in antioxidants and antimalarial compounds 

(Lehane and Saliba 2008; Rudrapal and Chetia 2017). These dietary antioxidants could 

be compensating the oxidative damage generated by the metabolism of the parasite 

(Costantini and Møller 2009; Sorci and Faivre 2009) or the activation of the immune 

system (Costantini 2010a); or enhancing the immune system itself (Sorci and Faivre 

2009). Then, the effects of feeding behaviour could vary depending on the coping 

mechanism activated. This dietary mechanism is highly important in the case of migratory 

birds that rely on plant-based diets during stopovers; however, the effect of other kinds 

of diets and movements are still to discover. In the case of the tropical community, the 

bird species that presented the highest prevalence were the ones consuming most plant-

based diets (as detected by beak slenderness and the actual proportion of plant matter in 

their diets; Bright et al. 2016; Navalón et al. 2019), which could be compatible with 

defensive mechanisms activated through diet (Beaulieu and Schaefer 2013; Masello et al. 

2018).  On the other hand, migrating blackcaps showed a preference for antioxidant-rich 

diets when presenting coinfections that previous studies have shown to be generally more 

virulent than single infections (Marzal et al. 2008; García-Longoria et al. 2022), which 

could be a mechanism to reduce the costs of infections or to clear them (Costantini and 

Møller 2009; Percário et al. 2012; Costantini 2014). If feeding on (antioxidant-rich) plants 

helps birds live with parasites without reducing fitness (i.e., plant-based diet favours 

tolerance), our results support the idea that plant-based diets make more competent bird 

hosts for haemosporidian parasites. 
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We highlight the importance to carry out studies that contemplate individual and 

species differences in relation to parasitic infections to uncover the differential 

competence of hosts. At individual level, we found that first-year blackcaps suffer more 

haemosporidian coinfections during autumn migration. These blackcaps are still 

developing their immune system and physiology, and carry infections for the first time, 

therefore the impact of infections might be especially strong for them, since we found a 

concentration of coinfections that might be more virulent (Palinauskas et al. 2018). We 

did not find any sex difference in the effects of haemosporidian parasites, maybe due to 

the concentration of infections in young individuals, which are not sexually mature and 

hence may have an attenuated influence of sex hormones modultating their immune 

system (Roved et al. 2017; Vincze et al. 2022). Parasite prevalence of different passerine 

species from French Guiana was correlated with ecological traits indicative of their 

exposure to vector bites and their plant-based diet, which could increase parasite 

acquisition and host competence. Although we found evidence that differences in parasite 

prevalence among Neotropical species depended on exposure to vectors and coping 

mechanisms that may boost host competence, we did not find any phylogenetic tendency. 

This could mean that it is the ecological traits of birds and not just their ancestry what is 

leading parasitic prevalence. However, we found that antbirds (Thamnophilidae), which 

were the best represented group in our sample, are accumulating infections in this 

community, being reservoirs for haemosporidinas in tropical regions (Fecchio et al. 

2017). This group of birds presents a morphology and life-style that increment the 

exposure to vector bites (long legs and a foraging strategy that implyies species dwelling 

in dense vegetation, where most dipteran vectors rest; Snow 1955; Service 1971; Burkett-

Cadena et al. 2013; van Hoesel et al. 2019), mostly to mosquitoes transmitting 

Plasmodium parasites (Service 1971; Burkett-Cadena et al. 2013; van Hoesel et al. 2019; 
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Santiago-Alarcón and Marzal 2020). We did not find any relationship between the body 

size of Neotropical birds and parasite prevalence (Ellis, Huang, et al. 2020). Although 

there is evidence of some effect of body size on the abundance of parasites (Scheuerlein 

and Ricklefs 2004; Ricklefs et al. 2005), this trait has not been found relevant in many 

other studies (Matthews et al. 2016; Ellis, Fecchio, et al. 2020), possibly because of 

phylogenetic influences as body size is correlated with many life-history traits that may 

be more important in determining variation in prevalence (Poulin 1995). We did not find 

any relationship between body size and prevalence, although the homogeneity of body 

sizes in our passerine sample could have made such an effect especially difficult to detect. 

The role of exposure to vectors in the transmission of haemosporidian parasites 

has been studied at the community level. We included not only morphological traits of 

species that could increase the probability of being bitten by a dipteran vector, such as the 

proportion of skin not covered by feathers. But also behavioural and life-history traits that 

could modulate the rate of vector bites, such as the foraging time spent within the 

understory (Fecchio et al. 2022). We found that species with strongest territorial 

behaviour harboured higher prevalence, possibly increasing the encounter rate with 

vectors due to patrolling movements (Herrera and Nunn 2019), or because of weaker 

immune system due to increased testosterone levels (Wingfield et al. 1987; Folstad and 

Karter 1992; Hau et al. 2000). 

One of the main results of this thesis is the importance of trade-offs to discover 

parasitic costs and the capacity of each host to deal with them. Migration is known to 

have physiological and energetic costs (Skrip et al. 2015; Eikenaar, Winslott, et al. 2020) 

which helped us find that, in migrating blackcaps dealing with costly haemosporidian 

parasites, oxidative stress may arise through an increase in the oxidative damage (Delhaye 



General discussion 

141 

 

et al. 2016) and a consumption of antioxidants (Costantini and Møller 2009). Stopovers 

are used to rebuild fat stores of migrating birds (Araújo et al. 2019) and cope with 

oxidative damage from long flights (Eikenaar, Winslott, et al. 2020). Then, when birds 

are about to continue their journey, they have to focus on putting on fats (Jenni and Jenni-

Eiermann 1998; McWilliams et al. 2021). If birds need to deal with oxidative costs of 

infections, they would need to invest time and resources on this, choosing antioxidant-

rich diets instead of more energetic ones (Mancio-Silva et al. 2017; Zuzarte-Luís and 

Mota 2018). This means that, during migration, blackcaps could self-medicate against 

oxidative damage when they present virulent infections (Beaulieu and Schaefer 2013; de 

Roode et al. 2013; Muriel 2020). From this perspective, feeding on protective foods 

would be a mechanism of tolerance rather than one of resistance, an interpretation which 

aligns with the observation of higher prevalence on species that rely more strongly on 

plant food in our comparative study of rainforest passerines from French Guiana. 

Nevertheless, interpretations about the oxidative status of birds should be carefully 

considered since most oxidative stress markers could interact with one another and be 

influenced by different factors, which often makes it difficult to correctly interpret them 

in natural settings. 

In our studies, we found that consequences of haemosporidian infections are 

detectable only when the infections could be more virulent, i.e., in infections with several 

parasites and coinfections with Plasmodium. Since the parasitemia in all our studies was 

relatively low, perhaps because most infections were chronic, this factor did not play an 

important role. However, there is evidence that Plasmodium infections and coinfections 

with multiple parasite lineages are more virulent (Alizon and van Baalen 2008; Marzal et 

al. 2008; Palinauskas et al. 2018; Pigeault et al. 2018; Rivero and Gandon 2018), causing 
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more costs to their hosts in some cases (Santiago-Alarcón et al. 2012; Videvall 2019; 

García-Longoria et al. 2022). This increased virulence could explain the increasing 

oxidative stress in our blackcap population. 

We described the community of parasites (and host-parasite interactions) in birds 

from French Guiana. Tropical regions are hot-spots for diversity of birds, vectors and 

parasites (Clark et al. 2014; Moens and Pérez-Tris 2016; Harvey et al. 2020; Santiago-

Alarcón and Marzal 2020), making them the perfect scenario to look for haemosporidian 

reservoirs. The prevalence of infections concentrated in one of our well-sampled groups, 

passerines. Hummingbirds were also extensively sampled, however, we found only one 

infection out of 187 birds, that we were unable to sequence, possibly due to the absence 

of key parasites in hummingbirds, like Haemoproteus witti (Moens et al. 2016). We found 

low prevalence in general (Harrigan et al. 2014), being Plasmodium the most abundant 

genus, followed by Haemoproteus and, with very little presence, Leucocytozoon. The 

composition of the parasite community is similar to the observed in other tropical areas 

(Fecchio et al. 2018), possibly due to the scarcity of competent vectors for Haemoproteus 

(Fecchio et al. 2018; Fecchio, Bell, et al. 2020), or the failed development of some 

Leucocytozoon parasites in the Neotropics (Fecchio et al. 2018; Fecchio, Bell, et al. 2020). 

Other important aspect of our sampling site in French Guiana, is that all the infections are 

locally acquired, since all birds were resident (Thiollay 1994), making it possible to 

unambiguously allocate correlations between ecological traits and local transmission, 

which was much more difficult for most previous studies (Ricklefs et al. 2005; Ellis, 

Huang, et al. 2020; Ellis, Huang, et al. 2020; Fecchio, Chagas, et al. 2020; Gupta et al. 

2020; Fecchio, Lima, et al. 2021; Fecchio et al. 2022). 
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We also described the community of parasites present in the blackcap population, 

which has been widely studied (Pérez-Tris and Bensch 2005b; Pérez-Tris et al. 2007; 

Pérez-Rodríguez et al. 2013), but not so much during autumn migration and 

differentiating sex and age classes in the population. Perhaps the different infection status 

found between first-year birds and adults could be due to a filter of more virulent parasites 

that decrease the chances of younger individuals to complete their first migration, or the 

capacity of adults to clear virulent coinfections (Belo et al. 2011; Ellis et al. 2014). 

We implemented in all chapters a new methodology to detect haemosporidian 

infections (Ciloglu et al. 2019). This new multiplex PCR has been useful to detect more 

infections and multiple infections than the traditional nested PCR (Hellgren et al. 2004), 

since the multiplex PCR is more sensitive to lower intensities of infection and amplifies 

the three genera of parasites, making it possible to identify multi-genus coinfections (the 

traditional nested PCR amplifies Plasmodium and Haemoproteus with the same primers). 

In the blackcap population the nested technique only detected 5 out 22 coinfections with 

Plasmodium. We enhanced the parasite detectability with the multiplex PCR (in French 

Guiana, 41.9 % of infections would have not been detected with just the nested 

technique). In some samples from French Guiana, we found evidence of interferences of 

avian genome with the PCR techniques applied. We conducted our determination of the 

infection status of these birds carefully, with a first screening step with the multiplex 

PCR, followed by a nested PCR to determine parasite lineages, and ending with an 

uniplex PCR (using one pair of primers from the multiplex technique) in the cases that 

were not clear (even sequencing its products). This way, we could unambiguously 

determine the infection status of Neotropical birds. Then, we recommend using this new 

multiplex PCR technique (Ciloglu et al. 2019) in all samples since it allows to identify 
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more coinfections, as well as infections that may have low detectability with classic 

methods. However, it is advisable to take some precautions especially in the cases of 

samples that have not being thoroughly tested for this technique, since there might be 

some problems with the amplification of unspecific products that sometimes may 

recommend re-testing before confirming a positive. For this matter, we proposed a 

modification of the multiplex PCR, using a uniplex approach as described above to double 

check positive infections and sequencing the PCR products when deemed necessary. 

Future investigations following this thesis could, in the case of the community of 

French Guiana, include sampling from more species and incrementing the number of 

sampled individuals for each species. Doing so could enable us to to expand the set of 

ecological traits implied in haemosporidian prevalence in a more complete and diverse 

bird community. A future perspective would the including some intra-species traits such 

as age, sex or morphological attributes, which was impossible for us because of the small 

sample size available. The increase in sample size could enhance our statistical power to 

find new drivers of host competence. Finally, for the blackcap population, future studies 

should be carried out in controlled conditions, to better test the effect of haemosporidians 

in diet choice throught longitudinal tests. We could control both the infection status and 

the food offer and confirm whether infected birds would preferentially choose 

antioxidant-enriched diets, improving their oxidative status and decreasing their parasitic 

load. Moreover, studing food choice in other migrating bird species with different 

stopover regimen and diet shift could make it possible to generalise our findings.
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Conclusions 

1. In our studies, avian haemosporidian prevalence is partially explained by birds’ 

traits associated with exposure to parasite infections and with their competence as 

parasite hosts. Feeding behaviour emerges as an important trait, which may play 

a similar role in anti-parasite defence at species and individual levels. 

2. Plant-based diets may mediate in the coping capacity of birds dealing with 

oxidative stress derived from haemosporidian parasites. From this perspective, 

our study supports the idea that birds can self-medicate against oxidative stress 

when infected by haemosporidian parasites. 

3. More virulent haemosporidian infections (coinfections and Plasmodium 

infections in our case), are associated with impaired oxidative balance in 

migrating birds. This observation supports the view that haemosporidian 

coinfections come at greater cost for the host than single infections. 

4. The study of parasites during challenging situations, such as migration, is helpful 

to unveil the costs of infection. Migrating is physiologically costly, and more so 

for infected individuals. 

5. Young birds might have more difficulties dealing with haemosporidians during 

challenging situations: in our study, the most virulent parasite infections, which 

were correlated with impaired oxidative balance, concentrated in young 

individuals. 

6. Behavioural adaptations involving feeding decisions may influence the 

physiological status of infected birds. Oxidative stress provides a physiological 

link between parasite infection and host behaviour. 
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7. The study of tropical environments enables the discovery of new parasites and 

parasite reservoirs.  

8.  Combining screening methods that promote high detectability and correct 

identification of parasites proves essential to produce sound estimates of parasite 

prevalence, lowering the rate of false negatives and increasing the capacity to 

detect coinfections. These practicalities may be key in comparative analyses of 

parasite prevalence or in studies aiming to identify the physiological costs of 

parasite infections. 
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Appendix 

Open science statement 

All data, R code and laboratory protocols necessary to reproduce the results of this 

thesis are available upon request. Data and code will be made publicly available in open 

access repositories along with the publications derived from the corresponding thesis 

chapters. 

Statistical packages 

For all statistical analysis we used R version 4.2.2 (R Core Team 2022a) and the 

following R packages extracted from grateful package version 0.2.4 (Rodriguez-Sanchez, 

2023) report: ape v. 5.7.1 (Paradis and Schliep 2019), betareg v. 3.1.4 (Cribari-Neto and 

Zeileis 2010; Grün, Kosmidis, and Zeileis 2012), blmeco v. 1.4 (Korner-Nievergelt et al. 

2015), brant v. 0.3.0 (Schlegel and Steenbergen 2020), brms v. 2.18.0 (Bürkner 2017, 

2018, 2021), caper v. 1.0.2 (Orme et al. 2023), car v. 3.1.1 (Fox and Weisberg 2019a), 

coda v. 0.19.4 (Plummer et al. 2006), corrplot v. 0.92 (Wei and Simko 2021), DHARMa 

v. 0.4.6 (Hartig 2022), DirichletReg v. 0.7.1 (Maier 2014, 2021), DT v. 0.26 (Xie, Cheng, 

and Tan 2022), effects v. 4.2.2 (Fox 2003; Fox and Hong 2009; Fox and Weisberg 2018, 

2019b), emmeans v. 1.8.3 (Lenth 2022), geiger v. 2.0.11 (Harmon et al. 2008; Alfaro et 

al. 2009; Eastman et al. 2011; Slater et al. 2012; Pennell et al. 2014), ggdist v. 3.2.0 (Kay 

2022), gghalves v. 0.1.4 (Tiedemann 2022), ggstance v. 0.3.6 (Henry, Wickham, and 

Chang 2022), ggtern v. 3.4.1 (Hamilton and Ferry 2018), glmmTMB v. 1.1.5 (Brooks et 

al. 2017), glue v. 1.6.2 (Hester and Bryan 2022), GPArotation v. 2022.10.2 (Bernaards 

and I.Jennrich 2005), gridExtra v. 2.3 (Auguie 2017), gtools v. 3.9.4 (Bolker, Warnes, 

and Lumley 2022), here v. 1.0.1 (Müller 2020), huxtable v. 5.5.2 (Hugh-Jones 2022), 

jtools v. 2.2.1 (Long 2022), kableExtra v. 1.3.4 (Zhu 2021), knitr v. 1.41 (Xie 2014, 2015, 
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2022), lattice v. 0.20.45 (Sarkar 2008), lawstat v. 3.5 (Gastwirth et al. 2022), lme4 v. 

1.1.31 (Bates et al. 2015), LMERConvenienceFunctions v. 3.0 (Tremblay et al. 2020), 
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