
Promoters
Prof. Dr Erik Matthysen
Dr Dieter J. A. Heylen                                                     

Faculteit Wetenschappen
Departement Biologie
Antwerpen 2015

Proefschrift voorgelegd tot het behalen van  
de graad van doctor in de wetenschappen aan 
de Universiteit Antwerpen ter verdediging door

A. Raoul Van Oosten

Adaptations to an endophilic lifestyle  
in the tree-hole tick



 

 

Faculteit Wetenschappen 

Departement Biologie 

 

 

Adaptations to an endophilic lifestyle in the 

tree-hole tick 

Aanpassingen aan een endofiele levenswijze 

in de teek Ixodes arboricola 

 

 

Dissertation submitted to obtain the degree of Doctor in Sciences at the University of 

Antwerp by 

Proefschrift voorgelegd tot het behalen van de graad van Doctor in de Wetenschappen aan de 

Universiteit Antwerpen ter verdediging door 

 

A. Raoul Van Oosten 

  

Promotors:  Prof. Dr Erik Matthysen 

   Dr Dieter J. A. Heylen 

 

Antwerp, 2015 

 



Promotors: Prof. Dr Erik Matthysen 

  Dr Dieter J. A. Heylen 

Other members of the jury:  

  Prof. Dr Thierry Backeljau 

  Antwerp University 

  Prof. Dr Ellen DeCaestecker 

  KU Leuven 

  Prof. Dr Herwig Leirs 

  Antwerp University 

  Prof. Dr Maxime Madder 

  Instituut voor Tropische Geneeskunde, Antwerp 

  Prof. Dr Karen D. McCoy 

  CNRS, Montpellier 

 

Van Oosten, A.R. 2015. Adaptations to an endophilic lifestyle in the tree-hole tick. PhD 

Diss., Evolutionary Ecology Group, University of Antwerp, Groenenborgerlaan 171, B-2020 

Antwerp, Belgium. 157 pp. 

Cover photo by Frank Adriaensen. 

  



Acknowledgements 

 

I would like to express my special appreciation to my advisors, Prof. Dr Erik Matthysen and 

Dr Dieter Heylen, for encouraging my research and allowing me to grow as a researcher. Your 

advice on both research and my career has been invaluable. 

I would also like to thank my committee members, Prof. Dr Thierry Backeljau, Prof. Dr 

Ellen Decaestecker, Prof. Dr Herwig Leirs, Prof. Dr Maxim Madder and Prof. Dr Karen 

McCoy, for their insightful comments and encouragement, but also for the questions which 

motivated me to widen my research from various perspectives. 

Many thanks go out to all my colleagues for their interest in me and my project, and the 

myriad moments of joy and inspiration both in- and outside the work place. I am particularly 

grateful to Joris Elst, Dr Frank Adriaensen, Natalie Van Houtte, Indra Jacobs, Sophie Philtjens, 

Frans Fierens and Karin Breugelmans for their support in the lab and the field, and to Michel 

Switten for his support with all financial and paperwork matters. 

A special thanks to my friends and family. Words cannot express how grateful I am to my 

parents, brother and sister and brother-in-law for all of the sacrifices that you’ve made on my 

behalf. Your support was what sustained me thus far. I would also like to thank the members 

of my band Epic Mind; Nathaniël, Folkert and Leon, your ever-lasting devotion and flexibility 

to make music with me has provided me with the distraction I needed during these intense 

years. Finally, I would like express my endless appreciation to my beloved partner Naomi for 

all the love, care and patience you gave me, and all the sacrifices you made so I could carry out 

my research. I could not have done it without you. 

  



  



TABLE OF CONTENTS 

 

Chapter 1 General introduction ...................................................................................... 7 

Chapter 2 Population genetic structure of the tree-hole tick Ixodes arboricola (Acari: 

Ixodidae) at different spatial scales ............................................................. 27 

Chapter 3 Seasonal feeding activity of the tree-hole tick, Ixodes arboricola .............. 43 

Chapter 4 Host specificity of a bird-specialised endophilic ectoparasite, the tree-hole 

tick Ixodes arboricola .................................................................................. 57 

Chapter 5 An experimental test to compare potential and realised specificity in ticks 

with different ecologies ............................................................................... 71 

Chapter 6 Mating strategies are linked to life history, a case study with the dispersal-

limited, ectoparasitic tree-hole tick Ixodes arboricola ................................ 87 

Chapter 7 The more the merrier – experimental evidence for density-dependent feeding 

facilitation in the bird-specialised tick Ixodes arboricola ......................... 105 

Chapter 8 General discussion and future perspectives ............................................... 121 

Dutch summary ......................................................................................... 139 

References ................................................................................................. 143 

 

  



 



7 

 

CHAPTER 1 

General introduction 

 

There is much diversity in nature, from the tiny retroviruses with a genome of 3.5 kilo base 

pairs and a particle diameter of 80 nanometers up to the giant sequoia tree Sequoiadendron 

giganteum at 85 meters high and 7 meters in diameter, and the blue whale Balaenoptera 

musculus measuring 30 meters long and weighing 190 tonnes. Also within species, no two 

individuals are alike. This diversity amazes us and, as ecologists, we try to understand why 

there is so much variation, and aim to study interactions among organisms of the same or 

different species and between organisms and their non-living environment (Poulin, 2007). But 

as the great Russian-American biologist Theodosius Dobzhansky said: 

 

“Nothing in biology makes sense except in the light of evolution” 

 

Until a couple of centuries ago, the emphasis on diversity was to use it (e.g. for medicine 

and food), to exhibit it in zoological and botanical gardens, and to catalogue it in museums 

(Townsend et al., 2003). But without an understanding of how this diversity developed, such 

catalogues are more like stamp collecting than science. Studying the proximate and ultimate 

causes that underlie biodiversity may increase our understanding of past changes and current 

patterns. In the case of parasites and other harmful organisms, such knowledge may potentially 

contribute to population control. 

For this dissertation, I used the ectoparasitic tree-hole tick Ixodes arboricola as a model to 

answer questions on the ultimate (or evolutionary) level as well as the proximate (or 

mechanistic) level by using correlative data, data obtained in field and lab experiments and 

molecular markers. As I explain later in this dissertation, this tick provides an excellent model 

to study questions in evolutionary ecology because it is easy to rear in the laboratory and 

perform experiments with, has distinctive ecological and biological properties and is the carrier 

of several tick-borne pathogens. Due to reciprocal interactions between ticks and their hosts, 

both may act as selective agents on one another (Townsend et al., 2003; Poulin, 2007). 

Understanding the imposed selection pressure and the evolutionary responses to this pressure 

is challenging. It requires the integration of different study approaches, ranging from 
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comparative studies among species that have experienced varying selection pressures over 

evolutionary time, to controlled experiments that isolate particular characteristics of the host-

parasite interaction (Poulin, 2007). Moreover, the threat of emerging diseases for human health 

and wildlife stresses that we need to find out more about the ecology and evolution of 

ectoparasites, and their impact on host biology. 

Glossary 

 
Acquired immunity: Immunity involving 
antibodies following stimulation with antigens. 
Coevolution: Reciprocal evolution in each of 
two or more species resulting from their 
interactions. 
Compatibility filter: Exclusion of a parasite 
species from environments (usually hosts) due 
to the inability to persist, e.g. due to defence 
mechanisms or inadequate resource 
provisioning. 
Ectoparasite: A species living on or in the skin 
but not within a host, and benefitting from this 
host at the expense of the other. 
Encounter filter: Exclusion of a species from 
environments due to the inability to find and/or 
enter these environments, e.g. due to behaviour 
or occupation of different ecosystems. 
Endoparasite: A species living inside a host 
and benefitting from this host at the expense of 
the other. 
Endophilic: The parasitic lifestyle 
characterised by living in or near the nest or 
burrow of the hosts (see exophilic). 
Engorgement: The great increase in size 
(distension) of larval, nymphal and female 
ixodid ticks as a result of feeding. 
Exophilic: The parasitic lifestyle characterised 
by roaming in search of passing hosts (see 
endophilic). 
Genospecies: A group of organisms that can 
interbreed. In case of pathogen species, 
genetically differentiated strains of pathogens. 
Host: An organism that has another organism 
(a parasite) living on it or inside it. 
Immunity: The ability of an animal to resist or 
overcome harmful infestation, infection or 
antigens. There are two main kinds of immune 
response: non-specific or innate immunity and 
acquired immunity. 
Infection: The process or state of invasion of a 
host’s internal structures by parasites – 
endoparasitism. 
Infestation: The process or state of invasion of 
a host’s skin by parasites – ectoparasitism. 
Natural host species: A host species 
parasitised by a focal parasite under natural 
conditions. 

Niche: The subset of abiotic environments 
suitable for population persistence. The niche is 
defined as the intersection of tolerances over 
multiple environmental axes, whereas specificity 
is the breadth of tolerance on each axis. 
Nidicolous: The use of nests for breeding and 
roosting. For ectoparasites, synonymous to 
endophilic. 
Non-specific/innate immunity: Immunity not 
involving antibodies but including mechanisms 
such as phagocytosis, where cells have the 
ability to ingest bacteria and foreign particles. 
Novel host species: A host species not 
parasitised by a focal parasite under natural 
conditions. 
Off-host habitat: The environment where 
ectoparasites reside before and after feeding. 
This is usually where the blood meal is digested, 
and in some species where reproduction takes 
place. 
Performance: The functioning of an organism in 
a particular environment. Can be used as a 
measure of host compatibility. 
Potential specificity: The subset of 
environments (usually hosts) in which a 
(parasite) population can persist without external 
immigration, when not limited by habitat size or 
biotic interactions. Some associations may not 
be observed under natural conditions. 
Realised specificity: The subset of 
environments in which a (parasite) population is 
found under natural circumstances due to 
limitations to potential specificity resulting from 
species interactions, chance events and history. 
Specialisation: The process by which an 
organism adapts to an increasingly narrow 
subset of its possible environments and persists 
in an increasingly narrow range of habitats. 
Specialist, generalist: A specialist adapts to or 
persists in a narrower range of habitats than a 
generalist. 
Specificity: The differential adaptation to or 
presence in different environments. Whereas 
specialisation refers to the process or tendency 
of change, specificity is the state of adaptation to 
environments at any given time or place. 
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Host-parasite interactions 

 

It is difficult to understand the ecology of any species without understanding its relationship 

with the habitat in which it lives, but for many, indeed most, species, this habitat is itself another 

organism: the host (Townsend et al., 2003). Hosts and parasites act as selective forces on the 

evolution of each other. Hosts increase their fitness if they evolve resistance or tolerance to 

parasites, but parasites gain fitness by penetrating the defences of their hosts (Clayton and 

Moore, 1997; Townsend et al., 2003). There may therefore be strong coevolution between a 

parasite and its host, which may lead to extreme adaptations. For instance, parasites have been 

proposed to be the cause of the evolution of sex, which is now present in so many species (cf. 

the Red Queen hypothesis, see Hamilton et al., 1990). The intricate interactions and adaptations 

on both sides make host-parasite systems very interesting models to study evolutionary 

ecology, but until recently such studies bore mainly on the ecological impacts of parasites on 

free-living organisms, rather than the population or community ecology and evolution of 

parasites themselves (Poulin, 2007). Knowledge concerning the ecology and evolution of 

parasites has largely been lacking. 

The associations between parasites and their hosts can vary greatly among species. There is 

a major difference between endoparasites and ectoparasites. Endoparasites are those living 

inside their hosts and can be further divided into intercellular endoparasites (e.g. helminths), 

which inhabit spaces in the host’s body, and intracellular endoparasites (e.g. Plasmodium spp., 

Yersinia spp.), which inhabit cells in the host’s body and usually rely on a third organism, 

known as the vector (e.g. ticks and mosquitos), for transmission among hosts (Price, 1980). 

Endoparasites are generally permanent parasites, i.e. without free-living stages, and 

specialisation has led to the loss of several functions, e.g. digestive organs (Price, 1980). For 

endoparasites, the environment is constituted exclusively by their host, unless they leave the 

host, for instance at the transition to the following life stage when this requires another host 

(Price, 1980). 

Ectoparasites (e.g. gill flukes, fleas, ticks and mosquitos), on the other hand, attach to a 

host’s skin rather than entering the body. Some attach temporarily (e.g. ticks and fleas), leaving 

the host for moulting and/or reproduction, whereas others (e.g. syringophilid mites and swiftlet 

lice) are permanent and never leave their host (Lehmann, 1993). Ectoparasites are exposed to 

abiotic environmental conditions, particularly temporary ectoparasites when they are detached 

from their host. Off-host habitat and environmental conditions can therefore constitute 

additional dimensions exerting selection pressure on ectoparasites, and have to be taken into 
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account when studying evolution and ecology of ectoparasites. However, both ecto- and 

endoparasites are usually characterised by the spectrum of hosts used (Combes, 2001; Poulin 

and Keeney, 2008). 

 

 

 

Specialisation and specificity of parasites 

 

Similar to the concept of the niche (Hutchinson, 1957), specificity of parasites (and, for that 

matter, specificity of any organism) can be broken down into two distinct concepts. The full 

range of hosts and, in the case of ectoparasites, the range of off-host environments usable by a 

parasite define its potential specificity, while the observed use of these hosts and/or habitats is 

its realised specificity (see also Chapter 5). Potential specificity is the result of the parasite’s 

intrinsic physiological limits that allow it to establish, survive and reproduce within a specific 

range of hosts/habitats (Bolnick et al., 2003; Devictor et al., 2010; Poisot et al., 2011). In 

contrast, realised specificity is primarily constrained by the ability to find and/or enter 

hosts/habitats (Bolnick et al., 2003; Devictor et al., 2010; Poisot et al., 2011). From an 

evolutionary point of view, potential specificity summarises the degree of adaptation to a 

specific range of hosts/habitats and is determined by evolutionary interactions between 

genotype and host/habitat, whereas realised specificity reflects the impact of ecology, chance 

events and history on potential specificity (Bolnick et al., 2003; Devictor et al., 2010; Poisot et 

al., 2011). 

The possibility to encounter a host/habitat and compatibility of that host/habitat may act as 

‘filters’ on the evolution of specificity (Figure 1.1; Euzet and Combes, 1980; Combes, 2001). 

Parasites must pass through an encounter filter to find and/or enter potential hosts/habitats. If 

successful, they must also pass through a compatibility filter, determining whether the parasites 

can circumvent or disable host defences and whether the host is nutritionally compatible for 

parasite development. The filters can be used to define four mutually exclusive scenarios that 

describe potential and realised specificity of a given host-parasite interaction (see Figure 1.1). 

First, both filters may be open, and the host-parasite interaction occurs naturally. As such, the 

host species is part of the parasite’s potential and realised specificity. Second, only the 

compatibility filter may be open, and parasite manifestations could be possible but encounters 

do not occur naturally. As such, potential and realised specificity are different. Third, only the 

encounter filter may be open, and host-parasite encounters occur but parasite manifestations 
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do not. As such, realised specificity and potential specificity are equivalent. Finally, both filters 

may be closed, and the host-parasite interaction does not occur naturally and is not possible 

even after encounter. As such, realised and potential specificity are equivalent. 

The majority of studies that investigated parasites have focused on host use. This is not 

trivial because host specificity is arguably one of the most fundamental properties of parasite 

organisms (Poulin and Keeney, 2008). It can dictate where and when parasites occur and to 

what extent they can cope with changes, and affect both the parasite’s population dynamics 

 
 
Figure 1.1 "Formation" of the host spectrum (based on the proposal of Euzet and Combes, 1980). 
The intersection of compatible hosts encountered constitutes the host spectrum (in black). 1 and 2: 
species not encountered because they are not found together (1) or because host behaviour prevents 
encounter (2); 3 and 4: species the parasite does not develop in because of incompatibility owing to 
lack of resources (3) or host defence mechanisms (4). From: Combes, 2001, Parasitism: The Ecology 
and Evolution of Intimate Interactions. 
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and its evolutionary trajectory. Specialists may better track host responses and thus be better 

able to exploit a host, whereas generalists may be better adapted to cope with environmental 

variation (Whitlock, 1996; Kassen, 2002; McCoy et al., 2013). Host specificity is expected to 

increase over evolutionary time because parasites are exposed to but a subset of all possible 

conditions (hosts). Such an increase may be due to the accumulation of conditionally neutral 

mutations, such that costs of adaptation to novel hosts will become larger, or because 

adaptations to natural environments trade off with adaptations to novel environments 

(Whitlock, 1996; Timms and Read, 1999; Kassen, 2002). Indeed, within any large parasite 

taxa, the majority of parasite species are found on a limited number of hosts under natural 

circumstances and are therefore considered highly host-specific (Poulin and Keeney, 2008). 

Yet, even among closely related species there can be considerable variation, and some, 

typically those receiving most attention because of their disproportionately large ecological 

impact, infest a wide range of hosts (Klompen et al., 1996; Poulin, 2007; Poulin and Keeney, 

2008). However, the high realised specificity may not just reflect which host species are 

compatible but also which are encountered, because typically fewer hosts are encountered than 

that could potentially be compatible due to variation in host ecology and behaviour and limited 

parasite dispersal. 

Potential host specificity can be evaluated by exposing novel hosts and subsequently 

observing parasite performance. This has been done in an increasing amount of studies, but 

there are no clear patterns. In some cases parasites perform equally well on novel hosts, 

whereas in others natural hosts are more compatible than novel hosts (Chapter 5; see Poulin 

and Keeney, 2008 for a review). This suggests that, if we want to uncover general patterns of 

specificity and specialisation, we have to consider the properties of individual host-parasite 

systems, and evaluate which traits of both the participants and their interaction constitute to the 

observed specificity. 

 

 

 

Factors influencing host-parasite interactions 

 

When we study ectoparasites and their hosts, there are three components to take into 

account. First, both hosts and ectoparasites can be affected by the external environment 

(Krasnov et al., 2006; Mize et al., 2011). For instance, gill flukes need an aquatic environment 

and are consequently never found on terrestrial animals, whereas fleas have opposite 
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requirements. Of course the same is true for hosts. In addition, when parasites are only 

temporarily attached to their host, strong selection pressure may arise from the off-host habitat 

too (Klompen et al., 1996). Second, intrinsic host characteristics such as sex, age, size, body 

condition and skin properties, which can all vary within and between species, can influence 

parasite performance (Hudson and Dobson, 1995; Wilson et al., 1998; Bush and Clayton, 2006; 

Poulin, 2007). Ecological properties of host species may also matter, and for instance host 

species that form life-long mating pairs are, in general, spatially more isolated than those that 

form breeding aggregations. One can imagine that parasite dispersal among aggregated hosts 

can be considerably greater than among isolated hosts. Third, intrinsic parasite characteristics 

such as size, feeding apparatus and the presence or absence of wings can determine encounter 

rates and compatibility of hosts. To illustrate this, I will describe the biology of mosquitos and 

ixodid ticks, both ectoparasites but very different groups of animals. 

Mosquitos mainly feed on nectar, but adult females need a blood meal (protein) for egg 

production, which they can acquire from a wide array of vertebrate hosts (Clements, 1992). 

Mosquitos are excellent flyers and easily locate a host and disperse from one host to the next. 

Host seeking is mediated by a combination of carbon dioxide, temperature, moisture, smell, 

colour and movement. Bites are painful and finished within minutes. Although adults need 

relatively humid environments, off-host habitat is primarily restricted by the eggs, which are 

laid only in stagnant fresh water (Clements, 1992). After feeding, some mosquito species rest 

close to their host before searching for an oviposition site (endophilic behaviour), whereas 

others depart immediately after feeding (exophilic behaviour). This can have important 

consequences for pathogen transmission when feeding occurs on humans, as houses are warm, 

stable environments and malaria development and transmission are temperature-sensitive 

(Paaijmans and Thomas, 2011). Interestingly, because of anti-mosquito spraying in houses, 

there has already been selection toward exophily in certain populations (Pates and Curtis, 

2005). 

Ixodid ticks have greatly contrasting behaviour and ecology to mosquitos. Ticks are blood 

feeders in all life stages (larva, nymph, adult), feeding for several days and mostly unnoticed 

by and painless for the host (Sonenshine, 1991; Hillyard, 1996). Ticks have low intrinsic 

mobility, leading to a strong dependence on individual hosts and transportation mostly while 

attached to a host (Falco and Fish, 1991; Sonenshine, 1991). Host seeking is therefore more 

passive than in mosquitos, and ticks generally moult to the next instar and subsequently find a 

new host close to where they detach. This may be the reason why the host range of most ticks 

is limited (Hoogstraal and Aeschlimann, 1982). Off-host habitat is primarily dictated by host 
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ecology and behaviour, although variation in sensitivity to desiccation and the necessity to 

acquire a new host without requiring much movement can pose selection pressure on 

detachment in suitable habitat. There are two types of host-seeking behaviour in ticks. The first 

are endophilic ticks, which remain hidden inside or near to their hosts’ nest or burrow and 

attach to the host when it arrives (Hoogstraal and Aeschlimann, 1982; Sonenshine, 1991; 

Hillyard, 1996). The second are exophilic ticks, which detach in the field and typically seek 

hosts actively by climbing up the vegetation and waiting for them to pass (Hillyard, 1996). 

 

 

 

 

Ticks as model systems 

 

Particular interest in terms of the evolution of specialisation and its consequences should go 

out to ticks, a numerous group of approximately 900 species in the order Parasitiformes 

(Jongejan and Uilenberg, 2005; Guglielmone, 2010). As explained below, there is considerable 

variation in life history strategies, hosts and habitat used, feeding and mating strategies, but all 

species are obligate haematophagous ectoparasites of amphibians, reptiles, birds and/or 

mammals (Sonenshine, 1991). There can be direct and indirect effects on host reproductive 

success and population dynamics, particularly when infestation intensities are high (e.g. Duffy, 

1983; Lehmann, 1993; Kaufman, 1996). Ticks also transmit a greater diversity of pathogens of 

medical and veterinary importance than any other vector organisms, including bacteria (e.g. 

Rickettsia spp. and Borrelia burgdorferi s.l.), viruses (e.g. tick-borne encephalitis virus) and 

protozoans (e.g. Babesia spp.) (Gray, 1991, 1998; Jongejan and Uilenberg, 2005). Thus, 

knowledge concerning the relationships between host biodiversity, host compatibility and 

pathogen transmission may aid in the prediction of both tick population dynamics and the 

epidemiology of tick-borne diseases. Yet, so far research in ticks has focused mainly on 

generalist ticks, because these comprise the most conspicuous and economically relevant 

species (Gray et al., 2014). Studies on specialist ticks, especially those with contrasting life 

history strategies, may provide essential knowledge concerning tick host specialisation, 

population regulation and pathogen circulation, as well as a better understanding of general 

patterns in ecology and evolution. Although specialist ticks generally do not infest humans and 

livestock, pathogens of host-specialised ticks may be bridged via generalist ticks to other hosts 

outside the enzootic cycles (Piesman and Gern, 2004). 
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Ticks are classified in three families (see Figure 1.2): the Nuttalliellidae (comprising only a 

single species, Nuttalliella namaqua), the soft ticks or Argasidae (approximately 20% of the 

world’s tick fauna), and the hard ticks or Ixodidae (approximately 80% of all known tick 

species) (Black and Piesman, 1994; Barker and Murrell, 2004; Jongejan and Uilenberg, 2005; 

Guglielmone, 2010). All ticks go through three developmental stages (larva, nymph, adult) but 

there is a considerable difference in feeding between hard and soft ticks. Argasids generally 

take a series of short (minutes to an hour), successive blood meals from multiple hosts, which 

may help them avoid specific host immune responses (Magalhães et al., 2007). Their hosts may 

experience large blood loss over short time periods and even lethal exsanguination 

(Sonenshine, 1991), and infestations with soft ticks may lead to massive host nest desertion, 

nest failure and offspring mortality (Duffy, 1983; Lehmann, 1993; Kaufman, 1996; Clayton et 

al., 2010 and references therein). In contrast, hard ticks take a single blood meal per 

developmental stage that lasts several days, during which they need to maintain blood flow and 

evade immunological and behavioural responses of the host (Sonenshine, 1991; Wikel, 1996; 

McCoy et al., 2013). Ixodid ticks may have profound effects on their hosts’ health and survival, 

 

  
 
Figure 1.2 Working hypothesis of the phylogeny of the subfamilies of ticks (Suborder Ixodida). [Note 
added in press: ‘Australian-New Guinea Ixodes’ should read ‘Australasian Ixodes’.] The genus 
Boophilus is now a subgenus of the genus Rhipicephalus. From: Barker and Morell, 2004, 
Parasitology. 
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but also reproductive success, for example by triggering nest desertion (e.g. Luttrell et al., 1996; 

Bergström et al., 1999; Mangin et al., 2003; Monks et al., 2006; Heylen and Matthysen, 2008, 

2011a; Pfäffle et al., 2009). 

The Ixodidae can be further divided in two phyletic lines with contrasting life histories and 

mating strategies: the Prostriata, comprising the single genus Ixodes, and the Metastriata, 

comprising 12 genera in 4 sub-families (Sonenshine, 1991). In prostriate ticks, similar to 

argasids, gonadal maturation occurs in the late nymphal phase, hence both sexes can mate 

before, during and after a blood meal (Oliver, 1974; Sonenshine, 1991). In metastriate ticks, 

the blood meal in the adult stage is required for gonadal maturation in both sexes, hence mating 

cannot occur before feeding but occurs on the host (Oliver, 1974; Sonenshine, 1991). 

There has been a major evolution in off-host habitat use among the tick families, which is 

presumed to have evolved separately in both soft and hard ticks (Gray et al., 2014). The vast 

majority of soft ticks are endophilic and live in or near shelters used by their vertebrates hosts 

– for example in sandy ground, crevices, burrows, nests, caves, and in some cases human 

dwellings (Gray et al., 2014). Amongst the Ixodidae, the genus Ixodes, the only extant of the 

subfamily Prostriata, also consists mostly of endophilic species. Yet, the best-known species 

of this genus, I. scapularis, I. ricinus, I. persulcatus and I. pacificus, are not endophilic at any 

stage (Gray et al., 2014). These exceptions and the majority of species in the other 12 genera 

of Ixodidae evolved an exophilic lifestyle (Hillyard, 1996). The evolution of exophily enabled 

infestation of a much wider range of hosts compared to endophilic ticks, and because of this 

many exophilic ticks also infest humans and livestock and have received considerable attention 

because they circulate important human zoonoses and can have a serious economic impact 

(Gray, 1991; Jongejan and Uilenberg, 2005).  

Host specificity is an important, if not the most important, trait for tick biology because it 

dictates where and when ticks can occur and to what extent they can cope with environmental 

changes. Yet, there is no consensus regarding this topic. The most well-known tick species (I. 

scapularis, I. ricinus and Dermacentor variabilis) are well known because they are important 

as vectors for human, pets and livestock zoonoses and have very broad realised specificity, i.e. 

infest a wide range of vertebrates in nature (Petney et al., 2011; Gray et al., 2014). However, 

in nature the majority of tick species, both endophilic and exophilic, are found on one or only 

a limited number of host species (Hoogstraal and Aeschlimann, 1982; Petney et al., 2011). 

Such high host specificity was expected because the evasion of host defences can be a complex 

process and should select for host specificity (Magalhães et al., 2007). But recent work, 

including Chapters 4 and 5 in this dissertation, suggests ticks may readily infest a wider range 
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of hosts when given the opportunity (Slowik and Lane, 2009; Brunner et al., 2011; Harrison et 

al., 2012; Dietrich et al., 2014). This suggests ticks may have great potential for adaptation to 

novel host species, which may become very real in light of recent climate change. More 

generally, the degree to which species are specialised to different climatic conditions and 

interactions with other species can be very complex, and studying host specificity in ticks may 

provide answers to general questions in evolution and ecology. 

For this dissertation, I have investigated several characteristics of the endophilic, bird-

specialised hard tick Ixodes arboricola that may influence its ecology and evolution: 

population genetic structure, phenology, host specialisation, mating and feeding strategies. It 

is known that the entire life cycle of I. arboricola is restricted to natural and man-made cavities. 

Because of this, the natural host range is small, and primarily great and blue tits (Parus major, 

Cyanistes caeruleus) are infested (Walter et al., 1979; Liebisch, 1996). Yet, the compatibility 

of natural and novel hosts has not been explored. Knowledge concerning the degree and 

evolution of host specialisation can give important insight into the population dynamics of 

ticks, which are of potential significance as vectors of pathogens for humans, livestock and 

wildlife. Similarly, knowledge concerning adaptations associated with endophily, as well as 

population structure, may increase our understanding of how host and habitat specialisation 

and reciprocal adaptations in host-tick interactions have evolved (Boulinier et al., 2001; McCoy 

et al., 2003a; Poulin, 2007). In the next section, I describe I. arboricola, its relevant host species 

and the community it is part of. In the final section of this general introduction, I present the 

outline of this dissertation. 

 

 

 

Study system 

 

Ixodes arboricola 

Ixodes arboricola Schulze and Schlottke 1929 is a prostriate hard tick (family Ixodidae) 

widely distributed in the Palearctic Region, from central, western and northern Europe, 

eastward to Latvia and the European parts of Russia (Hudde and Walter, 1988; Liebisch, 1996; 

Petney et al., 2011). In our study areas, its prevalence is generally low, but some hosts and nest 

boxes have high densities of ticks (Heylen and Matthysen, 2011b; Heylen et al., 2012b). We 

have surveyed more than 1000 nest boxes used primarily by great and blue tits and occasionally 

by other cavity-nesting birds of comparable size in nine woodlots throughout Belgium. Ticks 
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were found in only five areas, which we subsequently used for our studies. The inspection of 

more than 100 starling and owl nest boxes, respectively, which are considerably larger, never 

yielded any I. arboricola ticks. Inspections of nest material from nearly 50 natural tree-holes 

of varying sizes (e.g. from great and blue tits, starlings and jackdaws) yielded only four unfed 

I. arboricola larvae, and contact with other cavity-nester research projects (e.g. jackdaws) did 

not yield any ticks. 

Ixodes arboricola shows adaptive behavioural mechanisms to ensure detachment in suitable 

habitat, such that it detaches predominantly at night, when its hosts roost in cavities (Heylen 

and Matthysen, 2010), and delays detachment when hosts roost outside (White et al., 2012). 

As such, recorded hosts are birds that make use of such cavities, predominantly great and blue 

tits (Hudde and Walter, 1988). Infestations on these birds are common, although the majority 

 

Figure 1.3 Frequency distribution of tick infestation rates on adult great tits captured (N = 1018) with 
mist nets in Peerdsbos, Brasschaat (Belgium) from 2006 to 2012. 
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of ticks are found on a limited number of hosts (see Figure 1.3). Apart from great and blue tits, 

the most frequently infested hosts of I. arboricola are nuthatches (Sitta europaea), treecreepers 

(Certhia brachydactyla) and pied flycatchers (Ficedula hypoleuca) (Walter et al., 1979). 

Anecdotal reports are available from other cavity-nesting birds, e.g. Eurasian eagle-owl (Bubo 

bubo), marsh tit (Parus palustris), common starling (Sturnus vulgaris) and Eurasian tree 

sparrow (Passer montanus) (Walter et al., 1979; Hudde and Walter, 1988; Hillyard, 1996). 

Ixodes arboricola goes through three active stages (larva, nymph, adult) and during each 

stage, with the exception of adult males, which do not feed, requires a single blood meal to 

either moult (larvae, nymphs) or reproduce (Figure 1.4; Sonenshine, 1991). Engorgement 

weight is lower and feeding duration is longer than in the congeneric exophilic tick I. ricinus. 

This may be because I. arboricola is prone to vertical transmission from host parents to their 

 
 
Figure 1.4 Life cycle of I. arboricola. Sexes can only be distinguished in adult ticks. All instars except 
adult males, which do not feed, take a single blood meal on a single host, which lasts several days. 
Copulations occur with both unfed and engorged adult females. 
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offspring and therefore has been selected to cause less harm to individual hosts (Heylen and 

Matthysen, 2011a). Moulting occurs in the cavity, where ticks usually crawl towards the top 

(negative geotropism; Heylen, 2011). This behaviour makes it easy to detect and collect ticks 

in nest boxes but difficult in natural tree holes. 

 

Host species and off-host habitat 

Great and blue tits (Parus major, Cyanistes caeruleus) are passerine birds of the family 

Paridae, and are the most common cavity-nesting birds in Western Europe. They are often 

found in gardens, parks and forests, where they use yet available natural or man-made cavities 

for breeding and roosting (Gosler, 1993; Vermeersch et al., 2004). The great tit is the largest 

of the tit family in Europe with a body mass of 13 – 21 g. Blue tits are considerably smaller (7 

– 15 g). Both species are primarily insectivorous, feeding primarily on caterpillars, spiders and 

beetles, although they also feed on seeds and fruit. Their chicks rely on the protein derived 

from caterpillars, and therefore breeding coincides with the emergence of the caterpillars 

(Perrins, 1979; Cramp and Perrins, 1993; Gosler, 1993). The great tit primarily feeds close to 

the ground in low vegetation and on tree branches, whereas blue tits forage in the tops of trees 

(Perrins, 1979). This may be the reason why the prior species is more frequently infested with 

the exophilic ground-dwelling tick I. ricinus (Heylen, 2011). 

Cavities are used in the breeding season in spring (April to June) to raise young, and in 

autumn and winter (late September to early March) for roosting, whereas cavities are not used 

in summer, when birds roam the countryside in mixed flocks (Hinde, 1952; Mainwaring, 2011). 

In early spring (late February to early April), cavities are visited when birds prospect possible 

breeding locations (Gosler, 1993). Because they use extant cavities rather than creating new 

ones, both great and blue tits are frequently infested with I. arboricola (Literák et al., 2007; 

Heylen, 2011). Infestations with I. arboricola can be high, but the majority of captured birds 

are not infested (Figure 1.3). 

 Great and blue tits are monogamous, but extra-pair copulations are frequent. Mating pairs 

and territories, which are established in early spring, are frequently maintained across years, 

such that the birds tend to high site fidelity. Females often breed at the site where they roosted 

during winter (Perrins, 1979). In the breeding season, birds occupy only a single cavity to raise 

their young (Gosler, 1993), and in winter they tend to return to the same box on subsequent 

nights (Tyller et al., 2012). This is quite similar to nuthatches (Matthysen, 1998), whereas pied 

flycatchers do not use nest boxes for winter roosting because they migrate to Africa (Lundberg 

and Alatalo, 1992). 
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New nests are built for breeding every year at the start of the breeding season. The nests of 

great and blue tits consist of a foundation of moss, topped off with hair and, in the case of blue 

tits, feathers (Gosler, 1993). This greatly contrasts the nests of nuthatches, whose nests consist 

of rotten wood, bark and dried leaves (Matthysen, 1998), and pied flycatchers, whose nests 

consist of an outer layer of bark, twigs and dead leaves and an inner layer of dry grass, animal 

hair, root fibres and shafts of moss (Lundberg and Alatalo, 1992). Great tits lay 4 to 12 eggs 

(blue tits up to 14) which require 15 to 20 days of incubation, and nestlings fledge after 18 to 

21 days (Gosler, 1993; Fargallo and Johnston, 1997). 

 

Host-tick-pathogen community 

The study forests are situated in the north of Belgium, and are characterised by a closed 

canopy cover with few open spaces. Tree cover is dominated by mature oak (Quercus robur 

L.). The understorey vegetation consists mainly of bramble (Rubus fruticosus L.) and bracken 

(Pteridium aquilinum L.). Forests are provided with approximately 10 nest boxes/ha as part of 

long-term population studies on great and blue tits (Matthysen et al., 2001, 2011). The forests 

are inhabited by a wide variety of invertebrates and vertebrates. The latter include mammals 

such as rabbits (Oryctolagus cuniculus), roe deer (capreolus capreolus), foxes (Vulpes vulpes) 

and several mustelids (Mustelidae), and birds such as great and blue tits, blackbirds (Turdus 

merula), European robins (Erithacus rubecula), common chaffinches (Fringilla coelebs), 

jackdaws (Corvus monedula) and great spotted woodpeckers (Dendrocopos major) 

(Vermeersch et al., 2004). The forests are also frequently visited by humans and their pets 

(primarily dogs and horses) for recreational purposes. 

Our focal bird species are infested by three tick species, all from the genus Ixodes. Ixodes 

arboricola is endophilic, with the entire life cycle restricted to natural and man-made cavities 

(Walter et al., 1979; Liebisch, 1996). It infests only hosts that make use of such cavities, 

primarily cavity-nesting birds (Walter et al., 1979; Petney et al., 2011; Heylen et al., 2014d). 

The tick does not seem to cause health-impairing effects to its host (Heylen and Matthysen, 

2011a, 2011b). Ixodes arboricola is known to carry and transmit tick-borne encephalitis (TBE) 

virus (Lichard and Kozuch, 1967; Hillyard, 1996; Gresikova and Kaluzova, 1997) and 

Rickettsiae, which may cause spotted fever (R. helvetica: Špitalská et al., 2011; Candidatus R. 

vini: Keskin et al., 2014; Novakova et al., 2015; Palomar et al., 2015), and carry the avian 

Borrelia genospecies B. afzelii, B. garinii and B. valaisiana (Thorud, 1999; Špitalská et al., 

2011; Heylen et al., 2012a, 2014c). A recent study by Heylen et al. (2014c) indicated that 

infected I. arboricola may not be able to transmit Borrelia to uninfected hosts, but to the best 
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of my knowledge no such studies have been conducted for other pathogens. Ixodes arboricola 

can easily be distinguished from the other two tick species because it is smaller and has red 

legs (personal observation; Arthur, 1963; Hillyard, 1996). 

Ixodes ricinus is the most prevalent tick species in these areas. Immature life stages infest a 

wide array of terrestrial vertebrates, including songbirds, although adults are primarily found 

on larger animals (Gray, 1991; Gern, 2005). This tick species is exophilic and can be found in 

the understorey of the forest. It climbs up to some vantage point in the lower vegetation 

(“questing”) from where it contacts passing vertebrate hosts. Ixodes ricinus has been 

recognised as a key vector of many human and/or animal pathogens in Europe, including 

bacteria (e.g. Borrelia burgdorferi sensu lato, Rickettsia spp.), viruses (e.g. TBE virus) and 

protozoans (e.g. Babesia spp.) (Gray, 1991; Jongejan and Uilenberg, 2005). Aside from 

pathogen transmission, infestation by I. ricinus can have negative effects on hosts due to acute 

blood loss (Pfäffle et al., 2009; Heylen et al., 2010; Heylen and Matthysen, 2011a), but this 

species is not believed to cause tick-induced paralysis (Petney et al., 2011). 

Ixodes frontalis has a largely unknown ecology, most likely because it is often mistaken for 

I. ricinus (Hillyard, 1996; Heylen et al., 2014a). This tick is often considered to be associated 

to bird nests, and infests a broad range of terrestrial birds, including songbirds that breed in the 

open (e.g. thrushes, Turdidae; Hillyard, 1996; Doby, 1998). It has been suggested that I. 

frontalis is exophilic rather than endophilic because this tick species is collected from 

understorey vegetation, shows pronounced questing behaviour on leaf-like substrates and 

detaches diurnally (Heylen et al., 2014a and references therein). Ixodes frontalis can have a 

strong health impact on its hosts by causing avian tick paralysis – a syndrome characterised by 

birds showing acute depression or death due to secreted tick toxins (Monks et al., 2006; Heylen 

& Van Oosten, unpublished data). It also carries several pathogenic agents, including B. 

 

Figure 1.5 Infestation of the same avian hosts by bird-specialised ticks and generalist ticks, not 
necessarily at the same time, can lead to transmission of tick-borne pathogens from bird-specialised 
ticks to hosts not used by these ticks, such as humans, pets and livestock. 



23 

 

burgdorferi s.l. bacteria, ‘Candidatus Neoehrlichia mikurensis’ and Chizé virus (Doby, 1998; 

Heylen et al., 2012a, 2014a; Norte et al., 2013). 

Birds play an important role as hosts for ticks and reservoirs for tick-borne diseases, because 

they maintain tick populations and cycles of tick-borne diseases, and may act as long-distance 

carriers of infected ticks (Heylen et al., 2013 and references therein). Songbirds, particularly 

those that use cavities for breeding and/or roosting, may be infested by all three tick species. 

This may lead to the transmission of pathogens maintained in bird-tick cycles to hosts not 

infested by bird-specialised ticks (Figure 1.5; Heylen et al., 2014b). Transmission may even 

occur in the absence of systemic infection of the host, between infected and uninfected ticks 

co-feeding in close proximity on the same hosts (Randolph et al., 1996). Although certain 

pathogen genospecies are associated with specific host types (e.g. mammals or birds) and are 

not transmitted outside bird-tick cycles, other genospecies are generalists and can indeed be 

transmitted from birds to mammals and vice versa (Heylen et al., 2014b and references therein). 

 

Host immunity to ticks 

When feeding, ticks introduce salivary compounds that suppress host inflammatory 

responses and prevent haemostasis. Hosts may elicit a non-specific immune response to feeding 

ticks, which does not involve antibodies but includes mechanisms such as phagocytosis, where 

cells have the ability to ingest bacteria and foreign particles (Wikel, 1996; Brossard and Wikel, 

2004). In addition, hosts may acquire immunological resistance to ticks due to previous 

exposure. Acquired immunity reflects the ability of a host’s immune system to recognise 

specific tick antigens and protect itself against harm from the ticks (Wakelin, 1996; Wikel, 

1996). 

In resistant hosts, tick salivary compounds activate host grooming and immune responses 

(Wikel, 1996; Brossard and Wikel, 2004). If the tick’s counter-measures to the host immune 

system are not effective, tick feeding and salivation will be hindered. Consequently, premature 

detachment and hence reductions in engorgement can occur, which result in reduced tick 

survival and/or fecundity. Ticks that remain attached to resistant hosts feed very slowly or not 

at all and many die in situ (Rechav, 1992; Hillyard, 1996; Wikel, 1996). As such, host immunity 

may play an important role in host compatibility. 

The ability and the pace at which hosts acquire immunity in response to tick bites may vary 

strongly among host species (Rechav, 1992). Generally, ticks seem not to trigger resistance 

acquisition in natural hosts, whereas novel hosts may quickly acquire resistance to ticks 

(Randolph, 1979; Fielden et al., 1992; Dutoit et al., 1994; Ferreira et al., 2003; Heylen et al., 
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2010, 2015). It has been suggested that a long co-evolutionary history with natural hosts 

enables ticks to avoid or suppress the host's resistance responses (Heylen et al., 2010). On the 

other hand, there are cases where novel hosts develop resistance to ticks, but natural hosts do 

not (Randolph, 1979, 1994; Dizij and Kurtenbach, 1995). This suggests host immunity 

acquisition due to ticks is a complex process. There is currently no consensus with regard to 

the topic, and experimental investigations may be required to assess the direction of the 

immune response of focal host species to ticks. 

For I. arboricola, it is currently unknown whether hosts acquire immunity due to previous 

exposure. It seems unlikely that its natural hosts acquire strong immunological resistance. A 

strong immune response of the tick’s host is likely to have a strong effect on the ticks because 

it is prone to vertical transmission from host parents to their offspring (Heylen and Matthysen, 

2011a). The scenario may therefore be similar to I. ricinus, against which great and blue tits 

and blackbirds, which are all common hosts, seem not to acquire immunological resistance 

(Franke et al., 2010; Heylen et al., 2010). 

 

 

 

Outline of the dissertation 

 

The overall aim of this dissertation was to explore the adaptations associated with an 

endophilic lifestyle from an evolutionary and ecological viewpoint. This dissertation contains 

six Chapters, representing individual studies on the biology and/or ecology of I. arboricola, 

which I used to investigate these processes. These six Chapters are followed by a general 

discussion in which the findings are synthesised. 

In Chapter 2, I report on the population genetic structure of I. arboricola. This was 

investigated by genotyping ticks from four woodlots across several polymorphic microsatellite 

loci, which we developed at the onset of my project (Van Houtte et al., 2013). The population 

genetic structure of many ixodid tick species is not well-known, but such knowledge may be 

useful for understanding the evolution of ticks and host-tick interactions (Boulinier et al., 2001; 

McCoy et al., 2003b; Poulin, 2007). Moreover, population structure of tick populations may 

affect the circulation, transmission dynamics and evolutionary pathway of pathogens for which 

ticks act as vectors (e.g. Randolph et al., 2002; Piesman and Gern, 2004; Kempf et al., 2011). 

Strong population structuring was expected because I. arboricola is unable to disperse among 

cavities autonomously, due to low intrinsic mobility, and their hosts show little dispersal when 
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ticks are attached. It is known that attachment is prolonged when hosts roost outside, which 

may be an adaptation to enhance dispersal (Heylen and Matthysen, 2010; White et al., 2012). 

In Chapter 3, we have investigated the seasonal feeding activity of I. arboricola with field 

observations from nest boxes and their occupants as well as captured adult birds over several 

years. The activity of ticks within cavities and on hosts was expected to be related to cavity use 

of their hosts because I. arboricola can only use hosts when they use cavities. Because ticks 

cannot predict when hosts arrive there may have been selection for longevity. There may also 

be differential infestation by different tick instars between nestlings and adult birds because 

certain instars may prefer and/or perform better on certain host stages. If this is the case, there 

should have been selection on host type preference, which may differ among tick instars. 

Chapter 4 describes an experiment concerning host specificity of I. arboricola on four 

cavity-nesting bird species that occur in the natural range of the tick but for which the relative 

abundance differs due to the breeding and roosting behaviour of these birds. Host specificity is 

of central importance in the evolutionary outcome of host-tick interactions, since it can 

determine both the impact of ticks on the host populations (Heylen and Matthysen, 2011a and 

references therein) and vice versa (Jaenike, 1990). All bird species were expected to be 

compatible hosts because they belong to the natural range of the tick. Yet, there might be 

differential feeding performance due to adaptations toward and coevolution with certain host 

species, which may have arisen due to differential availability as hosts or because increased 

performance on some hosts is associated with decreased performance on others due to trade-

offs or constraints (Kassen, 2002).  

In Chapter 5, I have extended the idea of host specificity to compare potential and realised 

specificity, because there is no consensus whether tick evolution arose due to host-driven 

adaptions or other processes, such as conditions in the off-host habitat (for a review, see McCoy 

et al., 2013). In the latter case, ticks might be able to feed on novel hosts, but these are simply 

not encountered in nature. I therefore infested hosts outside the natural range of I. arboricola, 

and also included the exophilic tick I. ricinus. In this chapter, I have made a comparison of tick 

feeding success in relation to host associations in nature. On the one hand, tick performance 

may be lower on novel hosts because there can be a trade-off involved with specialisation for 

certain hosts (Kassen, 2002). On the other hand, unobserved associations may have simply 

been the result of encounter filtering, making it impossible to predict compatibility of novel 

hosts without experimental testing. 

In Chapter 6, I present the results of an experiment concerning the mating system of I. 

arboricola, in which I investigated male mate choice and whether there is multiple mating and 
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multiple paternity by using behavioural assays and molecular markers. Multiple paternity can 

increase genetic diversity in offspring, which may be adaptive for endophilic ticks to counteract 

inbreeding, due to low dispersal, and in the arms race with the host. It may also increase 

establishment success of larvae that disperse to nests of other host species with very different 

climatic conditions (McCoy and Tirard, 2002). I expected that a choice for engorged females 

has evolved because engorged females are more valuable than unfed ones due to the risk of 

dying when female ticks take a blood meal. 

In Chapter 7, I report the findings of an experiment in which I placed varying densities of 

adult female I. arboricola ticks on great tit nestlings in order to investigate whether there was 

density-dependent facilitation or competition. Parasites are usually highly aggregated on their 

hosts, but for many systems it is unknown whether this is due to heterogeneity in exposure or 

susceptibility, or actually beneficial for parasites (Jaenike, 1990; Poulin, 2007, 2013). 

Aggregated feeding and presence in cavities have been documented for I. arboricola (Chapters 

2 and 3; Heylen and Matthysen, 2011b; Heylen et al., 2012b) but the effects of aggregation on 

tick fitness remained unexplored. Increased feeding success due to aggregation may occur at 

the expense of their host, and in the case of endophilic parasites this can have strong 

implications for tick fitness. Because endophilic ticks strongly depend on vertical transmission 

from host parents to their offspring, there might be selection against aggregation. 

Finally, in Chapter 8, I present a synthesis and general discussion of the studies presented 

in this dissertation. In addition, I address the adaptations I found in I. arboricola, their 

implications for the evolution and ecology of this tick, its hosts and the pathogens carried by I. 

arboricola, and the general ideas generated by this knowledge.  
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Population genetic structure of the tree-hole tick Ixodes arboricola (Acari: 

Ixodidae) at different spatial scales 
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Abstract 

 

The endophilic tick Ixodes arboricola infests cavity-nesting birds, and its dispersal strongly 

depends on the movements of its host. Population genetic structure of I. arboricola was studied 

with seven polymorphic microsatellite markers. 268 ticks were collected from 76 nest boxes in 

four woodlots near Antwerp, Belgium. These nest boxes are mainly used by the principal hosts 

of I. arboricola, the great tit Parus major and the blue tit Cyanistes caeruleus. As these birds 

typically return to the same cavity for roosting or breeding, ticks within nest boxes were 

expected to be highly related, and tick populations to be spatially structured among woodlots 

and among nest boxes within woodlots. In line with the expectations, genetic population 

structure was found among woodlots and among nest boxes within woodlots. Surprisingly, 

there was considerable genetic variation among ticks within nest boxes. This could be 

explained by continuous gene flow from ticks from nearby tree holes, yet this remains to be 

tested. A pairwise relatedness analysis conducted for all pairs of ticks within nest boxes showed 

that relatedness among larvae was much higher than among later instars, which suggests larvae 

are the most important instar for tick dispersal. Overall, tick populations at the studied spatial 

scale are not as differentiated as predicted, which may influence the scale at which host-parasite 

evolution occurs.  
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Introduction 

 

Dispersal of parasites and their hosts is one of the most important factors affecting the 

dynamics and coevolution of host-parasite interactions (Gandon et al., 1996; Clayton and 

Moore, 1997). Parasite population structure is often tightly linked to host dispersal because 

parasites are typically less mobile than their hosts (Boulinier et al., 2001). If parasites are unable 

to make use of their hosts’ dispersal capabilities to a full extent, parasite populations may be 

vulnerable to inbreeding and have reduced coevolutionary potential (Clayton and Moore, 

1997). 

Most ixodid ticks have low intrinsic dispersal capacities and therefore depend on host 

movement for transportation over large distances (Falco and Fish, 1991). For instance, the 

seabird tick Ixodes uriae can disperse autonomously to nearby bird nests but needs the host to 

colonise new breeding cliffs. As a consequence, the spatial arrangement of the host determines 

the population genetic structure of the ticks (McCoy et al., 2003b). Ixodid ticks spend most of 

their time off-host because all instars (i.e. larvae, nymphs, adult females, but not adult males) 

typically take a single blood meal lasting several days before detaching from the host and 

moulting to the next instar. To survive and find a new host, ticks must detach in suitable habitat. 

Hence, tick species with different ecological requirements employ different detachment 

strategies, even if they infest the same host species (Heylen and Matthysen, 2010). 

Endophilic ticks remain hidden close to their hosts’ nest or burrow and attach when the host 

arrives (Salman and Tarrés-Call, 2012). Whereas this maximises the possibility of finding a 

host, it limits dispersal among nests because these are discrete habitats in a matrix of unsuitable 

habitat that is difficult to cross autonomously. Furthermore, if hosts show high nest fidelity 

ticks will tend to detach in the same nest (McCoy et al., 2003b). Thus, the population genetic 

structure of endophilic ticks is expected to depend on the host’s ecology, though parasite gene 

flow can be much lower than expected based on host mobility. 

In this study, the population genetic structure of the endophilic tick Ixodes arboricola 

Schulze and Schlottke 1929 was investigated near Antwerp (Belgium) to gain insight in the 

transmission ecology of a host-parasite system of which little is known (Hillyard, 1996). Ixodes 

arboricola infests mainly cavity-nesting birds (mostly great tits Parus major and blue tits 

Cyanistes caeruleus) (Hudde and Walter, 1988), shows a strong tendency to detach within 

cavities (Heylen and Matthysen, 2010; White et al., 2012) and infests birds typically from 

autumn to late spring (Heylen et al., 2014d). The feeding activity of larvae increases in late 

autumn, and the majority of feeding nymphs and adult females can be found during the birds’ 
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breeding season, when adult female ticks primarily infest nestlings (Heylen et al., 2014d) . 

Whereas female ticks feed in the adult instar, male ticks feed only in the larval and nymphal 

stages and remain in the host’s cavity in the adult stage, where they copulate with both unfed 

and engorged female ticks (Heylen et al., 2012b). 

While great and blue tits are intrinsically very mobile, can disperse over large distances and 

even may show seasonal migration (e.g. Gosler, 1993), ticks can only disperse by feeding on 

birds that move from one cavity to another before the ticks detach. Great and blue tits mainly 

disperse during the first summer and autumn after leaving their natal nest box (Dhondt, 1979), 

but they rarely sleep in cavities in summer and early autumn (e.g. Gosler, 1993). In the breeding 

season, birds occupy only a single cavity to raise their young (Gosler, 1993) so that dispersal 

opportunities are restricted to birds that produce a second clutch in a different cavity, but the 

frequency of second clutches is very low in woodlots near Antwerp (Matthysen et al., 2011). 

Finally, once birds have established a territory they tend to return to this area for breeding and 

roosting throughout their life (Gosler, 1993). Ticks may therefore disperse mainly when birds 

prospect cavities to find a suitable breeding location. In winter, birds may also switch among 

different roosting sites, although they tend to return to the same box (Tyller et al., 2012). Hence, 

opportunities for I. arboricola to disperse among cavities are limited, which should affect its 

population genetic structure. 

Because of the spatial ecology of their hosts, it was expected that I. arboricola has limited 

dispersal opportunities and therefore displays spatial genetic structure, i.e. genetic 

differentiation and patterns of isolation by distance among woodlots and among nest boxes 

within woodlots. In addition, levels of relatedness among ticks within nest boxes should be 

high. Nevertheless, even limited dispersal opportunities were expected to lead to genetic 

differentiation among different tick instars within nest boxes because they are different 

generations (cohorts) that may disperse among nest boxes. Finally, it was expected that 

pairwise relatedness among ticks within nest boxes depends on their developmental stage 

because ticks have a single opportunity to disperse with every feeding bout. More specifically, 

it was expected that, on average, the relatedness of pairs of individuals that have a higher sum 

of past feeding bouts is lower than that of pairs of individuals with a lower sum of past feeding 

bouts. The present study aims at testing these expectations by means of a survey of allelic 

variation at seven polymorphic microsatellite loci in Ixodes arboricola from woodlots in the 

vicinity of Antwerp, Belgium. 
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Materials & Methods 

 

Ixodes arboricola ticks used in the current study were sampled from four woodlots near 

Antwerp, Belgium, between December 2010 and March 2013: Peerdsbos, Brasschaat (PB), 

Middelheim, Antwerp (MI), De Warande, Oostmalle (WA) and De Kolonie, Wortel (WK) 

(Figure 2.1, Figure 2.2, Table 2.1). Ticks were discovered in PB in 2006, a woodlot subject to 

long-term population studies on great and blue tits for many years (Matthysen et al., 2011). 

Ticks were subsequently found in MI, WA and WK during a survey of over 1000 nest boxes 

(used mainly by great and blue tits) in nine woodlots throughout Belgium in 2010 and 2011. 

No, or very few, I. arboricola ticks have been found in the remaining woodlots. 

 Ticks of all instars (eggs, larvae, nymphs and imagos; both unfed and engorged) were 

collected and stored in 70-100% ethanol. Species, developmental stage, sex (only for adults) 

and engorgement status were identified using a stereomicroscope and identification keys 

(Arthur, 1963; Hillyard, 1996). In total, 268 I. arboricola ticks (excluding eggs) were collected 

from 76 nest boxes, the number of ticks analysed per nest box ranged from 1 to 11 (Table 2.1). 

In six nest boxes ticks were collected on two occasions: in MI four nest boxes were sampled in 

 

Figure 2.1 Sampling 
locations near Antwerp, 
Belgium. Woodlots are 
abbreviated as follows: 
Middelheim, Antwerp 
(MI); Brasschaat, 
Peerdsbos (PB); De 
Warande, Oostmalle 
(WA); and De Kolonie, 
Wortel (WK). The 
agglomeration of Antwerp 
is marked in grey. 
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June 2011 (yielding 8, 8, 2 and 4 ticks, respectively) and June 2012 (1, 10, 2 and 6 ticks, 

respectively). In PB, 1 tick was collected from a nest box in December 2010 and 1 from the 

same nest box in May 2012. In WA, 5 ticks were acquired from a nest box in June 2011 and 6 

from the same nest box in March 2013. These numbers are too low to test for genetic 

differentiation over time. To prevent pseudoreplication, the second sampling events were not 

used in any analysis except the Bayesian clustering analysis (see below). 

 Using NucleoSpin Tissue kits (Macherey-Nagel), DNA was extracted from whole 

individual larvae and nymphs and from three legs in case of adults. The first pair of legs was 

never used as these are important for species identification. Ten polymorphic microsatellite 

loci were amplified following Van Houtte et al (2013) and analysed with a 3130XL GENETIC 

ANALYSER (Life Technologies, Carlsbad, CA, USA). Alleles were scored with GENEMAPPER 

VERSION 3.7 (Life Technologies). In this way, it was possible to genotype 253 I. arboricola 

ticks, with 192 ticks yielding successful amplification at all loci and 61 ticks yielding only 

partial success. In 15 ticks none of the microsatellites amplified successfully. 

Genetic variability in the four woodlots was assessed with GENEPOP VERSION 4.0 at the 

woodlot-level (Rousset, 2008). This software was used to estimate observed (HO) and expected 

(HE) heterozygosity, the inbreeding coefficient (FIS) and the frequency of null alleles, test for 

linkage disequilibrium (LD) between pairs of loci in each woodlot and to test for deviations of 

genotype frequencies from Hardy-Weinberg equilibrium (HWE) expectations using an exact 

probability test. Following Chapuis and Estoup (2007), microsatellite loci that showed 

significant heterozygote deficiencies (HDs, i.e. positive FIS) at all woodlots were discarded 

from all analyses because this is indicative of null alleles, and the presence of null alleles may 

lead to overestimation of genetic differentiation (Chapuis and Estoup, 2007). At the nest box-

level, tests for deviations from HWE expectations were conducted for nest boxes with > 5 

individuals using exact probability tests across all loci. The sequential Bonferroni procedure 

was applied to the tests of LD and FIS to correct for multiple testing (Rice, 1989). 

The population genetic structure of I. arboricola was investigated in several ways. First, 

isolation by distance was tested among all nest boxes combined and among nest boxes within 

woodlots for every woodlot separately by comparing a pairwise log-transformed geographic 

distance matrix to a pairwise genetic distance matrix with a Mantel-test (1000 permutations) in 

GENEPOP VERSION 4.0 (Rousset, 2008). Pairwise geographic distances were calculated with the 

DIST-function in R version 3.0.1 using Decimal Degree coordinates (R Core Team, 2013) and 

pairwise genetic distances were calculated as FST/(1-FST) in GENEPOP VERSION 4.0 (Rousset, 

2008). 
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Table 2.1 Summary of genetic variation in four populations of the tick Ixodes arboricola for seven 
polymorphic microsatellite loci 

 

  woodlots        

 MI PB WA WK  

sample size N = 66 (16, 13, 37) N = 54 (4, 33, 17) N = 85 (25, 4, 56) N = 48 (20, 4, 24)  

 nloc = 15 (4) / 71 nloc = 25 (1) / 265 nloc = 20 (1) / 68 nloc = 16 (0) / 400  
      
Ixaf3      
HE 0.661 0.704 0.647 0.688  
HO  0.531 0.755 0.600 0.625  
FIS 0.198 -0.072 0.074 0.092  
p 0.001 0.154 0.072 0.256  
Null alleles 0.103 0.010 0.053 0.043  
      
Ixaf6      
HE 0.803 0.849 0.706 0.860  
HO  0.673 0.717 0.624 0.688  
FIS 0.163 0.157 0.118 0.203  
P-value 0.001 0.008 <0.001 0.002  
Null alleles 0.063 0.061 0.071 0.101  
      
Ixaf8      
HE 0.695 0.762 0.419 0.736  
HO  0.561 0.463 0.353 0.542  
FIS 0.195 0.395 0.160 0.266  
p 0.002 <0.001 0.073 0.012  
Null alleles 0.081 0.189 0.069 0.106  
      
Ixaf11      
HE 0.580 0.402 0.589 0.522  
HO  0.510 0.340 0.482 0.542  
FIS 0.122 0.157 0.182 -0.038  
p 0.004 0.090 <0.001 0.574  
Null alleles 0.055 0.072 0.073 0.022  
      
Ixaf15      
HE 0.435 0.400 0.521 0.426  
HO  0.469 0.340 0.588 0.396  
FIS -0.080 0.152 -0.130 0.072  
p 0.202 0.246 0.994 0.320  
Null alleles 0.023 0.080 0.000 0.092  
      
Ixaf16      
HE 0.458 0.476 0.327 0.380  
HO  0.367 0.321 0.282 0.292  
FIS 0.200 0.328 0.139 0.235  
p 0.257 <0.001 0.493 0.096  
Null alleles 0.135 0.133 0.048 0.059  
      
Ixaf19      
HE 0.662 0.678 0.622 0.724  
HO  0.510 0.472 0.388 0.646  
FIS 0.231 0.307 0.378 0.109  
p 0.003 <0.001 <0.001 0.058  
Null alleles 0.093 0.137 0.157 0.058  

Abbreviations: FIS, inbreeding coefficient; HE, expected heterozygosity; HO, observed heterozygosity; N, 
sample size (number of larval, nymphal and adult ticks); nloc, number of nest boxes where ticks were found 
(the number of nest boxes that was sampled twice)/number of nest boxes in the woodlot. Significant P-values 
for FIS are given in bold; those that remained significant after sequential Bonferroni correction are underlined. 
The frequencies of null alleles was tested for every population–locus combination. 
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Second, an analysis of molecular variance (AMOVA), executed in ARLEQUIN VERSION 3.11 

(Excoffier et al., 2005), was used to partition genetic variation at three levels, viz. among 

woodlots, among nest boxes within woodlots, and within nest boxes. Due to the software’s 

inability to use loci with too many missing data, the analysis was restricted to the 192 ticks for 

which all microsatellites were scored successfully. Because different instars within nest boxes 

represent different generations (cohorts), AMOVA was also used to investigate genetic 

differentiation among tick instars (i.e. cohorts) within nest boxes by partitioning genetic 

variation at three levels, viz. among nest boxes, among cohorts within nest boxes, and within 

cohorts. All nest boxes were included in this analysis, but variation among cohorts within nest 

boxes could only be estimated from 29 nest boxes where several cohorts were collected. 

Third, a Bayesian approach for inferring population genetic structure among nest boxes was 

applied in STRUCTURE VERSION 2.3.4 (Pritchard et al., 2000). For every woodlot, the number 

of assumed populations (K) was simulated from one to the number of sampled nest boxes with 

20 replications, where doubly sampled nest boxes were included twice (KMAX: MI = 19, PB = 

26, WK = 21, WA = 16). For all runs (50,000 MCMC repeats with a burn-in of 5000) the 

admixture model was implemented, which assumes that individuals have derived ancestry from 

more than one population, as well as the correlated-allele-frequencies model, which calculates 

allele frequencies over all populations. The software STRUCTURE HARVESTER VERSION 0.6.93 

(Earl and VonHoldt, 2012) was used to select the most likely number of populations for every 

woodlot, i.e. K with the highest value of Delta K. For this K, the replication from the software 

STRUCTURE VERSION 2.3.4 with the highest likelihood was selected for graphical presentation. 

For every tick, the proportion of the genome originating from each inferred population was 

computed (quantitative clustering method). 

Finally, the expectation was tested that relatedness among individual ticks in a nest box 

differs among instars and decreases with the number of dispersal opportunities separating them 

since the larval stage. Because ticks feed once per instar (except for adult males that do not 

feed) and subsequently moult to the next instar, every feeding bout is a dispersal opportunity, 

viz. 1) unfed larvae have never fed and therefore had zero dispersal opportunities, 2) engorged 

larvae moult into unfed nymphs and both have had one dispersal opportunity, 3) engorged 

nymphs, and the adults they moult into, have had two dispersal opportunities, and 4) adult 

males do not feed but adult female ticks do, so that males and unfed females have had two, and 

engorged females have had three dispersal opportunities. The maximum number of dispersal 

events of a pair of individuals is therefore the sum of dispersal opportunities of both individuals. 

The sum of dispersal opportunities was calculated for every pair of individuals within nest 
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Figure 2.2 Estimated population structure. The most likely number of populations (K) was estimated 
with a Bayesian approach for each woodlot separately. Each bar represents an individual tick and the 
number below each bar indicates its developmental stage (1 = unfed larvae; 2 = engorged larvae and 
unfed nymphs; 3 = engorged nymphs, adult males and unfed adult females; 4 = engorged adult 
females). Ticks are clustered per nest box and labels above each graph represent sampling dates 
(month + year). a) MI: 15 nest boxes (of which four were sampled twice); b) PB: 25 nest boxes (of which 
one was sampled twice); c) WA: 20 nest boxes (of which one was sampled twice); d) WK: 16 nest boxes 
(none sampled twice). 
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boxes. Ticks from resampled nest boxes (26 ticks from six nest boxes) were discarded and nest 

boxes with only one individual (30 nest boxes but only 28 individuals because two individuals 

coming from resampled nest boxes were already discarded) could not be used, hence 199 

individuals from 46 nest boxes were used, representing 421 comparisons. There were seven 

categories, comprising 0-6 dispersal opportunities (Table 2.2). The program SPAGEDI 

VERSION 1.4a (Hardy and Vekemans, 2002) was used to calculate relatedness (r) for every pair 

of individuals and conduct linear and logarithmic regression analysis across pairs of individuals 

within nest boxes, testing the association between r and the sum of dispersal opportunities. 

Queller and Goodnight’s (Queller and Goodnight, 1989) estimator of relatedness was used, 

which takes allele frequencies into account, eliminates a downward bias for small sample sizes 

and allows estimation of relatedness for subsets of population samples. Negative kinship 

coefficients indicate that two individuals are less related than random individuals (Hardy and 

Vekemans, 2002). With SPAGEDI, a linear regression analysis between relatedness and 

dispersal category was conducted with 10,000 permutations over individuals and loci. 

 

 

 

Results 

 

Three microsatellite loci (Ixaf17, Ixaf18 and Ixaf20) were discarded because FIS was 

significantly positive in all populations for these loci. Consequently, all analyses were 

conducted with the remaining seven loci (Table 2.1). The discarded loci had a mean frequency 

of null alleles across all woodlots of > 15% (Ixaf17: 18.4%; Ixaf18: 30.1%; Ixaf20: 18.8%), 

whereas the mean frequency of null alleles across all woodlots for the remaining seven 

Table 2.2 Number of dispersal opportunities for all combinations of tick instars 

Individual A Individual B Dispersal opportunities N 

LU (0) LU (0) 0 59 
LU (0) LE, NU (1) 1 42 
LU (0) NE, M, FU (2) 2 

48 
LE, NU (1) LE, NU (1) 2 
LU (0) FE (3) 3 

31 
LE, NU (1) NE, M, FU (2) 3 
LE, NU (1) FE (3) 4 

128 
NE, M, FU (2) NE, M, FU (2) 4 
NE, M, FE (2) FE (3) 5 86 
FE (3) FE (3) 6 27 

Numbers in parentheses indicate the cumulative opportunities of dispersal for every instar. Instars 
are abbreviated as follows: L = larvae; N = nymph; F = adult female; M = adult male; U = unfed; E 
= engorged. N = number of pairs. 
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microsatellite loci was lower (Ixaf3: 5.2%; Ixaf6: 7.4%; Ixaf8: 11.1%; Ixaf11: 5.6%; Ixaf15: 

4.9%; Ixaf16: 9.4%; Ixaf19: 11.1%). The HO, HE and FIS values and frequencies of null alleles 

per population-locus combination of the remaining seven microsatellite loci are given in Table 

2.1. After Bonferroni correction, ten out of 28 population-locus combinations deviated 

significantly from HWE expectations. These deviations were observed in all populations and 

at all loci except Ixaf15. There was no significant LD. At the nest box-level, there were no 

deviations from HWE expectations (Table 2.3). 

The AMOVA of population genetic structure within and among cohorts showed significant 

genetic structure among nest boxes (Φnest boxes–total = 0.14, df = 73, p < 0.001, variation 

explained: 10.9%) and within cohorts (Φcohorts = 0.11, df = 264, p < 0.001, variation explained: 

86.3%), but not among cohorts within nest boxes (Φcohorts-nest boxes = 0.03, df = 22, p = 0.150, 

variation explained: 2.8%). 

There was no significant isolation by distance, neither in the overall test (R2 = 0.003, p = 

0.15) nor in any of the woodlots (MI: R² = 0.004, p = 0.31; PB: R² = 0.001, p = 0.49; WA: R² 

= 0.011, p = 0.16; WK: R² = 0.028, p = 0.07). The AMOVA of population genetic structure 

within and among woodlots showed significant genetic differentiation at all investigated levels, 

viz. among woodlots, among nest boxes within woodlots and within nest boxes (Table 2.4). 

Within woodlots the STRUCTURE analysis resulted in K = 3 for MI, K = 5 for PB, K = 2 for WA 

Table 2.3 HWE within nest boxes 

Nest box 
ID 

N 
Total 
amplification 
success 

loci 
used 

FIS χ2 df p 

MI a 6 0.88 7 0.064 ± 0.079 9.75 14 0.780 
MI b(1) 8 0.91 7 -0.003 ± 0.107 4.92 14 0.987 
MI c(1) 8 0.79 7 -0.014 ± 0.088 12.41 14 0.574 
MI d(1) 6 1.00 7 -0.009 ± 0.133 8.55 14 0.859 
PB g 5 1.00 7 0.061 ± 0.094 8.19 14 0.879 
PB j 5 0.91 6 0.139 ± 0.21 11.18 12 0.513 
WA a(1) 5 1.00 7 0.161 ± 0.093 6.34 14 0.957 
WA f 9 0.94 7 0.083 ± 0.089 20.07 14 0.128 
WA h 5 0.97 6 0.073 ± 0.088 2.06 12 0.999 
WA j 5 0.89 7 0.155 ± 0.16 13.71 14 0.472 
WA n 5 0.91 4 0.072 ± 0.286 5.51 8 0.701 
WA r 6 0.71 7 0.529 ± 0.21 19.78 14 0.137 
WA s 8 0.68 5 -0.074 ± 0.095 2.03 10 0.996 
WA t 6 0.50 4 0.207 ± 0.158 3.25 8 0.918 
WK p 11 0.94 7 0.027 ± 0.107 8.79 14 0.844 

Abbreviation: HWE = Hardy–Weinberg equilibrium. 
FIS, average FIS-value (± SE) across all loci; loci used, number of loci used in the Fisher’s exact 
test; N, sample size per nest box; Nest box ID, the identity of individual nest boxes as can be found 
in Figure 2.2; total amplification success, amplification success across all loci and individuals within 
a nest box. There were no significant deviations from HWE. 
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and K = 4 for WK (Figure 2.2). In MI ticks in five nest boxes (d [1 + 2], h, l, n, o) were assigned 

to the first cluster, ticks in six nest boxes (a, b [1 + 2], c [1 + 2], e [2], f, g, i, j) to the second, 

and ticks in two nest boxes (k, m) to the third cluster. Ticks in two nest boxes (e [1]) were not 

clearly assigned to any of the clusters. In PB, ticks in most nest boxes were not assigned to 

particular clusters. Ticks in five nest boxes (a [1 + 2], i, k, l, o) were assigned to the first cluster. 

In WA all ticks were equally assigned to both clusters. In WK four clusters were identified, 

such that ticks from the nest boxes sampled in November 2011, except nest box f, were assigned 

to clusters 1 to 3, whereas ticks from the single nest box sampled in April 2012 were assigned 

to the fourth cluster. 

 Relatedness decreased significantly with an increasing sum of dispersal opportunities when 

the latter was logarithmically transformed (b = -0.173; R2 = 0.050; p = 0.022; Figure 2.3) but 

not when it was linear (b = -0.039; R2 = 0.029; p = 0.099). The mean r for the categories with 

0, 1 and 2 dispersal opportunities was higher (mean: 0.210 - 0.359; range: -0.853 to 1.000) than 

the mean r for the categories with 3 to 6 dispersal opportunities (mean: 0.053 - 0.128; range: -

1.895 to 1.000). 

 

 

 

Discussion 

 

Knowledge concerning population genetic structure is essential for the understanding of 

parasite dispersal and the evolution of host specificity and coevolution in host-tick interactions 

(Boulinier et al., 2001; McCoy et al., 2003b). The current study is the first that investigated 

spatial genetic structure of a bird-specialised tick in a terrestrial ecosystem, following work on 

other endophilic ticks (McCoy et al., 2003b; Guzinski et al., 2009; Dharmarajan et al., 2011). 

Table 2.4 Hierarchical AMOVA measured at three spatial scales (within nest boxes, among nest 
boxes within areas and among areas) 

Source of variation df 
Sum of 
Squares 

Variance 
Components 

Percentage 
Variation 

ΦST P-value 

Among woodlots 3 29.259 0.065 2.794 0.138 <0.001 
Among nest boxes within 
woodlots 

74 226.949 0.257 10.971 0.011 <0.001 

Within nest boxes 306 581.466 2.019 86.235 0.028 <0.001 
Total   837.674 2.341       

Abbreviation: AMOVA = analysis of molecular variance. 
The p-values of estimators were calculated by permuting alleles/genotypes within/between nests with 
1023 resamplings. 
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Because I. arboricola has a low intrinsic mobility (Heylen and Matthysen, 2010) while its main 

hosts (P. major and C. caeruleus) show high fidelity to cavities (Gosler, 1993), tick populations 

were expected to be spatially structured among woodlots and among nest boxes within 

woodlots, and ticks within nest boxes to be highly related. 

In line with the expectations, tick populations were significantly differentiated among the 

four woodlots and among nest boxes within woodlots. At woodlot-level, several population-

locus combinations showed significant heterozygote deficiencies (HDs). HDs can be caused 

by methodological (e.g. null alleles) and biological (e.g. population subdivision, inbreeding) 

factors. It is generally believed that null alleles lead to locus-specific effects whereas biological 

factors lead to a more or less concordant pattern across all loci (Dakin and Avise, 2004). 

Biological and methodological factors can only be disentangled through experimental testing 

and, unfortunately, there is no methodology to accommodate for null alleles in population 

genetic analyses (unless for the estimation of genealogical relationships, see e.g. Kalinowski 

and Taper (2006), and for FST-values, see Chapuis and Estoup (2007)). The presence of null 

 

Figure 2.3 Queller and Goodnight’s (1989) Estimator of Relatedness (QGE) for pairwise relatedness 
between ticks within nest boxes. Relatedness decreases significantly with increasing dispersal 
opportunities (b = -0.173; R2 = 0.050; p = 0.022). Data are categorised by the number of dispersal 
opportunities separating individual ticks. Presented here is QGE based on individual pairs, whereas the 
analysis was conducted on global estimates. 
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alleles may have led to overestimation of FIS and genetic differentiation, which could indicate 

tick populations are not as differentiated as the current data suggest (Chapuis and Estoup, 

2007). On the other hand, no locus-specific effects were found for the seven microsatellite loci 

used in the current study. Therefore HDs in the current study may have been caused by 

biological factors, and null allele frequencies may have been overestimated. The fact that 

significant genetic differentiation was found among nest boxes within woodlots suggests that 

HDs are caused by subdivision of tick populations among nest boxes within woodlots (i.e. 

Wahlund effect). This is in line with studies of the raccoon tick I. texanus, where highly 

variable levels of HD among loci and populations were caused by subdivided breeding groups 

and high variance in individual reproductive success (Dharmarajan et al., 2011). The fact that 

no HDs have been found within nest boxes supports the claim that tick populations are 

subdivided within woodlots, although power of this test is low and hence further work is needed 

to draw more decisive conclusions. 

Against expectations, there was considerable genetic variation among ticks within nest 

boxes. This may explain the lack of genetic differentiation among cohorts within nest boxes. 

High levels of genetic variation among ticks within nest boxes suggest that not all genotypes 

have been sampled, especially since the number of ticks collected from individual nest boxes 

is limited. It is known that I. arboricola ticks can be easily overlooked during nest box surveys, 

especially the small unfed immature instars (Heylen et al., 2014d). Nevertheless, because all 

nest boxes in a woodlot were inspected during nest box surveys (except during III 2013 in WA 

and IV 2012 in WK), the majority of ticks present in a woodlot will have been collected and 

ticks may come from outside the nest boxes in the woodlots. No sampling was conducted in 

between the four woodlots because there are no major nest box sites, but ticks may be present 

in nest boxes and other cavities used by birds in gardens and parks. These cavities are probably 

very important for tick dispersal because great and blue tits are unlikely to transfer ticks directly 

among woodlots that are separated by several kilometres (Gosler, 1993). This corroborates with 

the fact that significant genetic differentiation was found among woodlots, but would also 

result in isolation by distance among woodlots. Further investigations are required to assess 

whether ticks are able to disperse among woodlots that are separated by several kilometres. We 

expect the large genetic differentiation within nest boxes, low sample size and incomplete gene 

pool are responsible for the lack of isolation by distance among woodlots. 

One hypothesis for the high within-nest differentiation is that there is inflow of ticks from 

natural cavities (i.e. tree holes), which are abundant in woodlots such as the studied ones (Bai, 

2005). Although great and blue tits have a preference for nest boxes, tree holes may be visited 
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when birds change winter roosting sites, inspect cavities in spring and for breeding (Lõhmus 

and Remm, 2005). Tree holes may provide not only additional but also higher-quality habitat 

to I. arboricola because they have more cracks and crevices that provide hiding places for ticks 

and probably have higher humidity, to which ticks are sensitive (Sonenshine, 1991). It is 

difficult to collect ticks from tree holes and the prevalence of ticks within tree holes remains to 

be investigated. If tree holes are indeed more suitable habitat for I. arboricola, they may have 

higher population densities than nest boxes and result in a sink-source system with 

asymmetrical gene flow (Dias, 1996). 

In line with the idea that nest boxes are unsuitable habitat for I. arboricola, woodlots that 

were surveyed once yielded very few ticks and I. arboricola seems to be rare in nest boxes 

throughout Belgium. However, the abundance of ticks was high in WA, where nest boxes are 

much older, more moist and contain many more cracks and crevices than in the other woodlots 

(unpublished data). Such nest boxes might, like tree holes, be more suitable for I. arboricola 

and be the reason tick abundance is considerably higher in WA than in other woodlots. 

Interestingly, WA is the only woodlot where nest boxes do not explain the genetic structure 

that was found, but the current data do not allow to investigate whether there is a relationship 

between tick abundance and genetic structure within woodlots. It might be worthwhile to study 

WA in more detail because this woodlot might be a close approximation to a natural population 

of I. arboricola. This might also provide more insight in the temporal characteristics of I. 

arboricola populations. Although some nest boxes were sampled successively in the current 

study, the sampe is too small to make reliable predictions about temporal variation in genetic 

structure of I. arboricola populations. In addition, in many cases all ticks were collected 

because tick abundance was low, and therefore successive samples may be completely 

unrelated. 

Despite the considerable genetic differentiation within nest boxes, relatedness decreased 

with increasing dispersal opportunities, supporting the hypothesis that feeding bouts are indeed 

dispersal events. However, instead of decreasing gradually, there was a sudden drop in 

relatedness after two dispersal opportunities, suggesting that different tick instars may have 

different dispersal opportunities. Most engorged larvae are found in autumn, when birds may 

switch between roosting sites, to early spring, when birds inspect possible nesting sites (Gosler, 

1993), whereas engorged nymphs and adult females are mainly found during the birds’ 

breeding season, when birds show high nest fidelity (Heylen et al., 2014d). Together with the 

current data this suggests the majority of dispersal occurs in autumn, in the early life of ticks. 

Interestingly, there was a lot of variation in relatedness among pairs of ticks and some pairs of 
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unfed larvae displayed very low relatedness. It is possible that unfed larvae were sampled that 

came from clutches laid by different females. Furthermore, larvae from the same clutch might 

be fathered by multiple males, as is the case in other ixodid ticks (McCoy and Tirard, 2002; 

Ruiz-López et al., 2012). The mating strategies of I. arboricola are largely unknown as of yet 

and whether dispersal is indeed distributed unequally among instars needs further investigation. 

An unknown factor in the current study is the degree to which ticks have all originated from 

the same host species. Although there is no exact data on birds using the nest boxes in the 

period of sampling, most ticks were assumed to have fed on great and blue tits. Great and blue 

tits are known from regular inspections in PB and observations from bird ringers from the other 

woodlots to be the main occupants of nest boxes. Occasionally, nest boxes are occupied by 

other songbirds, notably nuthatches (Sitta europaea) and pied flycatchers (Ficedula 

hypoleuca). In both of these species, parasitism by I. arboricola has been described earlier 

(Hudde and Walter, 1988). Nuthatches and pied flycatchers greatly overlap with great and blue 

tits in nest-site selection, and can therefore be expected to contribute as hosts to the same I. 

arboricola populations feeding on great and blue tits. Interestingly, there are occasional reports 

that I. arboricola also parasitises hole-nesting birds that differ more strongly in nest use from 

great and blue tits, such as owls and jackdaws (Hudde and Walter, 1988; Hillyard, 1996). Tick 

dispersal among different nest types may be limited and, consequently, tick populations among 

hosts with different nesting requirements may be genetically differentiated. At this point, 

however, there can be only speculation about this as I. arboricola has not been found in such 

nests in Belgium as of yet (unpublished data). 

In conclusion, this is the first population genetic study of an ornithophilic tick in a terrestrial 

system. Genetic differentiation was found among the studied woodlots and among nest boxes 

within woodlots. Contrary to expectations, genetic differentiation was found among individuals 

within nest boxes. Relatedness analyses showed that dispersal is unequal among instars and 

larvae seem the most important instar for dispersal of I. arboricola.  
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Abstract 

 

Bird-specific ticks do not infest humans and livestock, but these ticks often share their avian 

hosts with generalist ticks that do. Therefore, their feeding activity may have an impact on the 

transmission of pathogens outside bird-tick transmission cycles. Here we examined the 

seasonal feeding activity of the tree-hole tick (Ixodes arboricola) in relation to the activity of 

its hole-breeding hosts (Parus major and Cyanistes caeruleus). We analysed data on ticks 

derived from birds, on the abundance of engorged ticks inside nest boxes, and on bird nests 

that were experimentally exposed to ticks. We observed a non-random pattern of feeding 

associated with the tick instar and host age. The majority of adult ticks fed on nestlings, while 

nymphs and larvae fed on both free-flying birds and nestlings. Due to their fast development, 

some ticks were able to feed twice within the same breeding season. The highest infestation 

rates in free-flying birds were found during the pre-breeding period and during autumn and 

winter when birds roost inside cavities. Except during winter, feeding of I. arboricola 

overlapped in time with the generalist I. ricinus, implying that tick-borne micro-organisms that 

are maintained by I. arboricola and birds could be bridged by I. ricinus to other hosts.  
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Introduction 

 

In parasitology, there is increasing interest in host-specialised ticks that support enzootic 

cycles of pathogens of medical and veterinary importance (Piesman and Gern, 2004; Bown et 

al., 2006; Norte et al., 2013). Although these ticks generally do not infest humans and livestock, 

their hosts are often shared by generalist ticks that do. Consequently, pathogens of host-

specialized ticks may be bridged via generalist ticks to other hosts outside the enzootic cycles 

(Piesman and Gern, 2004). To gain more insight into the transmission dynamics of tick-borne 

pathogens, knowledge is required concerning host use and seasonal feeding activity of 

specialized ticks in comparison with that of the co-occurring generalist ticks. Information about 

the temporal overlap in feeding activity is all the more important when pathogen transmission 

is limited in time due to the acquisition of host resistance after an infection, or in the situation 

when transmission depends on co-occurring ticks that feed in close proximity on the same host 

(i.e. ‘co-feeding’ transmission) (Gern and Rais, 1996; Randolph et al., 1996). More generally, 

understanding the life history of ticks is essential to predict which hosts are most likely to be 

exposed to pathogens. In addition, since ixodid ticks have a very low intrinsic mobility and 

disperse mainly through the host, the timing of feeding and selection of hosts (e.g. nestlings 

versus adult birds) may determine the dispersal of pathogens. 

Ixodes arboricola Schulze and Schlottke 1929 is an endophilic bird-specialized tick of 

potential significance as a vector of pathogens for both livestock and humans, as it carries 

Rickettsia spp. and Borrelia burgdorferi s.l. bacteria (Thorud, 1999; Špitalská et al., 2011; 

Heylen et al., 2012a) and shares several host species with the generalist tick Ixodes ricinus L., 

which is the main European vector of tick-borne diseases (Gray, 1991, 1998; Hillyard, 1996; 

Heylen et al., 2013). Ixodes arboricola is widely distributed in the Palearctic region, from 

central, western and northern Europe, eastward to Latvia and the European parts of Russia 

(Hudde and Walter, 1988; Liebisch, 1996). Its entire life cycle is restricted to natural and man-

made cavities, where it infests roosting and breeding birds (Arthur, 1963; Hillyard, 1996) and 

where it detaches after feeding (Heylen and Matthysen, 2010; Heylen et al., 2012b; White et 

al., 2012). As in all ixodid ticks, every instar (larva, nymph and adult female; adult males do 

not feed) takes a single blood meal lasting several days before detaching and moulting to the 

next development stage, and thus spends at least 90% of its life off-host (Hillyard, 1996). After 

feeding and detachment, fertilized females deposit a clutch of several hundreds of eggs (160 – 

800 eggs per female (Liebisch, 1996; Heylen, 2011), from which larvae will emerge. Ixodes 

arboricola has been found on birds throughout the year, even during the coldest winter months 
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(Walter et al., 1979; Literák et al., 2007), but details on the seasonal feeding activity of the 

different life stages are lacking.  

The great tit (Parus major L.) and blue tit (Cyanistes caeruleus L.) are amongst the principal 

hosts of I. arboricola in NW Europe (Walter et al., 1979; Hudde and Walter, 1988), and are 

also frequently infested by the generalist I. ricinus (Heylen, 2011; Heylen et al., 2013). These 

small songbirds inhabit woodlands and gardens, and nest and roost in natural cavities and nest 

boxes (Perrins, 1979). During the pre-breeding period (early March – early April) birds 

prospect potential nest sites and establish breeding territories. Nest building starts in the 

beginning of April, and females lay their eggs once the nest is finished. Incubation, lasting 

approximately two weeks, is performed by the female exclusively. The female continues to 

warm the chicks until they are homoeothermic (i.e. 8 – 10 days old and capable to maintain a 

relatively constant body temperature of about 30 - 40 °C; Mertens, 1969; Dunn, 1975). In total, 

during the breeding season, parents and their young occupy a single cavity for approximately 

six weeks (Gosler, 1993). Nestlings fledge when they are approximately three weeks old, after 

which the cavity is not used anymore for the coming months, except in the case of second 

broods, which have become increasingly rare in western European populations in the past 

decades (Visser et al., 2003; Matthysen et al., 2011). In summer (July – September), birds roost 

outside and seldom make use of cavities (Kluijver, 1951; Hinde, 1952; Perrins, 1979; Cramp 

and Perrins, 1993; Gosler, 1993). From early autumn until the end of winter (October – 

February) birds roost individually in cavities (Perrins, 1979; Gosler, 1993). During this period, 

birds tend to return to the same cavity every day (Tyller et al., 2012), although competition for 

roost sites or external disturbance may cause shifts between cavities (Perrins, 1979; Gosler, 

1993). 

In the current study we describe the feeding activity of I. arboricola in relation to the 

seasonal activity pattern of great and blue tits. We make use of observational data on ticks 

found on captured birds, as well as the year-round abundances of engorged and unfed I. 

arboricola stages inside tit nest boxes. In addition, we analysed the tick’s feeding activity and 

developmental rates in nest boxes that were experimentally exposed to ticks of all 

developmental stages at the start of the birds’ breeding cycle and that were monitored with high 

temporal resolution.  
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Materials & Methods 

 

Observational data 

Fieldwork was carried out from 2006 to 2013 in four deciduous woodland areas, all within 

50 kilometres from the centre of the city of Antwerp: Boshoek (BH; 51° 08’ 42’’ N, 4° 30’ 38’’ 

E), Peerdsbos (PB; 51° 16’ 33’’ N, 4° 29’ 17’’ E), Park de Warande (WA; 51° 17’ 52’’ N, 4° 

43’ 40’’ E) and Wortel Kolonie (WK; 51° 23’ 59’’ N, 4° 50’ 07’’ E). Two areas (BH and PB) 

have been subject to long-term population studies on great and blue tits for many years 

(Matthysen et al., 2001, 2011). All study areas are provided with wooden nest boxes, which 

are used mainly by great and blue tits, and in which I. arboricola ticks have been observed. 

The removable nest box lids allow easy inspection of the nest cup and the nestlings, as well as 

detection of I. arboricola ticks that, after engorgement, typically migrate to the upper zones of 

the nest box (i.e. ‘negative geotropism’) (D. Heylen, unpublished observations). 

In total, 1153 tit nest boxes were repeatedly screened for engorged and unfed I. arboricola 

ticks in one or more years (BH: Feb. 2008 – Feb. 2011; PB: Nov. 2007 – Dec. 2010; WA: Jun. 

2011 – Feb. 2013; WK: Nov. 2011 – Mar. 2013). Inspections were done at distinct times with 

respect to the birds’ seasonal activity pattern and cavity use: in March, before the breeding 

season commences and when birds inspect potential breeding sites (‘Pre-breeding’); in April – 

June, during the breeding season (‘Breeding’); in July – September, when birds seldom occupy 

nest boxes (‘Summer’); and in October – February, when nest boxes are frequently used for 

roosting (‘Autumn-Winter’). Even though nest boxes were specifically inspected to find ticks, 

unfed larval and nymphal stages can still be easily overlooked because of their small size 

compared to engorged ticks or unfed adults.  

Free-flying birds were captured throughout the year (2007 – 2012) in BH and PB (9172 

captures; average time interval between capture session ± standard deviation: 4.8 ± 10.3 days; 

range: 1-127 days) and inspected for ticks to define the prevalence of ixodid ticks. Birds were 

captured under license of the Flemish Ministry (Agentschap Natuur en Bos). Breeding birds 

were captured inside nest boxes with nest traps when feeding 8-day-old nestlings (4243 

captures), and mist nets were used through the remainder of the year to capture free-flying birds 

(2601 captures). During autumn and winter, additional birds were screened at night when 

roosting in nest boxes (2328 captures). The head region of captured birds was systematically 

screened for ticks while holding the beak of the bird between thumb and forefinger and blowing 

and brushing the birds’ feathers apart (Heylen et al., 2009). Any ticks found on a random subset 

of 1297 birds were removed using tweezers and stored in 70% ethanol, in order to define the 
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proportion of the tick species and their developmental stages. Species, developmental stage, 

sex (only for adult ticks) and engorgement status were determined using a stereomicroscope 

and identification keys (Arthur, 1963; Hillyard, 1996). After inspection for and removal of 

ticks, the birds were released. 

 

Experimental data 

Field experiments were carried out to investigate feeding activity and developmental rates 

of each developmental stage of I. arboricola. From the start of the bird’s breeding season 

onwards, nest boxes occupied by great tits were monitored for engorged, moulted and unfed 

ticks after newly constructed nest cups had been exposed to unfed ticks. Experiments were 

carried out in two woodlots within BH (April 2010 – February 2012). To minimize the 

interference of naturally occurring ticks, nest boxes were checked for ticks and any ticks found 

were removed just before the start of the breeding season of 2010. In addition, nest material 

from previous breeding seasons – which could be infested with I. arboricola – was removed. 

We released high numbers of ticks of different stages inside the newly constructed nest cups at 

the start of the bird’s breeding season and counted the number of engorged ticks in the nest box 

at regular time intervals. Nestlings were not inspected for tick infestations. Although ticks that 

attached to parental birds were not removed for identification at capture on the 8th day in the 

nestlings’ development, a reliable visual estimate of the conspicuous and morphologically 

distinctive adult female ticks could still be obtained. We can be sure that these adult females 

are not Ixodes ricinus adults, as latter stages have never been observed on great tits under 

natural circumstances (Heylen et al., 2013) and only feed successfully on larger mammals 

(Gray, 1991). During both breeding seasons, nest boxes were screened nine times in succession, with 

an average interval of 6.4 ± 1.9 days between each check. We considered this time resolution as 

sufficiently high, because the feeding period (days) for larvae (mean ± standard error: 3.64 ± 0.21), 

nymphs (3.84 ± 0.02), and adult females (5.29 ± 0.16) under field conditions (Heylen and Matthysen, 

2011a) is only a few days shorter. Outside the breeding season, when the occupancy of the nest boxes 

is lower, we checked nest boxes eighteen times (2010) and seventeen times (2011) with an average 

interval of 15.7 ± 4.7 days. 

For the engorged larvae and nymphs, we estimated the number of days until moult to the 

next developmental stage based on the observations of exuviae and unfed stages. For the 

engorged adult females, we estimated the duration until egg deposition, and the duration until 

the emergence of the larvae. For the estimation of the developmental rates under field 

conditions, the duration of moulting (larvae and nymphs) is based on the moment when 50% 
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of the engorged ticks had moulted.  

The ticks used for this experiment originated from a laboratory colony originally collected 

during the winter of 2007–2008 from nest boxes (BH and PB) (for details, see Heylen et al., 

2012b). At the start of the breeding season of 2010, twenty-five nymphs were released in each 

of eleven nest cups. At the start of the breeding season of 2011, in each of seventeen nest cups 

we added a mix of three adult females, two adult males, and a batch of larvae (mean ± standard 

deviation: 101.8 ± 59.3 larvae per nest cup). Males were added to the nest cups because in some 

ixodid tick species, adult females tend not to attach and/or complete the blood meal unless males of the 

same species are present (Rechav et al., 1997; Sonenshine, 2004; Weiss and Kaufman, 2004; Donohue 

et al., 2009). Before release, adult females and males were put together in vials (15 females with 10 

males in each vial) for two weeks, to give them the opportunity to mate without the possible interference 

of the host.  

 

Statistical analysis 

For the observational data from bird captures, when testing hypotheses on tick prevalence 

in relation to season and bird species, generalized linear mixed models with logit-link and 

binomial distributed residuals were fitted (procedure PROC GLIMMIX in SAS v 9.2, SAS 

Institute, Cary, North Carolina) while controlling for study area and year as a random factor. 

When residuals showed high overdispersion (i.e. Pearson Chi-Square/residual df ≥ 1.5), 

standard errors of the main effects were adjusted by the scale parameter (Molenberghs and 

Verbeke, 2005; Zuur et al., 2009). As the ticks of only a random subset of 1297 birds were 

isolated for identification (see above), we derived the total number of captured birds that 

matches this subset of infested birds basing ourselves on the prevalence of Ixodes spp. 

infestations that was obtained from the complete set of 9172 bird captures. α = 0.05 was chosen 

as the lowest acceptable level of significance. Odds ratio estimates are reported with their 95% 

confidence limits. All other estimates are reported as mean ± standard error, unless otherwise 

mentioned.  
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Results 

 

Observational data from bird captures 

The marginal prevalence (based on the pooled set of captures over the two study areas) of 

I. arboricola and I. ricinus infestations in free-flying birds in relation to the birds’ seasonal 

activity pattern are presented in Figure 3.1. There were no differences between great tits (P.m.) 

and blue tits (C.c.) in the prevalence of I. arboricola infestations in any of the seasons (Odds 

ratio (OR) (P.m. – C.c.): 1.18 (95% confidence interval limits: 0.75 – 1.87); t = 0.73; df = 46; P = 

0.47). The prevalence of I. arboricola infestations differed among seasons (F3,46 = 3.33, P = 

0.03). The highest prevalence was observed during the pre-breeding season (average 

prevalence over two study areas in great tits: 7.5 ± 0.4%, N = 80; blue tits: 3.3 ± 3.3%, N = 

136), while the ticks on the free-flying birds were least prevalent during the breeding season 

(great tits: 1.9 ± 0.4%, N = 1037; blue tits: 0.8 ± 0.6%, N = 898).  

In both bird species, the prevalence of I. arboricola adult females was much lower than that 

of the immature developmental stages (Figure 3.2), whereas the prevalence of larvae tended to 

 

Figure 3.1 Infestation prevalence of I. arboricola and I. ricinus in free-flying great tits (P.m.) and blue 
tits (C.c.) in relation to the birds’ seasonal activity pattern. Ixodes spp. overall prevalence was obtained 
from 9172 bird captures, while the relative proportion of each tick species is based on tick collections 
of a random subset of 1297 infested birds. 
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be higher than that of the nymphs for any season (OR (larva. – nymph): 1.46 (1.01 – 2.13); t = 2.02; 

df = 86; P = 0.05). Feeding I. arboricola adult females were not observed in summer. On one 

great tit individual (autumn-winter) the three developmental stages were co-feeding. In the 

infested birds, the mean infestation intensity varied both for great tits (larvae: 4.4 ± 1.1 (range: 

1 – 46); nymphs: 2.5 ± 0.6 (1 – 22) and adult females: 1.8 ± 0.8 (1 – 5)) and for blue tits (larvae: 

6.4 ± 2.1 (1 – 47), nymphs: 1.6 ± 0.4 (1 – 8), and adult females: 1.0 ± 0.0). 

In contrast to I. arboricola, the prevalence of I. ricinus infestations (Figure 3.1) was 

consistently higher in great tits (OR (P.m. – C.c.): 5.25 (3.32 – 8.29); t = 7.33; df = 39.89; P < 

0.001). Ixodes ricinus was most prevalent during the breeding season (great tits: 39 ± 1%, N = 

1037; blue tits: 11 ± 1%, N = 898) and summer (great tits: 39 ± 28%, N = 400; blue tits: 6 ± 

3%, N = 74), and lowest during autumn-winter (great tits: 7 ± 1%, N = 1812; blue tits: 0.9 ± 

0.1%, N = 904). The mean infestation intensity of immature developmental stages varied both 

for great tits (larvae: 4.4 ± 0.3 (range: 1 – 48); nymphs: 2.1 ± 0.1 (1 – 17)) and for blue tits 

(larvae: 1.5 ± 0.2 (1 – 4); nymphs: 1.3 ± 0.1 (1 – 5)). In this tick species, we did not observe 

any adult female feeding on a bird. 

 
 
Figure 3.2 Infestation prevalence of the different developmental stages of Ixodes arboricola in free-
flying great tits (P.m.) and blue tits (C.c.) in relation to the birds’ seasonal activity pattern. Larvae or 
nymphs co-feeding with adult females are not indicated separately. 
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Mixed infestations, i.e. single hosts carrying both I. arboricola and I. ricinus ticks, were 

observed for great tits in all seasons except the pre-breeding season (range prevalence: 0.3 – 

2.7%), and for blue tits in the breeding season only (0.5%).  

In addition to I. ricinus and I. arboricola, we collected I. frontalis Panzer 1795 from both 

bird species (prevalence in P.m.: 1.6%; C.c.: 0.5%). On the I. frontalis-infested birds, we 

collected individuals belonging to the three developmental stages: larvae (mean infestation 

intensity P.m.: 1.9 ± 0.3 (1 – 8) ; C.c.: 1.1 ± 0.1 (1 – 2)), nymphs (P.m.: 1.1 ± 0.1 (1 – 2); C.c.: 

1.0 ± 0.0) and to a lesser extent adult females (P.m.: 1.0 ± 0.0; C.c.: 1.0 (only one individual)).  

 For all ixodid tick species, adult males have never been observed on any of the free-flying 

birds. 

 

Observational data from nest boxes 

The average counts per nest box over the four study areas for engorged and unfed 

developmental stages in relation to the birds’ seasonal activity pattern are presented in Figure 

 

Figure 3.3 Average counts of Ixodes arboricola stages per nest box in relation to the birds’ seasonal 
activity pattern. Data were obtained from regular checks of 1153 nest boxes used by great and blue tits 
in four study areas. Shaded white bars represent the average number of fed stages. Counts for larvae 
have been divided by ten. Note that counts of unfed larvae and nymphs were probably unreliable (See 
‘Materials and Methods’ section for details). 
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3.3. The area’s proportion of nest boxes in which one or more stages of I. arboricola were 

observed over the total observation period was 30 ± 8%. Of all the observed engorged females 

(N = 142 individuals) and nymphs (N = 430), the majority (average proportion: 82 ± 6% and 

64 ± 13% for females and nymphs, respectively) was found during the birds’ breeding season. 

Of the engorged larvae (N = 2006) the highest proportions were found during the pre-breeding 

period (47 ± 11%) and autumn-winter period (32 ± 11%), while very low numbers were found 

during the summer months (0.5 ± 0.5%). The four study areas showed similar seasonal 

distributions of engorged tick stages, as was shown by the high pairwise correlations 

coefficients of the tick proportions over time (Pearson’s rho: 0.52 – 0.84; P-values: 0.08 – 

0.003). 

In adult females, the proportion of engorged individuals was higher during the breeding 

season than in other seasons (range OR (breeding - other season): 16.1 – 29.1; all P-values < 0.001; 

Figure 3.3). In the larvae and nymphs, proportions of engorged ticks were higher in both the 

pre-breeding and breeding season than in summer (range OR (pre-breeding - summer): 9.1 – 120.1; P 

< 0.069; range OR (breeding - summer): 7.8 – 311.9; P < 0.02). Furthermore, the proportion of 

engorged larvae during the pre-breeding season was higher than that from the autumn-winter 

period (OR (pre-breeding - winter): 5.6 (1.8 – 17.1); t = 3.22; df = 17.32; P = 0.005). None of the other 

pairwise comparisons between seasons were significant in any of the developmental stages. 

 

Experimental data 

The proportion of released ticks that were found engorged was 36 ± 15% for adult females 

(N = 17 nests), 15 ± 3% for nymphs (N = 11 nests) and 0.9 ± 0.4% for larvae (N = 17 nests). 

All engorged adult females were found more than one week after hatching of bird eggs. In 

contrast, most of the engorged immature stages were found during the pre-hatching phase of 

the breeding cycle (larvae: 80 ± 2%, nymphs: 86 ± 7%). In three nest boxes in which unfed 

 

Table 3.1 Development durations of Ixodes arboricola ticks fed on Parus major nestlings 

 Field conditions Lab conditions 

Development durations (days) 
Larva-Nymph 34·6 ± 4.3 (N = 3) 12·8 ± 0·3 (N = 24) 
Nymph-Adult 48.0 ± 4.7 (N = 20) 13·3 ± 0·1 (N = 90) 
Adult female-Eggs 63.0 ± 4.0 (N = 7) 11·3 ± 0·7 (N = 26) 
Eggs-Larvae 91.5 ± 23.5 (N = 2) 29.9 ± 0·5 (N = 23) 

Data are presented as mean ± SE. For the development under field conditions, the duration of moulting (for 
larvae and nymphs) is based on the moment when 50% of the engorged ticks have moulted. N equals the number 
of nests and the number of ticks for the moulting (larvae and nymphs) and the development of larvae from the 
engorged female, respectively. For development under lab conditions (data from Heylen and Matthysen, 2011a), 
N equals the number of ticks. Lab conditions: 25 °C, 83% RH, light/dark: 0 h/24 h. 
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nymphs were introduced, two engorged adult females per nest were observed before the end of 

the nestling phase, indicating individual ticks that successfully completed two feeding stages. 

The single observation of a feeding adult female tick that was found on a parental bird when 

nestlings were 8 days old (in 2010) is likely to have originated from an unfed nymph as well. 

Similarly, in six of the 17 nests where unfed larvae were introduced, 1-10 engorged nymphs 

per nest emerged before the end of the nestling phase. 

The estimated duration to moult in larvae and nymphs, as well as the duration to egg 

deposition and hatching of larvae, are presented in Table 3.1, together with the developmental 

durations obtained under lab conditions from previous work. 

 

 

 

 

Discussion 

 

The purpose of our study was to investigate the feeding activity in different stages of the 

tick I. arboricola in relation to the seasonal activity pattern of their songbird hosts. We 

observed a non-random pattern of feeding associated with the tick’s developmental stage and 

the host’s age. The most obvious finding was that newly engorged adult females were mainly 

observed during the breeding season after nestlings hatched, while engorged immature stages 

(nymphs and larvae) were detected whenever the birds used cavities for either breeding or 

roosting. At an ultimate level, temporal variation in infestations may reflect adaptive timing 

adjustments with respect to the presence and biology of the hosts. On the other hand, at a 

proximate level, these non-random infestation patterns may have resulted from temperature-

dependent development rates and host-finding activity. Similar to most physiological processes 

in poikilothermic animals, mobility and interstadial development rates of ticks increase with 

increasing ambient temperature (Randolph, 2004). Both points of view will be discussed below. 

The majority of adult female ticks must have fed on nestlings. Although not directly 

observed, this is indicated both by the observational data and by the field experiment, where 

newly engorged females were found mainly during the nestling phase and rarely attached to 

parental birds. Also outside the breeding season, the adult female ticks are seldom found on 

free-flying birds (Walter et al., 1979; Hudde and Walter, 1988; Literák et al., 2007; Špitalská 

et al., 2011) even though unfed females can be found inside the nest boxes when birds are 

roosting (Figure 3.3). In a previous experiment, it was shown that unfed adult females delay 
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their attachment until the nestlings grow older (Heylen et al., 2012b). These nestlings are likely 

to be more profitable hosts than younger ones, because they provide good resources, while 

showing low immunological resistance. In addition, the older nestlings have better developed 

feathers under which ticks are sheltered (Heylen and Matthysen, 2011a; Heylen et al., 2012b). 

On the other hand, the low prevalence of adult ticks in free-flying birds could be the result of 

the better developed grooming and preening skills, leading to a higher host-induced tick 

mortality (Heylen and Matthysen, 2010). 

In contrast to adult female ticks, feeding and engorged immature developmental stages were 

found throughout the year. In the field experiment, they showed a high readiness to attach to 

the parental birds when nestlings were not yet present. However, previous experimental studies 

have shown that nestlings can become successfully infested as well, even at a young age 

(Heylen and Matthysen, 2011a; Heylen et al., 2012b). Due to their body size, the smaller 

immature tick stages may find refuges from early in the bird’s development onwards, which 

may explain their high readiness to attach to recently hatched nestlings as well as older birds 

like the parents and full-grown birds outside the breeding seasons (Hudde and Walter, 1988; 

Literák et al., 2007; Heylen and Matthysen, 2010). 

At a proximate level, the temporal infestation patterns may have resulted from temperature-

dependent host-finding activity and development rates. The occupation of nest boxes and tree 

holes by roosting and brooding birds increases the inside temperature, which in turn may trigger 

and facilitate larval and nymphal infestations, even during the coldest winter months (Figure 

3.2 and 3.3). The improvement of thermoregulation with nestling development – which in great 

tits is believed to start from day eight after hatching (Perrins, 1979) – further elevates the nest 

box temperature, stimulating the adult female to search for nestlings. The high temperatures 

during the breeding season probably also facilitate the interstadial developments, and hence 

make it possible for ticks to feed again before the nestlings fledge (cf. life cycle of the 

endophilic I. lividus L. infesting bank swallows Riparia riparia L.; Balashov, 1972; Ulmanen 

et al., 1977). In our study, several nymphs successfully fed as an adult female within the same 

breeding cycle, due to their short developmental durations (Table 3.1; Liebisch, 1996). 

Similarly, larvae show short developmental durations, and hence, can re-infest the birds in the 

same nest box. We mention that the obtained information on the feeding of larvae was limited 

as a result of the unusually low larval infestation success compared to previous experimental 

field studies (Heylen and Matthysen, 2011a; Heylen et al., 2012b). Unfavourable abiotic 

conditions or exhaustion of energy reserves could be the reasons for the low infestation success 

observed here. Unfed larvae have remained for at least ten months in the climate rooms before 
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release. As larvae age, and energy stores are depleted, so too is their host-finding ability (Gray, 

1991; Randolph et al., 2002). 

The highest I. arboricola prevalence in free-flying birds was observed in the pre-breeding season 

(beginning of March – start of April), which could have resulted from the increasing ambient air 

temperatures that stimulate the ticks to search. Although the summer temperatures should be 

sufficiently high for the host-finding activity as well, we observed low numbers of recently 

engorged ticks in nest boxes (Figure 3.3) and low infestation prevalence in the free-flying birds 

(Hudde and Walter, 1988). An explanation for latter observation could be the fact that after the 

nestlings have fledged, birds generally roost in the open (Hinde, 1952), and therefore get less 

frequently exposed to tree-hole inhabiting I. arboricola. 

When interpreting the observed feeding patterns in combination with the birds’ activity, we 

hypothesise that most of I. arboricola’s dispersal events occur in the immature developmental stages, 

from autumn (when birds start to roost inside cavities) until the pre-breeding season (when birds 

prospect potential breeding sites). During the breeding season, free-flying birds are territorial, and 

although parents and nestlings get frequently infested, they do not leave their small territories. Although 

the bird’s post-fledging dispersal during the summer ranges over a large scale (van Overveld et al., 

2011), due to the low I. arboricola exposure, birds contribute little to the tick’s dispersal. From autumn 

onwards, birds start to roost inside cavities, resulting in frequent infestations. Birds switch between 

roosting sites due to competition with other birds (Perrins, 1979; Gosler, 1993) or external disturbances 

(Tyller et al., 2012), which facilitates the tick colonization of new cavities. Since I. arboricola has a 

low intrinsic mobility, the behaviour of the host strongly determines its dispersal. By delayed 

detachment in response to unsuitable environmental conditions, immature developmental stages have 

the capability to bridge long periods when birds move between successive home ranges and spend 

several nights outside cavities (Heylen and Matthysen, 2010; White et al., 2012).  

The prevalence of I. arboricola in free-flying birds was similar for great and blue tits, which 

can be explained by the fact that both bird species use cavities for roosting and breeding to the 

same extent (Perrins, 1979). In both bird species, the infestation pattern of I. arboricola was different 

from the generalist and exophilic I. ricinus. The prevalence of I. ricinus was consistently higher 

in free-flying great tits, probably because great tits are more inclined than blue tits to forage at 

low heights inside the habitat of this generalist tick (Comstedt et al., 2006; Heylen and 

Matthysen, 2010). Ixodes ricinus infestations in nestlings are commonly very low (Gallizzi et 

al., 2008), since this tick species cannot access the nestlings directly as it is restricted to the 

surface of the litter layer in the woodland (Mejlon and Jaenson, 1997; Gray, 1998) away from 

the tree holes where the nestlings grow up (Nilsson, 1984). Feeding activities of the two tick 

species overlapped in time (Figure 3.1), except for the winter period, when there is little 
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questing activity of I. ricinus (Gray, 1991; Randolph et al., 2002). As climatic conditions affect 

the development and seasonal activity of I. ricinus (Gray, 1991; Randolph et al., 2002) and 

possibly also that of I. arboricola, the overlap in time may vary among different habitat types 

and climatic regions.  

Previous studies have shown that the great tit is a reservoir for Borrelia burgdorferi s.l. 

spirochetes (Heylen et al., 2014b) and that bird-fed I. arboricola ticks carry these bacteria and 

may possibly transmit them to uninfected hosts (Thorud, 1999; Heylen et al., 2012a). Borrelia 

spirochetes and other tick-borne pathogens (e.g. Rickettsia spp.; Špitalská et al., 2011), may 

therefore be maintained partly by I. arboricola, and bridged to other hosts outside the bird – I. 

arboricola cycle by generalist ticks such as I. ricinus. To assess the importance of I. arboricola 

as vector of pathogens, experimental studies (cf. Heylen et al., 2014c) are required to evaluate 

its vector-competence, i.e. its capacity to carry and transmit the pathogens to new hosts. 

In conclusion, our findings show significant differences in host use and seasonal activity 

pattern between the specialised I. arboricola and generalist I. ricinus ticks that are clearly 

related to the endophilic lifestyle of the former. Nevertheless, there is also considerable 

seasonal overlap leading to cases of co-feeding and potential for transmission of tick-borne 

pathogens between the two tick species. Further experimental studies are required to get a better 

insight into the temperature-dependent development rates and host-finding activity of the ticks, 

and to rule out whether the non-random infestation patterns are the result of adaptive timing 

adjustments that optimize the tick’s fitness, or are only due to the development rates and 

availability of unfed stages. 
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Abstract 

 

Host specialisation in parasites can be due to either limited exposure or limited adaptation 

to different host types. When the first barrier is lifted experimentally, the degree of adaptive 

specialisation can be studied. The tree-hole tick Ixodes arboricola is an endophilic parasite 

with a narrow host range, found in nest boxes used mainly by great and blue tits (Parus major, 

Cyanistes caeruleus) and to a lesser extent by pied flycatchers (Ficedula hypoleuca) and 

nuthatches (Sitta europaea). In the current study, we exposed two nestlings per nest box of pied 

flycatchers (N = 14), blue tits (N = 18), great tits (N = 14) and nuthatches (N = 16) to ten I. 

arboricola nymphs each. We found no differences in attachment success two days after 

infestation (56 ± 4 % across species), nor were there any differences in tick engorgement weight 

(1.95 ± 0.03 mg across species), and moulting success was > 90% for ticks from all bird species. 

Hence, our data suggest all bird species investigated here are suitable host species. This may 

enhance the ticks’ chances for persistence in cavities and dispersal among cavities inhabited 

by multiple host species, and supports the hypothesis that host use by ticks is limited by host 

ecology rather than by host specialisation.  
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Introduction 

 

Host specificity is a common feature of many parasite taxa as selection tends to favour 

specialisation of parasites to their local environment (Klompen et al., 1996; Giorgi et al., 2004; 

Poulin, 2007). Host specificity may be the result of adaptive constraints because adaptations 

that increase performance on one host may hinder survival or fecundity on others (Joshi and 

Thompson, 1995; Kassen, 2002; Dietrich et al., 2014). Alternatively, observed patterns of host 

specificity may simply occur because parasites do not come into contact with other host species 

(Timms and Read, 1999). For phytophagous insects numerous studies have investigated if 

observed patterns of host use are attributable to variation in host competence or to limited 

parasite dispersal capabilities (Drès and Mallet, 2002). For ectoparasites, however, such 

investigations are mostly lacking (Tripet and Richner, 1997; Gómez-Díaz et al., 2012; Sears et 

al., 2012; Dietrich et al., 2014). 

Host use in ectoparasites is a complex of many traits, of which many are involved in the 

exploitation of the host (Poulin, 2007). The performance of traits allowing parasites to complete 

a blood meal depends on the suitability of a host. First, parasites need to attach to a host and 

penetrate its skin, and attachment success is lower on unsuitable hosts (Dietrich et al., 2014). 

Second, once the skin is penetrated, parasites need to evade host defences, and it has been 

shown that blood meal duration is longer (McCoy and Boulinier, 2002; Labruna et al., 2009), 

engorgement success lower (Labruna et al., 2002, 2009; Dietrich et al., 2014) and the blood 

meal smaller on unsuitable hosts (Olegário et al., 2011). Finally, moulting (Labruna et al., 2002, 

2009; McCoy and Boulinier, 2002) and hatching success (Olegário et al., 2011) are lower and 

moulting time is longer on unsuitable hosts (Labruna et al., 2009; Olegário et al., 2011). Thus, 

a plethora of traits is available to study the degree of host suitability of ectoparasites. 

The family of hard ticks (Ixodidae) was formerly considered to consist mainly of host 

specialists, i.e. parasites infesting one or only a limited number of host species (Hoogstraal and 

Aeschlimann, 1982). Ixodid ticks take a blood meal lasting several days, and during this period 

they need to maintain blood flow and evade immunological and behavioural responses of the 

host (Sonenshine, 1991; McCoy et al., 2013). The evasion of host defences can be a complex 

process and should select for host specificity (Magalhães et al., 2007). Even generalist ticks 

appear to be genetically differentiated among different types of hosts, as has been shown for 

Ixodes ricinus, a tick infesting mammals, birds and reptiles (Kempf et al., 2011), as well as I. 

uriae, a tick infesting a wide range of seabird species (McCoy et al., 2001). However, it has 

been shown that host specificity of many ixodid ticks may have been overestimated because of 
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incomplete sampling (Klompen et al., 1996; Nava and Guglielmone, 2013). These studies also 

suggested that ticks are not limited by host use, but rather by biogeography: abiotic conditions 

during the long off-host period of the life cycle, and host ecological similarities define host use 

(Klompen et al., 1996; Nava and Guglielmone, 2013). In addition, most studies consider host 

specificity from a quantitative perspective (i.e. number of host species used), whereas a 

qualitative framework (i.e. differential performance on different hosts), which may provide a 

more realistic picture of natural interactions, is largely lacking (Poulin, 2007; McCoy et al., 

2013). 

Ixodes arboricola Schulze and Schlottke 1929 is an endophilic tick, i.e. it remains hidden 

inside its hosts’ nest and attaches when the host arrives (Salman and Tarrés-Call, 2012). 

Endophilic ticks typically have a smaller host range than exophilic ticks, which are not 

associated with nests and encounter many different host species (Hoogstraal and Aeschlimann, 

1982; Salman and Tarrés-Call, 2012). Indeed, I. arboricola chiefly infests cavity-nesting birds, 

with great and blue tits (Parus major, Cyanistes caeruleus) as its principal host (Walter et al., 

1979; Hudde and Walter, 1988; Heylen et al., 2014d). It is unknown to what extent feeding 

performance differs among different cavity-nesting birds, thus to what extent I. arboricola can 

be considered a specialist or generalist parasite. This knowledge may provide more insight in 

the ecology of bird-tick interactions and more generally in the evolution of host specialisation 

(Poulin, 2007; McCoy et al., 2013). In addition, I. arboricola is a carrier of the pathogens 

Rickettsia spp. and Borrelia burgdorferi s.l. (Špitalská et al., 2011; Heylen et al., 2012a) and, 

although I. arboricola does not feed on humans and livestock, it may share hosts with the 

generalist tick I. ricinus, which is the main European vector of tick-borne diseases (Hillyard, 

1996; Heylen et al., 2012a). The degree of host specificity of I. arboricola will dictate tick 

dispersal and encounter rates with I. ricinus, and may therefore increase pathogen circulation. 

Here, we study the host specificity of I. arboricola by experimentally evaluating the tick’s 

infestation performance on nestlings of four cavity-nesting bird species that are known hosts 

of I. arboricola and use very similar nest sites: great and blue tits, nuthatches (Sitta europaea) 

and pied flycatchers (Ficedula hypoleuca). It was predicted that I. arboricola is able to infest 

nestlings of all four species of birds (Hudde and Walter, 1988). However, we expected tick 

feeding performance (e.g. attachment to the host, survival and moulting time) to differ among 

species. Specifically, because parasites are frequently more infective on the most common host 

(Legros and Koella, 2010), feeding performance was expected to be higher on the common 

great and blue tits than on the less abundant pied flycatchers and nuthatches. 
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Materials & Methods 

 

Study system 

 Ixodes arboricola is widely distributed in the Palearctic region, from central, western and 

northern Europe, eastward to Latvia and the European parts of Russia (Hudde and Walter, 

1988; Liebisch, 1996). Apart from great and blue tits, the most frequently infested hosts of I. 

arboricola are nuthatches, treecreepers (Certhia brachydactyla) and pied flycatchers (Walter 

et al., 1979). Anecdotal reports are available from other hosts, e.g. Eurasian eagle-owl (Bubo 

bubo), marsh tit (Parus palustris), great spotted woodpecker (Dendrocopos major), common 

starling (Sturnus vulgaris) and Eurasian tree sparrow (Passer montanus) (Hudde and Walter, 

1988). Because I. arboricola infests cavity-nesting birds, its entire life cycle is restricted to 

natural and man-made cavities (Walter et al., 1979; Heylen et al., 2014d), where it detaches 

after feeding (Heylen and Matthysen, 2010; White et al., 2012; Heylen et al., 2014d). There, 

immature ticks (larvae and nymphs) moult to the next developmental stage (nymph or adult, 

respectively), and adult female ticks lay eggs after their meal and die. With the exception of 

adult male ticks, which do not feed, every instar (larva, nymph, adult female) takes a single 

bloodmeal (Sonenshine, 1991). 

Great and blue tits (family Paridae) are the most common cavity-nesting birds in Western 

Europe and occur nearly everywhere in Flanders, Belgium (Gosler, 1993; Vermeersch et al., 

2004). In suitable deciduous forests population densities may reach 3-4 pairs per ha, 

particularly if nest boxes are provided (Gosler, 1993; Dhondt, 2010). Great and blue tits use 

nest boxes and natural cavities in the breeding season (April to June) to raise young, and in 

winter (late September to early March) for roosting (Mainwaring, 2011). When nest boxes are 

abundant these are strongly preferred for breeding (Gosler, 1993). Their nests consist of a 

foundation of moss, topped off with hair and, in the case of blue tits, feathers (Gosler, 1993). 

They lay four to twelve eggs (blue tits up to fourteen) which require fifteen to twenty days of 

incubation, and nestlings fledge at a length of 13 – 15 cm (great tits) or 11 – 12 cm (blue tits) 

and a weight of 14 – 22 g (great tits) or 7.5 – 14 g (blue tits) after eighteen to twenty-one days 

(Gosler, 1993; Fargallo and Johnston, 1997). The natural prevalence of ticks infesting adult 

great and blue tits has been estimated at 7.5% in the pre-breeding season (early March – early 

April) but much lower throughout the rest of the year (Heylen et al., 2014d). 

Nuthatches (family Sittidae) also are resident cavity-nesting birds in most of Europe. 

Densities are typically much lower than those of great and blue tits with maxima up to 0.8 pairs 

per hectare, but more typically around 0.2 to 0.5 pairs per hectare (Matthysen, 1998; 



61 

 

Vermeersch et al., 2004). Like tits, nuthatches use nest boxes and natural cavities in the 

breeding season (April to June) to raise young, and in winter (late September to early March) 

for roosting (Mainwaring, 2011). Nuthatches build nests with a foundation of rotten wood and 

bark and a top layer of loose lining material, typically bark flakes of Scots pine or other trees 

(Matthysen, 1998). They lay five to twelve eggs which require thirteen to eighteen days of 

incubation. Nuthatch nestlings develop relatively slowly compared with similar-sized 

passerines, and fledge at a length of 14 cm and weight of 17 – 28 g after eighteen to twenty-

five days (Matthysen, 1998). The natural prevalence of ticks infesting adult nuthatches has 

been estimated at < 5% year-round (unpublished data). 

Pied flycatchers (family Muscicapidae) are migratory birds that only come to Europe to 

breed, and spend the remainder of the year at wintering grounds in West Africa (Lundberg and 

Alatalo, 1992). They are less widespread than great tits and nuthatches and within Flanders 

they are largely restricted to forests on sandy soils in the northeast (Vermeersch et al., 2004). 

Their distribution is more patchy than tits and nuthatches because pied flycatchers defend rather 

small territories, and local densities may be up to 10 pairs per hectare (Vermeersch et al., 2004). 

Nest boxes and natural cavities are used only in the breeding season (April to June). Pied 

flycatcher nests consist of two layers; an outer layer usually of bark, twigs and dead leaves, 

and an inner layer of dry grass, animal hair, root fibres and shafts of moss (Lundberg and 

Alatalo, 1992). Pied flycatchers lay five to seven eggs that hatch after thirteen to fifteen days 

of incubation, and fledging occurs at a length of 13 cm and weight of 9.7 – 16.5 g after 

approximately fifteen days (Lundberg and Alatalo, 1992). No data concerning the natural 

prevalence of I. arboricola are available, but pied flycatchers are known hosts of I. arboricola 

(Walter et al., 1979; Hudde and Walter, 1988; Liebisch, 1996), and in our study population we 

have found I. arboricola ticks in nest boxes that were used by pied flycatchers (unpublished 

data). 

 

Experimental protocol 

The study took place in the breeding season of 2013 in four experimental plots in northern 

Flanders, Belgium (Figure 4.1): Sterbos, Wuustwezel (SB); Wildertse Duintjes, Wildert (WD); 

Peerdsbos, Brasschaat (PB); and Zevenbergen, Lier (ZB). These plots are close together 

(pairwise distance < 35 km) and consist of similar habitat, climate and species composition. 

Among the plots there were two types of nest boxes: In SB en WD, nest boxes have a thin 

metal roof that slides in between the side walls and clamps that are screwed to the side walls 

("slide" type). In PB and ZB, nest boxes have a wooden lid that rests on top of the walls and 
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can be removed by pivoting hinges attached to the side ("pivot" type). Different plots had to be 

used to acquire a sufficient number of nuthatch nests, because nuthatches are relatively rare. In 

order to minimise habitat differences between nests of the different species, we tried as much 

as possible to select all nests of great and blue tits in the vicinity of nuthatch nests. This was 

not always possible for pied flycatchers because these birds tend to breed in concentrated 

breeding groups (Lundberg and Alatalo, 1992; Vermeersch et al., 2004). In total, we used seven 

nests of pied flycatchers (one in PB, six in SB), nine nests of blue tits (one in PB, five in SB, 

two in WD and one in ZB), seven nests of great tits (one in PB, four in SB and two in WD) and 

eight nests of nuthatches (one in PB, three in SB, two in WD and two in ZB). 

 

Figure 4.1 Location of the experimental plots. Plots are abbreviated as follows: Sterbos, Wuustwezel 
(SB); Wildertse Duintjes, Wildert (WD); Peerdsbos, Brasschaat (PB); and Zevenbergen, Lier (ZB). The 
agglomeration of Antwerp is marked in grey. 
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In every nest, we selected four nestlings with weights closest to the median weight of the 

brood. Two of these nestlings were infested with ticks by placing each nestling individually in 

a cotton bag (20 x 30 cm) that contained ten I. arboricola nymphs (experimental treatment; N 

= 620 ticks; N = 14 pied flycatchers, 18 blue tits, 16 great tits and 16 nuthatches). The other 

two nestlings were each placed in a separate bag without ticks (control treatment; N = 14 pied 

flycatchers, 18 blue tits, 14 great tits and 15 nuthatches). The bags were placed in the nest box 

for one hour, after which the nestlings were placed back into the nest and the bags were 

inspected for unattached ticks. The nestlings were not inspected for ticks at this moment since 

unfed ticks are difficult to detect without prolonged manipulation which may disturb the 

attachment process (Heylen and Matthysen, 2011a). Nestlings were infested with ticks when 

the first flight feathers appeared. For great and blue tits this is the eighth or ninth day after 

hatching, when the secondaries and secondary coverts develop (Gosler, 1993); for nuthatches 

this is the eleventh day after hatching, when the primaries and primary coverts appear 

(Matthysen, 1998); for pied flycatchers this is the eight day after hatching, when the primaries 

and secondaries appear (Lundberg and Alatalo, 1992). 

At the day of infestation, weight and tarsus length were recorded and nestlings received a 

metal ring for identification. Weight and tarsus length were recorded again when the nestlings 

were fully developed (14 days for pied flycatchers, 15 days for great and blue tits and 19 days 

for nuthatches). All I. arboricola nymphs that were used in the current study fed on adult great 

tits as larvae in early 2013, and were progeny of adult ticks that fed on great tit nestlings in the 

breeding season of 2012. The adult ticks came from a laboratory stock that has been established 

in 2007 with ticks from nest boxes used by great and blue tits in woodland areas near Antwerp 

(mainly PB) and kept at outside temperature and 85% relative humidity in the dark. The 

laboratory stock has been maintained by allowing ticks to infest great tits (and only very few 

individuals on blue tits in the start-up phase of the laboratory stock) in several studies (Heylen 

and Matthysen, 2011a). 

 

Tick preference and success 

Nestlings were inspected for ticks two days after infestation and again when the nestlings 

were fully developed by holding the nestling firmly and brushing the feathers apart with 

tweezers. Ticks were counted but not removed. No ticks were found at the second inspections. 

The upper surfaces of the nest boxes were checked regularly from the day of the first nestling 

inspection until a week after the nestlings had fledged for detached, engorged ticks, which 

usually crawl to the top of the nest box (Heylen and Matthysen, 2011a). Ticks were collected 
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and weighed to the nearest 0.1 mg in clusters of one to five individuals (average 2.24 ± 0.16 

individuals) to minimise measurement error in the low regions of the balance. After weighing, 

ticks were rinsed to prevent fungal infections by placing them in a small tube with distilled 

water and shaking gently for a few seconds. Subsequently, they were kept in the dark at 25 °C 

and 85% relative humidity until they moulted. Moulting condition was monitored every three 

days for a period of thirty days. 

 

Statistical analyses 

All data analyses were done in R v 3.0.1 (R Core Team, 2013). We used linear mixed-effects 

models from package LME4 Version 1.0 (Bates et al., 2015) to evaluate whether attachment 

success at day 0 (i.e. the proportion of nymphs attached to the nestlings one hour after 

infestation), attachment success at day 2 (i.e. the proportion of nymphs attached to the nestlings 

two days after infestation relative to the proportion of initially attached nymphs), nymph 

feeding success (i.e. the proportion of nymphs collected from a nest box relative to the 

proportion of initially attached nymphs), engorgement weight of the nymphs and moulting 

success were significantly different across bird species, and the effect of tick infestation 

intensity (i.e. the number of ticks counted two days after infestation) with changes in nestling 

body weight between the moment of infestation and full development and, in a second model, 

the association of infestation intensity with changes in nestling tarsus length between the 

moment of infestation and full development. 

Shapiro-Wilk tests were used to evaluate whether all data were normally distributed and 

transformations were carried out where necessary. In all models, bird species was used as a 

fixed factor. In the models for attachment success at day 0 and day 2, engorgement weight, 

moulting success and changes in body weight and tarsus length but not in the model for feeding 

success, we used bird nest as a random effect. In the model for feeding success we used the 

type of nest box (“slide” or “pivot”) as an additional fixed factor and tested the interaction with 

host species. In the models for changes in body weight and tarsus length we used nestlings 

from both the experimental and control treatment, and in the other models we used only 

nestlings from the experimental treatment. Due to the limited number of nests per plot we did 

not use experimental plot as a factor. For engorgement weight the average weight of each 

cluster of nymphs was considered as the weight of individual nymphs from that 

cluster.Moulting time of nymphs was analysed with a Frailty survival model from package 

PARFM VERSION 2.5.3 (Rotolo and Munda, 2013) with bird nest as a random effect. All 

surviving nymphs moulted within 30 days. Individuals that died during this period (5.3%) were 
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handled as right-censored data. Differences among bird species were tested in pairwise 

comparisons corrected with Benjamini-Hochberg procedure for false discovery rate. 

 

 

 

Results 

 

All data were normally distributed, hence no transformations were performed. Attachment 

success at day 0 was significantly different among bird species (F (3, 58) = 3.45, p = 0.03; 

Figure 4.2a, Table 4.1). Nuthatches were accepted as hosts by 0.78 ± 0.04 of I. arboricola 

nymphs, which is significantly higher than attractiveness of blue tits (estimated difference: 0.22 

± 0.08; p = 0.01) and great tits (estimated difference: 0.21 ± 0.08; p = 0.02). Attachment success 

at day 2 was 0.56 ± 0.04 across all bird species. No significant differences in attachment success 

at day 2 were observed among bird species (F (3, 58) = 2.55, p = 0.07; Figure 4.2b, Table 4.1). 

The proportion of nymphs collected from nest boxes differed significantly among bird 

species (F (3, 27) = 3.45, p = 0.03; Figure 4.3, Table 4.1). Specifically, significantly more 

nymphs were collected from blue tit nests (0.47 ± 0.06) than from pied flycatcher nests 

(estimated difference: 0.33 ± 0.10; p = 0.02). There were no differences in the proportion of 

collected nymphs between different types of nest boxes (F (1, 27) = 1.65, p = 0.21), nor was 

there an interaction between host species and nest box type (F (3, 27) = 2.03, p = 0.14). 

The average engorgement weight of nymphs was 1.95 ± 0.03 mg across all bird species. No 

significant differences were found among bird species (F (3, 54) = 2.24, p = 0.12; Figure 4.4, 

Table 4.1). Moulting success was 0.95 ± 0.02 across all bird species, and there were no 

significant differences among bird species (F (3, 129) = 2.68, p = 0.61; Table 4.1). 

All nymphs that survived moulted within thirty days after the blood meal was initiated. 

Moulting time was significantly different among bird species (χ2 (1, N = 126) = 10.51, p < 0.01; 

Figure 4.5, Table 4.1). Specifically, moulting time of nymphs that fed on nuthatches (26.79 ± 

0.79 days) was longer than that of nymphs that fed on pied flycatchers (23.79 ± 0.61 days; p = 

0.04) and great tits (23.81 ± 0.48 days; p = 0.04). 

There were no significant interactions between bird species and tick infestation intensity in 

the models analysing change in weight (F (3, 119) = 1.80, p = 0.15) or change in tarsus length 

(F (3, 119) = 0.24, p = 0.87) of the nestlings during the experiment. Tick infestation intensity 

was associated neither to changes in weight (F (1, 119) = 0.70, p = 0.41) nor to changes in 

tarsus length (F (1, 119) = 2.99, p = 0.09). There were significant differences in change in 
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Figure 4.3 Proportion (± SE) of I. arboricola nymphs 
attached at day 0 collected from nest boxes of pied 
flycatchers (PF), blue tits (BT), great tits (GT) and 
nuthatches (NH). Letter codes (a, b) refer to species that 
do not differ significantly. 

 

Figure 4.2 Proportion (± SE) of I. arboricola nymphs that 
were attached to nestlings of pied flycatchers (PF), blue 
tits (BT), great tits (GT) and nuthatches (NH) on day 0 (a) 
and day 2 (b). Letter codes (a, b) refer to species that do 
not differ significantly. 
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weight (F (3, 119) = 12.54, p < 0.01; 

Table 4.1) and tarsus length (F (3, 

119) = 5.19, p < 0.01; Table 4.1) 

among bird species during the 

experiment. Post-hoc analyses were 

not conducted for the latter factors 

because this is outside the scope of 

the current study. 

 

 

 

Discussion 

 

The majority of studies that previously investigated host specificity in ticks have examined 

the number of host species used (for a review, see McCoy et al., 2013), whereas few studies 

have investigated feeding performance on different host species (but see e.g. Labruna et al., 

2002; Olegário et al., 2011; Martins et al., 2012). Host specialisation of endophilic ticks, of 

which host range and dispersal can be expected to be low in comparison to exophilic ticks 

(Salman and Tarrés-Call, 2012), has only been investigated in the seabird tick Ixodes uriae 

(McCoy et al., 2013; Dietrich et al., 2014). The current study is the first qualitative test of host 

specificity of an endophilic tick in a terrestrial ecosystem. 

The results indicate that I. arboricola ticks that originate from great tits and have fed on 

these birds exclusively for several generations feed readily and with success on a number of 

other, less abundant bird species. This is not surprising since I. arboricola has previously been 

found on these bird species (Walter et al., 1979). We cannot exclude the possibility that there 

are specifically adapted genotypes that perform better on these less abundant hosts, but such a 

scenario is very unlikely because parasites are, in general, adapted to the most commonly 

encountered host (Legros and Koella, 2010). Nevertheless, we found that feeding success was 

not higher on the most abundant and principal hosts of I. arboricola, i.e. great and blue tits 

(Walter et al., 1979; Heylen et al., 2014d), than on the much less abundant hosts, i.e. nuthatches 

and pied flycatchers. Hence, great and blue tits, nuthatches and pied flycatchers can all be 

considered suitable host species for I. arboricola. This finding supports the hypothesis that host 

use by ticks is by host ecology rather than host specialisation (Klompen et al., 1996; Nava and 

Guglielmone, 2013). 

 

Figure 4.4 Engorgement weight (mg ± SE) of I. 
arboricola nymphs collected from nest boxes of pied 
flycatchers (PF), blue tits (BT), great tits (GT) and 
nuthatches (NH). 
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Even though overall tick success was high across the four bird species, we found some 

variation across species that may be explained by particular host traits. The highest attachment 

success at day 0 was found for nuthatches, whereas no effect of host species was observed for 

tick attachment success at day 2, engorgement weight and tick survival. This contrasts with 

studies on host specificity in the seabird tick Ixodes uriae, where host origin affected feeding 

success but not host attraction on different host species (McCoy and Boulinier, 2002; Dietrich 

et al., 2014). Given that nuthatches are relatively uncommon hosts, it seems unlikely that high 

attractiveness to ticks would be due to host preference. Rather we suggest that it may have been 

a by-product of nuthatch nestlings being considerably larger and heavier than the other bird 

species. Since the same size of cotton bag was used for all birds, nuthatches may have been 

easier for ticks to detect. 

 Moulting time was longest for nymphs that fed on nuthatches. This suggests these birds are 

the least suitable hosts for I. arboricola because moulting time of ixodid ticks is usually longer 

on unsuitable hosts (Labruna et al., 2009; Olegário et al., 2011). This is not in line with the 

prediction that parasites are better adapted to the most frequently encountered hosts, because 

 
Figure 4.5 Kaplan-Meier survival plot of moulting time of I. arboricola nymphs collected from pied 
flycatchers (PF), blue tits (BT), great tits (GT) and nuthatches (NH). Nymphs that fed on nuthatches 
took longer to moult than those that fed on pied flycatchers and great tit. 
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then the lowest success should have been found on pied flycatchers (Legros and Koella, 2010). 

Since the difference in moulting time across species is rather small and we found no differences 

in engorgement weight and moulting success across species, we expect the difference in 

moulting time not to be due to host specificity. Rather, we expect that that the immune system 

of nuthatches was better developed at the moment of infestation because nuthatch development 

takes longer and nestlings were older – albeit at a similar stage of morphological development 

– at the moment of infestation than the other birds. The current data do not allow further testing 

of this hypothesis. 

The number of ticks collected from the nest boxes was lowest for pied flycatcher nests. 

Since we only collected nymphs from the top of the nest box, this result can be due to lower 

survival of ticks and/or to a lower proportion of ticks that actually moved to the top of the box. 

Survival in pied flycatcher nests might be low because ticks are prone to desiccation 

(Sonenshine, 1991). Pied flycatcher nests are considerably drier than nests of great and blue 

tits because of the nest material used and the lower total biomass of the nestlings (Lundberg 

and Alatalo, 1992). At the same time, the outer layer of pied flycatcher nests, a woven structure 

of bark and twigs, may be more difficult for ticks to manoeuvre through than the dense cluster 

of fresh moss encountered in tit nests and loose lining material in nuthatch nests. Hence, fewer 

ticks may have been able to move to the top of the nest box where we collected them. An 

untested hypothesis is that pied flycatchers are better in grooming, i.e. removing ectoparasites, 

than other birds. If this would be true, however, one would expect differences in tick infestation 

intensity, and we found no such differences when nestlings were inspected two days after 

infestation.  

We found no effect of I. arboricola on nestling growth for any of the bird species 

investigated here. Whereas many tick species have strong direct effects on their hosts (McCoy 

et al., 2013), virulence, i.e. the impact on the fitness of the host, of I. arboricola on great tits 

has previously been shown to be low (Heylen and Matthysen, 2010, 2011a). We previously 

argued that low virulence can be expected in an endophilic tick which is highly dependent on 

individual hosts that return to the same cavity, and on transmission from adult birds to their 

offspring (Heylen and Matthysen, 2011a). The current study suggests that low virulence of I. 

arboricola also applies to other cavity-nesting birds, thus enhancing its chances for persistence 

in cavities and dispersal among cavities inhabited by multiple host species. This may in turn 

increase the circulation of pathogens such as Rickettsia spp. and Borrelia burgdorferi s.l., for 

which I. arboricola is a known carrier (Špitalská et al., 2011; Heylen et al., 2012a). 

In this study we focused on juveniles of four small songbirds with similar ecology and a 
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large overlap in use of nest cavities. There are also occasional reports on I. arboricola 

infestation of larger cavity-nesting birds such as tawny owls (Strix aluco), Western jackdaws 

(Corvus monedula) and common starlings (Sturnus vulgaris) (Hudde and Walter, 1988). 

Transmission of ticks to these species may be more limited than among the small passerines in 

the current study because these birds do not breed or roost in the same type of cavity as the 

principal hosts of I. arboricola (Mainwaring, 2011; Heylen et al., 2014d). Thus, we cannot 

exclude the possibility that host specificity occurs in I. arboricola across a wider range of host 

types, even including the possibility of specialised host races, as is the case in I. uriae infesting 

seabird species with different nest sites within a mixed colony (McCoy et al., 2001). 

Experimental infestations of additional cavity-nesting bird species will be required to test these 

scenarios. 

In conclusion, the current study showed that I. arboricola nymphs readily feed on nestlings 

of pied flycatchers, great and blue tits and nuthatches, with some minor differences in feeding 

performance which may be accredited to the physiological and ecological differences among 

these birds. The results of the current study support recent suggestions that host specificity in 

ticks is limited by ecological similarities among hosts rather than host use in strict sense. 
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Abstract 

 

The majority of studies on ecological specialisation rely on data reflecting realised 

specificity, without considering species’ potential specificity. Most species of ticks, a large 

family of hematophagous ectoparasites, have a narrow host range in nature, but it is unclear 

whether this is due to host-driven adaptations or other processes (such as off-host abiotic 

environment). We investigated the potential specificity of two tick species with contrasting 

ecology by infesting three avian host species that occur in the same off-host macrohabitat but 

are unequally infested by the ticks in nature (i.e. have contrasting realised specificity). The 

endophilic specialist tick Ixodes arboricola resides inside the hosts’ nest and has high realised 

host specificity, whereas the exophilic generalist tick I. ricinus encounters hosts in the field 

and has very low realised specificity. As hosts, we used great tits (frequently infested by both 

tick species), blackbirds (frequently infested by I. ricinus but never by I. arboricola) and great 

spotted woodpeckers (no ticks of either species have been reported). If realised specificity is 

constrained by host-driven adaptations there should be no differences between potential and 

realised specificity, whereas if realised specificity is constrained by other processes potential 

specificity and realised specificity should be different. We found that attachment rates and 

weight during feeding of I. arboricola were lower on blackbirds than on great tits, whereas 

there were no such differences for I. ricinus. No ticks of either species attached to woodpeckers. 

These results indicate that realised host specificity of ticks is, at least partially, constrained by 

host-driven adaptations. This specificity therefore strongly depends on the ticks’ encounter 

rates with particular host types, which are affected by the ticks’ off-host ecological 

requirements, behaviour and life-history characteristics.  
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Introduction 

 

The evolution of specialisation has long been of interest to evolutionary ecologists (Euzet 

and Combes, 1980; Futuyma and Moreno, 1988; Kassen, 2002; Poisot et al., 2011; McCoy et 

al., 2013). Specificity, which is the result of specialisation, arises because increased 

performance in some habitats is associated with decreased performance in others due to trade-

offs or constraints (Kassen, 2002). Similar to the concept of the niche (Hutchinson, 1957), 

specificity of an organism can be broken down into two distinct concepts. The full range of 

habitats usable by an organism defines its potential specificity, while the observed use of these 

habitats is its realised specificity. Potential specificity of an organism is the result of its intrinsic 

physiological limits that allow it to establish, maintain itself and reproduce within a specific 

range of habitats (Bolnick et al., 2003; Devictor et al., 2010; Poisot et al., 2011). In contrast, 

realised specificity is primarily constrained by the ability to reach usable habitats (Bolnick et 

al., 2003; Devictor et al., 2010; Poisot et al., 2011). From an evolutionary point of view, 

potential specificity summarises the degree of adaptation to a specific range of habitats and is 

determined by evolutionary interactions between genotype and habitat, whereas realised 

specificity reflects the impact of ecology, chance events and history on potential specificity 

(Bolnick et al., 2003; Devictor et al., 2010; Poisot et al., 2011). In non-parasitic organisms, 

realised specificity is generally summarised in terms of dispersal limitation (Poisot et al., 2011). 

In parasitic organisms, it is assumed more complex and includes spatial and temporal overlap 

between parasites and hosts and parasite’s ability to locate, invade and exploit potential hosts 

(Poulin and Keeney, 2008; McCoy et al., 2013). 

For parasitic organisms, the degree of specificity affects both its population dynamics and 

its evolutionary trajectory. Specificity of parasites has often been reduced to specificity towards 

hosts (i.e. host specificity) because host specificity is arguably the most fundamental property 

of parasitic organisms (Poulin and Keeney, 2008). Traditionally, host specificity has been 

quantified as the number of host species used under natural circumstances, and in this context 

most parasites are considered highly host-specific (Poulin and Keeney, 2008). However, such 

high host specificity may not just reflect which host species are compatible but also which are 

encountered, because typically fewer hosts are encountered than that could potentially be 

compatible. Therefore the possibility to encounter a host species and host compatibility may 

act as ‘filters’ on the evolution of host specificity (Euzet and Combes, 1980; Combes, 2001). 

First, the parasite must pass through an encounter filter to reach a potential host. If successful, 

it must also pass through a compatibility filter, determining whether the parasite can 
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circumvent or disable host defences and whether the host is nutritionally compatible for 

parasite development. For ectoparasites, potential specificity should be determined by host and 

off-host habitat and not just by the host as in endoparasites (Klompen et al., 1996). 

If a parasite species frequently encounters the host species (compatibility filter open) and 

can feed successfully on that host species (encounter filter open), the host species is part of the 

parasite’s realised specificity. But if parasites do not occur on a particular host species in nature 

there are three mutually exclusive scenarios. First, a parasite species may rarely or never 

encounter a particular host species (encounter filter closed) but have the potential to feed 

successfully on that host species (compatibility filter open). In this case, realised specificity 

and potential specificity are different. Second, a parasite species may frequently encounter a 

specific host species (encounter filter open) but be unable to feed successfully on that host 

species (compatibility filter closed). In this case, potential and realised specificity are 

equivalent. Finally, a parasite species may rarely or never encounter a certain host species 

(encounter filter closed) but even if there were encounters the parasite would be unable to feed 

successfully on that host species (compatibility filter closed). In this case too, realised and 

potential specificity are equivalent. Which scenario is the case can only be unravelled through 

experimental testing. 

An increasing number of studies on ectoparasites have opened the encounter filter 

experimentally to investigate the compatibility of novel hosts, thus comparing realised and 

potential specificity (for a review, see Poulin and Keeney, 2008). If potential and realised 

specificity are equivalent, compatibility of novel and natural hosts should be different, whereas 

if potential specificity is lower than realised specificity, compatibility of novel and natural hosts 

should be equivalent. In the majority of studies natural hosts are more compatible than novel 

hosts (e.g. Tompkins and Clayton, 1999; Giorgi et al., 2004; Esbérard et al., 2005; Goddard et 

al., 2005; Glennon et al., 2007; Kuris et al., 2007). This suggests that potential specificity is 

similar to realised specificity because host-driven adaptations are the principle drivers of 

parasite realised specificity. It also suggests that potential host specificity, which is measurable 

under laboratory conditions, is a good predictor of parasite realised specificity. 

The superfamily of ticks (Ixodoidea) encompasses approximately 800 species of 

hematophagous ectoparasites, and realised specificity of most tick species is limited to one or 

only a limited number of host species (Hoogstraal and Aeschlimann, 1982). However, a strong 

positive correlation was found between the degree of host specificity and sampling effort, and 

host range might be broader than currently quantified (Klompen et al., 1996; Cumming, 1999; 

Nava and Guglielmone, 2013). High potential host specificity was initially expected because 
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various structural modifications of tick mouthparts and legs are associated with particular host 

species (Hoogstraal and Kim, 1985) and because the complexity of the host’s immunological 

and behavioural responses requires host-specific circumventive mechanisms (Magalhães et al., 

2007). Because related species are often more similar in terms of immunology, physiology and 

morphology, host phylogeny was attributed a considerable role in the evolution of tick host 

specificity (Hoogstraal and Aeschlimann, 1982; Hoogstraal and Kim, 1985). However, meta-

analyses on realised specificity show weak support for hypotheses that tick evolution arose 

through host adaptation, host specificity or cospeciation, and it has been argued that realised 

specificity is explained much better by biogeography, host ecological similarities and abiotic 

conditions during the long off-host period (Klompen et al., 1996; Nava and Guglielmone, 

2013). Although a limited number of experimental studies suggest that ticks generally perform 

better on natural than novel hosts (Slowik and Lane, 2009; Brunner et al., 2011; Harrison et 

al., 2012; Dietrich et al., 2014), more investigations are required to assess the importance of 

host-driven adaptations for realised host specificity in ticks. 

In order to evaluate the importance of potential host specificity for realised host specificity, 

we used a laboratory experiment to investigate whether potential host specificity of two 

sympatric tick species corresponds to their realised host specificity. Ixodes arboricola Schulze 

& Schlottke 1929 is a specialist endophilic tick and its realised specificity almost exclusively 

consists of cavity-nesting birds, predominantly great and blue tits (Parus major L., Cyanistes 

caeruleus L.) (Walter et al., 1979; Petney et al., 2011; Heylen et al., 2014d; Van Oosten et al., 

2014b). Endophilic ticks remain hidden inside or near to their hosts’ nests or burrows and only 

attach to the host when it arrives (Hoogstraal and Aeschlimann, 1982; Sonenshine, 1991; 

Hillyard, 1996). Whereas this maximises the possibility of finding a host, nests are visited only 

by a limited variety of host species and realised host specificity of endophilic ticks is high 

(Petney et al., 2011; Gray et al., 2014). Ixodes ricinus L., on the other hand, is a typical 

generalist exophilic tick that has been recorded on a wide range of vertebrate hosts, and can be 

found in the understorey of forests and parks (Gray, 1991; Hillyard, 1996; Gern, 2005; Marsot 

et al., 2012; Schulz et al., 2014). Exophilic ticks typically seek hosts actively by climbing up 

the vegetation and waiting for them to pass (Hillyard, 1996). Therefore exophilic ticks may 

encounter many different host species and, indeed, realised specificity is typically lower than 

for endophilic ticks (Hoogstraal and Aeschlimann, 1982; Hillyard, 1996). 

As hosts, we used three forest birds that are common in the macrohabitat of both tick species, 

but for which the state of the encounter filter and thus realised specificity varies due to their 

contrasting habitat use. The great tit regularly feeds on the ground and in low vegetation, and 
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nests and roosts in extant cavities (Gosler, 1993). Therefore the encounter filter is open for both 

I. ricinus and I. arboricola. The blackbird (Turdus merula L.) commonly feeds on the ground 

and in low vegetation but never nests in cavities (Cramp, 1988). Thus, the encounter filter is 

open only for I. ricinus. The great spotted woodpecker (Dendrocopos major L.) rarely feeds 

on the ground but nests and roosts in cavities (Cramp, 1985). However, woodpeckers are 

primary cavity nesters and therefore tend to excavate new cavities rather than using extant ones. 

Therefore the encounter filter is open for either tick species, but only to a limited extent due to 

limited habitat overlap between woodpeckers and ticks. 

We had two contrasting hypotheses. On the one hand, realised specificity might be 

constrained by host-driven adaptations. In this scenario, experimentally measured potential 

specificity is equivalent to realised specificity observed in nature, and performance on novel 

hosts is different from natural hosts. For I. arboricola, we would expect attachment success 

and engorgement weight on great tits to be different from blackbirds and woodpeckers, and for 

I. ricinus we would expect attachment success and engorgement weight on great tits and 

blackbirds to be similar, but different on woodpeckers. On the other hand, realised specificity 

might be constrained only by other processes, such as habitat adaptation, behaviour and life-

history characteristics, that affect the encounter filter but not host compatibility. In this 

scenario, potential specificity is much lower than realised specificity, and performance on 

novel and natural hosts is equivalent. This would be reflected by equivalent attachment success 

and engorgement weights of both ticks on all bird species. 

 

 

 

Materials & Methods 

 

Study location 

Experimental infestations took place at our laboratory and aviary at Campus Groenenborger 

in Antwerp, Belgium in 2014. Ixodes arboricola came from a laboratory stock that has been 

established in 2007 with ticks from nest boxes used by great and blue tits in woodland areas 

near Antwerp (mainly Peerdsbos, Brasschaat). All I. arboricola nymphs used in the current 

experiment fed on great tits in previous experiments. Ixodes ricinus were collected up to five 

days before infestation in Grenspark de Zoom, Essen, by dragging a white flannel flag over 

suitable vegetation. Birds were captured at Peerdsbos, Brasschaat in June and July 2014 (20 

woodpeckers and 19 great tits) and, in September 2014, at Kalmthoutse Heide, Kalmthout (21 
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blackbirds and 2 great tits) and Campus Groenenborger, Antwerp (20 great tits). Birds without 

a metal ring received one for identification. Birds used for previous infestations were released. 

Each bird was inspected for ticks immediately after capture, and any attached ticks were 

removed with tweezers for identification. All birds were housed in individual cages (8 m3) in 

an aviary at Campus Groenenborger. All cages were supplied with tree trunks as climbing or 

perching substrates and birds had constant access to water. Woodpeckers and great tits received 

a diet of mealworms, fat balls, peanuts and sunflower seeds ad libitum. Blackbirds received a 

diet of mealworms, insect pate, dried bread and apples ad libitum. Cages for woodpeckers and 

great tits were provided with a nest box (3.4 dm3 for great tits, 42.9 dm3 for woodpeckers). 

 

Ticks – Ixodes arboricola, Ixodes ricinus 

All ixodid ticks go through three active stages (larva, nymph, adult) and during each stage, 

with the exception of adult males, take a single blood meal either to moult (larvae, nymphs) or 

to reproduce (Sonenshine, 1991). Ixodes arboricola is an endophilic tick, with the entire life 

cycle restricted to natural and man-made cavities (Liebisch, 1996). It is widely distributed over 

Europe (Liebisch, 1996; Petney et al., 2011). The tick shows adaptive behavioural mechanisms 

to ensure detachment in suitable habitat, such that it detaches predominantly at night, when its 

hosts roost in cavities (Heylen and Matthysen, 2010), and delays detachment when hosts roost 

outside (White et al., 2012). As such, its realised specificity only includes hosts that make use 

of such cavities (Walter et al., 1979; Heylen et al., 2014d), and this limits its dispersal 

capabilities between cavities (Van Oosten et al., 2014a). 

Ixodes ricinus is an exophilic generalist tick found in deciduous woodland, meadows and 

moorland across Europe, Russia, North Africa and the Middle East (Gern, 2005; Petney et al., 

2011). It climbs up to some vantage point in the lower vegetation (“questing”) from where it 

contacts passing vertebrate hosts. To ensure detachment in the field rather than a cavity when 

infesting endophilic hosts, it detaches predominantly during the day (Heylen and Matthysen, 

2010 and references therein). Immature life stages infest a wide array of terrestrial vertebrates, 

including songbirds, although adults are only found on larger animals (Gray, 1991; Gern, 

2005). 

 

Avian hosts – great tit, blackbird, great spotted woodpecker  

The great tit (family Paridae), the commonest secondary cavity-nesting bird in Western 

Europe, uses yet available natural or artificial cavities for breeding and roosting (Gosler, 1993) 

and is therefore frequently exposed to I. arboricola (Literák et al., 2007; Heylen et al., 2014d). 
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The foraging niche includes the lower vegetation strata inside forests, resulting in frequent I. 

ricinus infestations, especially during the breeding season (Heylen et al., 2014d). 

The common blackbird (family Turdidae) is one of the most common birds in Europe, 

breeding in any habitat with woody cover at high densities (Cramp, 1988). Blackbirds build 

open nests in the vegetation or occasionally on the ground (Cramp, 1988), where they never 

encounter I. arboricola (Literák et al., 2007; Norte et al., 2012). Because they forage on the 

ground and lower vegetation strata, they are among the most heavily infested hosts for I. ricinus 

(Marsot et al., 2012; Norte et al., 2012). 

The great spotted woodpecker (family Picidae), a widespread breeding bird in Europe 

mostly found in mature forests, usually excavates new cavities for breeding and roosting 

(Cramp, 1985). Generally woodpeckers do not forage on the ground but they may do this in 

fall and winter to collect seeds and nuts (Cramp, 1985). So far, no ticks have been reported on 

great spotted woodpeckers (Literák et al., 2007; Marsot et al., 2012; Norte et al., 2012). In our 

own capture sessions in Peerdsbos, Brasschaat, 101 great spotted woodpeckers were inspected 

for ticks over a five-year period, but ticks were never found, whereas great tits were frequently 

infested with either tick species (unpublished results). 

 

Experimental infestations 

We performed standardised infestation experiments with both tick species on each of the 

three avian hosts. Because of constraints in housing facilities and seasonal variation in capture 

success of the different host species, two separate experiments were performed in a parallel 

group design, in which similar numbers of individuals of two host species were infested. The 

most common host (great tit) was used in both experiments. 

Birds were infested within a day after capture. Each bird was infested with ten nymphs of 

either I. arboricola or I. ricinus, which were placed under the feathers on the occipital side of 

the head with a small brush. Birds were placed individually in a cotton bag (15 x 25 cm for 

great tits, 25 x 40 cm for woodpeckers and blackbirds) for one hour. Afterwards, the bird was 

returned to its cage. The birds were not inspected for attached ticks at this moment since unfed 

ticks are difficult to detect without prolonged manipulation, which may disturb the attachment 

process (Heylen and Matthysen, 2011a). Rather, birds were inspected for attached ticks 48 

hours after infestation by lifting the feathers with tweezers. Ticks were counted and removed 

and subsequently weighed. The birds were released the same day. 
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Statistical analyses 

All data analyses were done in R version 3.1.1 (R Core Team, 2013). For each tick species, 

we used two separate linear mixed-effects models from package LME4 v 1.1-7 (Bates et al., 

2015) to evaluate whether attachment success after 48 hours (i.e. the proportion of ticks 

attached to individual hosts; logit-link, binomially distributed residuals) and engorgement 

weight (identity-link, normally distributed residuals) of the nymphs differed between tick 

species and among bird species. Engorgement weight was standardised among bird species 

within tick species to obtain relative feeding performance across bird species. All models 

considered individual ticks as the replicated unit, and by adding bird identity as a random effect 

nested within infestation session we corrected for the non-independence in the response 

variables of the ticks attached to an individual bird. 

Fixed effects in all models included: bird species (blackbird and great tit; woodpecker in the 

model for attachment success) and the number of ticks found on birds pre-experimentally (log-

transformed; Table 1). In all models a stepwise selection procedure was used in which the 

 

Table 5.2 Summary of the fixed effects in the generalised linear mixed models of attachment success 
and engorgement weight in relation to bird species and pre-experimental tick burden. Significant 
effects are given in bold. 

  Fixed effect attachment success   engorgement weight 

   χ2 P   χ2 P 

I. arboricola bird χ2
2,370 = 73.94 < 0.001 χ2

1,120 = 11.34 < 0.001 

  pre-experimental burden χ2
1,369 = 0.35 0.557   χ2

1,119 = 2.23 0.135 

              

I. ricinus bird χ2
2,388 = 42.15 < 0.001 χ2

1,152 = 1.51 0.220 

  pre-experimental burden χ2
1,387 < 0.01 0.966   χ2

1,152 = 0.27 0.602 

 

Table 5.1 Pre-experimental infestation intensity and number of ticks ± SE on infested birds per instar 
(larva, nymph, adult) of I. ricinus, I. arboricola and I. frontalis on great tits, blackbirds and 
woodpeckers. 

    Great tit Blackbird Woodpecker 

I. ricinus L 7%; 2.3 ± 1.3 38%; 17.4 ± 11.9 - 

  N 2%; 2.0 ± 0.0 38%; 2.5 ± 0.5 - 

  A - - - 

          

I. arboricola L - - - 

  N - - - 

  A - - - 

          

I. frontalis L - 19%; 2.0 ± 0.7 - 

  N - 14%; 1.0 ± 0.0 - 

  A - 14%; 1.0 ± 0.0 - 
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model was iteratively refitted after exclusion of the least significant fixed effect. Post hoc tests 

were conducted the main effect bird species with package multcomp version 1.4-0, which 

corrects for multiple comparisons with Tukey Contrasts (Hothorn et al., 2008). Because 

attachment success across all woodpeckers was zero, variance estimates could not be calculated 

and the models did not converge. This was resolved by using a dummy variable, in which 

attachment of a single nymph of both tick species was changed to “success”, hence introducing 

artificial variance. This had no effect on the results due to the large sample size (I. ricinus N = 

100; I. arboricola N = 90). To fulfil normality assumptions, standardised engorgement weight 

was rank-transformed. Estimates are reported as mean ± standard error unless mentioned 

otherwise. 

 

 

 

Results 

 

Of the 41 great tits, 3 (7.3%) had ticks (average 3.00 ± 1.15 ticks per bird, range 1 – 5; 89% 

I. ricinus, 11% I. frontalis, no I. arboricola). Of the 20 blackbirds, 11 (55%) had ticks (average 

14.18 ± 9.36 ticks per bird, range 1 – 107; 92% I. ricinus, 8% I. frontalis, no I. arboricola). 

None of the 20 woodpeckers were naturally infested with ticks. Pre-experimental tick burden 

on the birds captured for the infestation experiment is summarised in Table 5.1 per tick species 

and life stage. 

No ticks attached to woodpeckers, regardless of tick species. Attachment success (Figure 

5.1, Table 5.2) of I. arboricola was significantly different between host species (χ2
2 = 73.94, p 

< 0.001) but there was no effect of pre-experimental tick burden (χ2
1 = 0.35, p = 0.557). Post 

hoc testing (Table 5.3) indicated that attachment success of I. arboricola was lower on 

 

Table 5.3 Summary of the pairwise post hoc tests of the fixed effects in the generalised linear mixed 
models of attachment success of Ixodes arboricola and I. ricinus ticks in relation to great tits, 
blackbirds and woodpeckers. Significant effects are given in bold. 

comparison   estimate z P 

IA GT x BB   -1.39 ± 0.34 -4.04 < 0.001 

IA GT x WP   -6.07 ± 1.06 -5.74 < 0.001 

IA BB x WP   -4.68 ± 1.09 -4.27 < 0.001 

          

IR GT x BB   0.12 ± 0.43 0.27 0.956 

IR GT x WP   -5.17 ± 1.21 -4.27 < 0.001 

IR BB x WP   -5.05 ± 1.27 -3.99 < 0.001 

IA = Ixodes arboricola, IR = Ixodes ricinus, GT = great tit, BB = blackbird, WP = greater spotted 
woodpecker 
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woodpeckers than on both great tits (z = -5.74, p < 0.001) and blackbirds (z = -4.27, p < 0.001). 

In addition, attachment success of I. arboricola was significantly higher on great tits than on 

blackbirds (z = 4.04, p < 0.001). Attachment success of I. ricinus was significantly different 

between host species (χ2
2 = 42.15, p < 0.001) but there was no effect of pre-experimental tick 

burden (χ2
1 < 0.01, p = 0.966). Post hoc testing indicated that attachment success of I. ricinus 

was lower on woodpeckers than on both great tits (z = -4.27, p < 0.001) and blackbirds (z =       

-3.99, p < 0.001), but there was no difference between great tits and blackbirds (z = 0.27, p = 

0.956). 

 

 

Figure 5.1 Proportion of I. arboricola and I. ricinus nymphs attached to great tits, blackbirds and 
woodpeckers 48 hours after attachment. Letter codes (A, B, C) refer to groups that do not differ 
significantly. Whiskers: 1.5*IQR; black circles: outlier values. 
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Standardised engorgement weight (Figure 5.2, Table 5.2) of I. arboricola was significantly 

higher on great tits than on blackbirds (χ2
1 = 11.34, p < 0.001) but there was no effect of pre-

experimental tick burden (χ2
1 = 2.23, p = 0.135). For I. ricinus, there was no significant 

difference between great tits and blackbirds (χ2
1 = 1.51, p = 0.220), nor was there an effect of 

pre-experimental tick burden (χ2
1 = 0.27, p = 0.602). 

  

 

Figure 5.2 Rank-transformed engorgement weight (mg), standardised across host species, of I. 
arboricola and I. ricinus nymphs 48 hours after attachment on great tits and blackbirds. Letter codes 
(A, B) refer to groups that do not differ significantly. Whiskers: 1.5*IQR; black circles: outlier values. 



82 

 

Discussion 

 

Even though some of the best-known and most widespread tick species are generalists (such 

as I. ricinus and I. scapularis), the realised specificity of most tick species is high, and they 

have a narrow host range in nature and are found on one or only a limited number of hosts 

(Hoogstraal and Aeschlimann, 1982; Petney et al., 2011). It remains, however, unclear whether 

these observations of narrow host range are due to host-driven adaptations or other processes, 

such as habitat adaptation, behaviour and life-history characteristics (Klompen et al., 1996; for 

a review, see McCoy et al., 2013). We therefore conducted a study to compare infestation 

success among tick species with contrasting ecologies (linked to off-host microhabitat 

requirements) on a set of hosts that occur in both ticks’ macrohabitat (forest). The endophilic 

specialist tick I. arboricola remains inside its hosts’ nests and its realised host specificity is 

high, whereas the exophilic generalist tick I. ricinus actively seeks hosts and its realised host 

specificity is much lower. We predicted that if realised specificity is constrained by host-driven 

adaptations, feeding performance is on novel hosts is different than on natural hosts, and 

therefore there are no differences between realised and potential specificity. On the other hand, 

if realised specificity is constrained by other processes, such as habitat adaptation and 

encounter filters, feeding performance will be equivalent on all hosts and hence potential 

specificity is lower than realised specificity. 

Our experiment suggests that realised specificity of ticks is constrained by host-driven 

adaptations. This supports the hypothesis that potential and realised specificity are equivalent. 

None of the ticks were able to attach to woodpeckers, which reflects realised specificity. Also, 

whereas the exophilic generalist tick I. ricinus performed equally well on great tits and 

blackbirds, both of which are part of its host range, the endophilic specialist tick I. arboricola 

had lower attachment rates and weight during feeding on blackbirds, which are no part of its 

host range. These ticks have clearly adapted to their natural hosts. Because the number of 

different host species ticks encounter in nature depends on their ecology to great extent, tick 

ecology is an important factor associated to tick-host coevolution. On the one hand, the fact 

that there was some attachment and engorgement of I. arboricola on blackbirds indicates 

feeding success cannot be predicted according to realised specificity. 

Engorgement weight was measured by interrupting feeding after two days rather than after 

natural detachment, which occurs at least four days after attachment (Sonenshine, 1991; Heylen 

and Matthysen, 2010). Since we did not measure final engorgement weight, we cannot exclude 

the possibility that the lower blood intake might be compensated by a longer feeding duration. 
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Nevertheless, both outcomes are likely to have a negative effect on tick fitness. Longer 

attachment increases tick mortality risk, e.g. due to grooming by the host as well as the risk of 

host mortality, whereas low engorgement weights typically lead to low moulting and hatching 

success and eventually egg production (Latif et al., 1988; Olegário et al., 2011). Thus, although 

we have not quantified survival or reproductive success of I. arboricola after feeding on 

blackbirds, the severe reduction in weight as found here gives indications that their fitness is 

lower on a novel host compared to a common natural host, the great tit. 

Whereas ticks infest virtually all terrestrial vertebrates, the host range of the majority of tick 

species consists of ecologically comparable hosts (Klompen et al., 1996). Because there are 

often large phylogenetic differences among used host species, suggestions have been made that 

tick evolution has not been shaped by host-driven adaptations, but rather by ecological 

processes such as habitat adaptation and encounter filters (Klompen et al., 1996; McCoy et al., 

2013; Nava and Guglielmone, 2013). Yet, our study and a number of recent studies on potential 

host specificity in ticks found that ticks perform better on natural than novel hosts (Slowik and 

Lane, 2009; Brunner et al., 2011; Harrison et al., 2012; Dietrich et al., 2014; Van Oosten et al., 

2014b). It therefore seems that host specialisation has arisen over evolutionary time and ticks 

became specialised to the hosts used in nature, whereas the evolutionary radiation of ticks may 

have been determined largely by non-host factors. Off-host conditions may have played an 

important role in tick evolution because ticks spend the majority of their life cycle off-host 

(Klompen et al., 1996). There may be evolutionary feedback between tick ecology and the 

number of host species and types of habitat experienced by the parasite. As such, the tendency 

to become specialised may be much higher for endophilic than exophilic parasites. 

Additionally, the ecological and evolutionary consequences of an incompatible host will be 

much higher for endophilic parasites, which depend more on individual hosts, than exophilic 

parasites with high potential host availability (Hoogstraal and Aeschlimann, 1982; Petney et 

al., 2011). 

In non-tick parasite systems, it has been shown that the more different novel hosts are from 

the natural host, the less compatible they are. This may be in terms of geographic distribution, 

immunology, ecology, morphology and phylogeny (Bush and Clayton, 2006; Ohhashi et al., 

2007; Coile and Sikkel, 2013). The little that is known about ticks infesting birds suggests that 

phylogeny is not a major factor for the evolution of specialisation (McCoy and Boulinier, 2002; 

McCoy et al., 2013; Dietrich et al., 2014). Also in our study, phylogenetic relatedness seems 

of little importance: blackbirds are less compatible for I. arboricola than great tits are, whereas 

in a previous study we found no differences in host-tick compatibility between nestlings of 
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great tits and the more distantly related pied flycatcher (Hackett et al., 2008; Van Oosten et al., 

2014b). The implications of such a direct comparison between nestlings and adult birds may 

be limited because nestlings lack the resistance that adult birds potentially acquire after 

previous infections, although this type of resistance seems to be limited in adult birds too 

(Heylen et al., 2010). A second line of evidence is that we found no successful feeding on 

woodpeckers by I. ricinus, whereas the host range of this tick species includes hosts that are 

phylogenetically less related to songbirds than woodpeckers, e.g. a large variety of mammals 

and reptiles for Ixodes ricinus (Matuschka et al., 1991; Gern, 2005). Also for I. arboricola, 

more distantly related birds (e.g. domesticated chicken Gallus domesticus; Liebisch, 1996) and 

even bats (Petney et al., 2011) serve as better hosts than woodpeckers. 

The complete incompatibility of woodpeckers is also unlikely to be explained by their 

ecology (woodpeckers mostly excavate new cavities for roosting and breeding and mostly 

forage in the higher vegetation), because the encounter filter is not closed entirely for either 

tick species (Cramp, 1985). If ecology was explanatory, we would have expected at least partial 

feeding success, similar to I. arboricola on blackbirds. Rather, great spotted woodpeckers may 

have specific mechanisms that make them incompatible hosts, such as an effective tick-

repellent compound, immune response or grooming behaviour (Clayton et al., 2010). Even I. 

ricinus - the exemplary generalist tick of Europe - was unable to feed on woodpeckers. We 

claim that our study is the first to demonstrate that some terrestrial vertebrates (in casu 

woodpeckers) are incompatible hosts for I. ricinus. 

For I. ricinus, the host species used in the larval stage is unknown (whereas I. arboricola 

fed on great tits under controlled conditions). Since I. ricinus is genetically differentiated 

among host species within local communities (i.e. host races; Kempf et al., 2011), there is the 

possibility of genetically fixed host preference and compatibility (cf. mosquitos, where 

experience from previous blood meals can influence the choice for subsequent hosts; Vantaux 

et al., 2014). To the best of our knowledge this remains untested for I. ricinus. If we have 

indeed sampled multiple host races, this may have led to variation in performance of I. ricinus 

within host species and, hence, reduced statistical power. Yet, ticks were randomised across 

host species and, on a species level, host races would not impair our conclusions that realised 

specificity of ticks is impaired by host-driven adaptations. Nevertheless, it may be worthwhile 

to conduct experiments regarding potential specificity with parasites reared under controlled 

conditions on all hosts of interest. Similarly, it could be worthwhile to use hosts with similar 

previous experience with ticks, a factor unknown in the current study. Yet, the effect of 

differential experience within bird species on our results should be limited because differential 
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exposure should be much greater among than within host species due to contrasting ecologies. 

It is also important to stress that acquired immunological resistance commonly does not occur 

in natural ixodid tick-host interactions (Randolph, 1994; Heylen et al., 2010). 

In conclusion, we have shown that tick feeding performance after experimental infestation 

on different host species is unequal, thereby reflecting realised specificity. This suggests that 

the limited realised specificity generally observed in ticks may not simply be due to an 

encounter filter, but that compatibility filters are very important in tick evolution. Our study 

illustrates that we understand very little about the complex interactions between parasites and 

their hosts, making it difficult to predict potential specificity according to realised specificity. 

The integration of extensive field collection studies and experimental infestations with 

ectoparasites to assess realised and potential specificity, respectively, is the way forward to 

expand our understanding of the evolution of specialisation between hosts and ectoparasites. 
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Abstract 

 

There is evolutionary feedback between parasite mating strategies and life history. 

Knowledge concerning this feedback is important if we want to predict and control parasite 

populations. Ticks are ectoparasites and the principal transmitters of many diseases. There is 

much variation in life history among species, but the effects thereof on mating systems are 

understudied. In the current study, we investigated the mating strategies of the endophilic tick 

Ixodes arboricola. These ticks attach to their bird hosts in the nest, which restricts gene flow 

but facilitates finding a partner off-host. 

We had female ticks feed on great tit nestlings and mate with two males in three treatments: 

both before feeding, one before and one after feeding, or both after feeding. We investigated 

paternity with microsatellites. In another experiment we investigated male preference for unfed 

or engorged females, and measured mating duration. We predicted (1) I. arboricola males and 

females would mate multiply, leading to multiple paternity, and (2) males prefer to mate with 

engorged females and these matings last longer because engorged females are more valuable. 

We found multiple paternity within clutches but no indications of sperm precedence or 

replacement. Males preferred to mate with engorged females and these matings lasted 

significantly longer, even including attachment beyond egg deposition. We suggest such mate 

guarding and male preference for mating after feeding is adaptive because there is no sperm 

precedence. The preference for mating after feeding may also be adaptive because dispersal is 

low, and females are available after the blood meal.  
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Introduction 

 

Multiple mating is common throughout the animal kingdom, and in many species both sexes 

exhibit polygamous behaviour. For males, the benefits of polygamy are obvious. Their gametes 

are small and numerous, such that males can fertilise many partners. Multiple mating increases 

fecundity and therefore increases fitness (Yasui, 1998). Males therefore often compete for 

fertilisations (Parker and Pizzari, 2010). For females, on the other hand, promiscuous mating 

does not increase fecundity because all the eggs she can produce can be fertilised by one male 

alone (Bateman, 1948). However, females may have other benefits from multiple mating. 

Multiple mating may be a sexual selection strategy of females to choose the highest-quality 

male in situations where it is either not possible to distinguish between males of different 

qualities or where encounters with males are unpredictable. Multiple paternity may also 

increase fitness if environmental conditions are unpredictable or rapidly changing, because it 

leads to offspring with higher genetic diversity (Watson, 1991; Yasui, 1998). In parasites, 

increased genetic diversity due to multiple paternity may aid in the arms race with the parasite’s 

hosts and allow greater colonisation potential (Poulin, 2007). Because mating is an essential 

component of population growth, knowledge concerning parasite mating strategies may allow 

us to predict and possibly control parasite populations. 

Hard ticks (family Ixodidae) are haematophagous ectoparasites of the superfamily 

Ixodoidea and infest a a wide range of vertebrate hosts (Hoogstraal and Aeschlimann, 1982; 

Klompen et al., 1996; McCoy et al., 2013). Although there is currently some debate, it has been 

shown experimentally that Borrelia (Alekseev et al., 1999) and Rickettsiae (Hayes et al., 1980) 

may transmit sexually between ticks. Therefore, knowledge concerning tick mating systems 

may be useful for tick-borne disease prevention. It has been found that multiple mating occurs 

in many genera of hard ticks (Oliver, 1974), and multiple paternity has been confirmed in a 

limited number of tick species (McCoy and Tirard, 2002; Hasle et al., 2008; Cutullé et al., 

2010; Ruiz-López et al., 2012). Yet, there is a great deal of diversity among tick species in 

several factors, e.g. host and habitat use, life history and mating strategies. It is currently largely 

unclear which factors have been important in the evolution of mating systems in ticks. 

Ticks are ideal study organisms to investigate mating strategies due to the potential 

differences in the life history constraints imposed on ticks by their hosts (McCoy and Tirard, 

2002). There are two major factors that differ considerably among tick species, but their effect 

on mating has only been investigated to some extent. First, the Ixodidae are divided in two 

phyletic lines with contrasting life histories and mating strategies: the Prostriata and 
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Metastriata, the former comprising a single genus (Ixodes), and the latter comprising 12 genera 

in 4 sub-families (Sonenshine, 1991). All hard ticks take a single blood meal in each instar 

(larva, nymph, adult) before moulting to the next instar or laying eggs (Sonenshine, 1991). In 

metastriate ticks, adults of both sexes require a blood meal for gonadal maturation, and mating 

cannot occur before feeding (Oliver, 1974; Sonenshine, 1991). In prostriate ticks, on the other 

hand, males do not take a blood meal and both sexes can mate before, during and after a blood 

meal because gonadal maturation occurs in the late nymphal phase. 

Second, there is a marked source of variation in the life history of ticks due to their host-

seeking behaviour. Exophilic ticks actively seek hosts by climbing up the vegetation and 

waiting for them to pass (Hillyard, 1996). They often feed on far-ranging hosts that are widely 

dispersed in the environment. In contrast, endophilic ticks attach to their host inside the nest or 

burrow, where they also detach. The focal occurrence inside nests may be disadvantageous to 

the parasite, as dispersal events via their returning host are rare, and therefore gene flow is 

restricted (McCoy et al., 2003b; Van Oosten et al., 2014a). On the other hand, endophilic ticks 

are likely to find a partner more easily than exophilic ticks (McCoy and Tirard, 2002). There 

are likely several adaptations of the mating system associated with an endophilic lifestyle. First, 

there is a risk imposed with being on the host. Because partners are available in the off-host 

habitat, it is adaptive to mate off host. Off-host mating is indeed common among endophilic 

ticks (McCoy and Tirard, 2002; Gray et al., 2014). Second, the feeding risk also implies that 

the best strategy for male endophilic ticks would be to select only those females that have 

already taken a blood meal. However, in species where there is sperm precedence (i.e. a 

selective advantage for males that mate first), selection for postprandial mating may trade off 

with competition among males (Kiszewski et al., 2001; Kaufman, 2008). Third, there may be 

high local mating competition because tick populations in nests occasionally reach high local 

densities (Haarløv, 1962; Schilling and Walter, 1981). Such local competition could promote 

multiple mating and sperm competition (Parker, 1970; Kiszewski and Spielman, 2002). Finally, 

dispersal to nests of different host species can be associated with different environmental 

conditions (McCoy and Tirard, 2002; Van Oosten et al., 2014b). In such cases multiple 

paternity and the resultant genetic diversity may be a selective advantage (McCoy and Tirard, 

2002). 

Ixodes arboricola Schulze and Schlottke 1930 is a endophilic prostriate tick. It chiefly 

infests cavity-nesting birds, with great and blue tits (Parus major, Cyanistes caeruleus) as its 

principal hosts (Walter et al., 1979; Hudde and Walter, 1988; Petney et al., 2011). Although 

great and blue tits are very mobile, opportunities for I. arboricola to disperse among cavities 
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are limited and ticks within cavities can be highly related (Van Oosten et al., 2014a). Dispersal 

of adult female ticks may be even more restricted than of the earlier instars as they feed on 

nestling birds almost exclusively (Heylen et al., 2014d). Very little is known about the mating 

system of this tick, but such knowledge is important to because I. arboricola is the carrier of 

several pathogens that are important for livestock and humans (Špitalská et al., 2011; Heylen 

et al., 2012a). 

In this paper we report on an experimental study to investigate multiple mating and paternity 

of I. arboricola as well as the role of female engorgement status. It is unknown what the effect 

of mating first or last is on paternity, nor is it known what the effect of the blood meal is on 

paternity. Therefore we had female I. arboricola feed on great tit nestlings and mate with two 

males in three different treatments: both matings before the blood meal, one before and one 

after the blood meal, or both after the blood meal. We used microsatellite markers to investigate 

the contribution of both males to the offspring. We predicted that multiple paternity would be 

common within clutches as this promotes genetic diversity, but there were no a priori 

predictions for the dominance of either the first or last male because both have been observed 

in Ixodes ticks (Yuval and Spielman, 1990; McCoy and Tirard, 2002; Hasle et al., 2008). In an 

additional experiment, we allowed males to choose between an unfed and an engorged female. 

We predicted that males have a preference for engorged females because these are more 

valuable than unfed ones. 

 

 

 

Materials & Methods 

 

The current study took place in the breeding seasons of 2013 (May and June) and 2014 

(May). All mating experiments were conducted in the laboratory with previously unmated 

ticks. All females were obtained from a laboratory stock that had in previous stages been fed 

on great tits in the context of other experiments. In addition, a number of males were collected 

from nest boxes in field sites near Antwerp, where the founders of the laboratory stock were 

also obtained. 

 

Mating 

Artificial mating experiments were conducted in the laboratory by placing a single virgin 

female, either unfed or engorged, and male in a small vial. Observations were carried out by 
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registering mating status every ten minutes for four hours, and we recorded the time until 

mating commenced as well as the duration of each mating. Individuals that remained in copula 

after the observations finished were kept together and investigated again after 9-10 hours. If 

males were still attached, mating was interrupted by gently pushing the male with tweezers. 

Matings were interrupted because males were required for subsequent matings, and we assume 

that sperm transfer had been completed by that time, as males generally require less than 1 hour 

to inseminate (Fourie et al., 1988; Kiszewski et al., 2001). After mating the male was moved 

to a separate vial.  

In 2014, a subset of the mating pairs was used to investigate whether males had a choice for 

either engorged or unfed females. To do this, vials were set up containing one male, one unfed 

female and one engorged female (N = 70 trials; 16 males were used 4 times and 2 males were 

used 3 times). In this case we recorded the male’s initial mate choice and whether or not mating 

took place with both females, in addition to the time until mating commenced and mating 

duration. 

To investigate whether there was multiple mating and which male had the largest 

contribution to the offspring (see below), all females were mated with two partners. Due to a 

limited number of males each male mated with 4.6 ± 0.48 females (range 1 – 11). We set up 

three treatments with respect to female feeding status: either both matings took place before 

feeding (“preprandial” treatment), both after feeding (“postprandial” treatment), or one before 

and one after feeding (“transprandial” treatment). Preprandial mating took place on average 

4.3 days before feeding commenced (range 0 to 13 days), and postprandial mating on average 

2.7 days after the female was collected (range 0 to 14 days). The average time between both 

matings, irrespective of when they took place, was 3.4 days (range 1 to 13 days). 

 

Feeding 

Females ticks were fed on great tit nestlings in nestboxes in one of two sites: Zevenbergen, 

Lier and Peerdsbos, Brasschaat. In 2013, females were placed in a nest with nestlings (1 tick 

per nest) of approximately eight days old. In 2014, females were directly placed on a nestling 

of approximately twelve days old, by inserting the tick on the occipital side of the head with a 

small brush. In case females had mated preprandially, only a single tick was placed in a nest 

box, such that ticks could be identified after the blood meal. In other cases multiple ticks were 

placed on a single nestling in a nest box (up to 5 ticks per nestling). Each nest box was inspected 

for presence of ticks before infestation, and nest boxes where ticks were present were avoided. 

Nest boxes were inspected regularly starting four days after attachment because adult I. 
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arboricola ticks typically take a little over five days to complete a blood meal (Heylen and 

Matthysen, 2011a). After being collected from the nestbox, females were weighed to the 

nearest 0.1 mg. 

 

Egg and larvae collection 

After mating and feeding, females were individually placed in vials (diameter 1.5 cm, height 

12 cm with a fine mesh under the cap to prevent larvae to escape) under controlled climatic 

conditions (25 °C, 80% RH, 12:12 LD). To record the moment the first egg was deposited each 

female was inspected every three days. In 2014 clutch size was recorded after egg laying had 

finished, whereas in 2013 clutch size was not recorded. In both years the female was stored in 

70% alcohol for DNA analysis after egg laying had finished. The eggs were inspected every 

three days and we recorded the moment the first larvae hatched was recorded. Once the eggs 

hatched the number of hatchlings was determined and approximately 15 larvae were stored in 

alcohol for DNA analysis. Male ticks were stored in alcohol as soon as all matings had been 

conducted. 

 

Paternity analysis 

Using NucleoSpin Tissue kits (Macherey-Nagel, Düren, Germany), DNA was extracted 

from whole individual larvae and from three legs of adults. The first pair of legs was never 

used, as these are important for species identification for future reference. Ticks were 

genotyped using seven polymorphic microsatellite loci (Ixaf3, Ixaf6, Ixaf8, Ixaf11, Ixaf15, 

Ixaf16 and Ixaf19) designed for I. arboricola (Van Houtte et al., 2013). Amplifications were 

carried out in 10 µl containing 1 µl of template DNA, 5 µl 1X Qiagen Multiplex PCR Master 

Mix (including Hot Star Taq DNA Polymerase, Multiplex PCR Buffer and dNTP Mix) and 0.4 

µl of each forward and reverse primer (5 µM). Amplification conditions were 95 °C for 15 min 

followed by 35 cycles of denaturation at 94 °C for 30 sec, annealing at 56 °C for 90 sec, 

extension at 72 °C for 90 sec, and a final elongation step at 72 °C for 10 min. Fragment length 

analyses were performed on a 3130XL Genetic Analyser (Life Technologies, Carlsbad, CA, 

USA), and alleles were scored with GeneMapper Version 3.7 (Life Technologies). If paternity 

assessment was not possible due to unsuccessful scoring, we opted to reanalyse individuals, 

particularly adults, but this was not done for all ticks. In this way, genotyping was possible for 

all 60 adult females (27 partially, i.e. 2 – 6 loci), all 36 adult males (12 partially) and 580 out 

of 584 larvae (421 partially).  



93 

 

Paternity assignment 

Paternity was assigned by manually comparing the genotype of individual larvae across all 

loci to that of both potential fathers, whilst taking the mother’s genotype into account. One 

mismatch was accepted to allow for the possibility of novel mutations arising during the 

production of a large offspring cohort and to correct for potential genotyping errors 

(Vandeputte et al., 2006). A father was assigned if two or more loci were contributable to this 

male and if there were no conflicting parentage assignments among loci. 

 

Statistical analyses 

All data analyses were done in R version 3.0.1 (R Core Team 2013). General linear models 

were fitted to test the following associations: (1) mating duration between unfed and engorged 

females, (2) males preference for unfed or engorged females, (3) female engorgement weight 

with female mating status when feeding (mated or virgin) and the number of previous matings 

of males, (4) clutch size with engorgement weight, female mating status and male previous 

matings, (5) hatching success with clutch size and female mating status, (6) paternity with 

treatment (preprandial, transprandial or postprandial mating) and which mating of the male was 

interrupted due to prolonged attachment (none, first, second or both) and, in a second model, 

with the relative number of previous matings of both males. 

Models with random effects were fitted with package LME4 version 1.1-7 (Bates et al., 

2015). Random effects were used in the models for mating duration, male choice and paternity 

in relation to mating interruption to correct for the non-independence in the response variable. 

Survival models with right-censoring were used to analyse mating duration and were conducted 

with package parfm version 2.5.3 (Rotolo and Munda, 2013). In all models a stepwise selection 

procedure was used in which the model was iteratively refitted after exclusion of the least 

significant fixed effect. Terms were not removed if they were part of a higher order significant 

interaction. In case of significant interactions, data were subset along all levels of the main 

effects and tested separately with Bonferroni correction. All estimates are reported as mean ± 

S.E., unless otherwise mentioned. 

The model for mating duration (logit-link, right-censored) included as fixed effects female 

feeding state (unfed or engorged), the number of previous matings of males (ordinal), female 

feeding state (virgin or mated) and all interactions. All couples that remained in copula once 

the observations ended (> 4 hours) were handled as right-censored data. The model for male 

preference for engorged or unfed females (logit-link, binomial distributed residuals) included 

as fixed effect the number of previous matings of males. Cases where no mating occurred were 
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excluded from the analysis. 

The model for female engorgement weight (identity-link, normally distributed residuals) 

included as fixed effects female mating status and the number of previous matings of 

preprandially mated males. The model for clutch size (identity-link, normally distributed 

residuals) included as fixed effects female engorgement weight, mating status and their 2-way 

interaction (engorgement weight : mating status). Only females from 2014 were used, and 

females that failed to lay eggs were excluded from the analysis. The model for hatching success 

(identity-link, normally distributed residuals) included as fixed effects female mating status, 

clutch size and their interaction (mating status : clutch size), while correcting for female 

engorgement weight. 

Paternity (logit-link, binomial distributed residuals, weighted by the number of assignable 

larvae) was evaluated in two models with differing fixed effects. The first model included 

treatment, which mating was interrupted and their 2-way interaction (treatment : interruption). 

Post-hoc testing was conducted for each treatment-interruption combination for which larvae 

from at least four clutches were available, with Bonferroni correction for multiple testing. Fixed 

effects in the second model were the relative number of previous matings of the first male 

divided by the sum of the number of matings of both males, treatment (preprandial, 

transprandial, postprandial), and their 2-way interaction (male mating : treatment). 

 

 

 

Results 

 

Mating duration  

There was a significant interaction between mating status and feeding status of the females 

(χ2
1 = 6.92, p = 0.009, N = 214; Figure 6.1, Table 6.1). Specifically, the average mating time 

of unfed virgin females was 50 ± 3.6 minutes (N = 51) and of unfed mated females was 48 ± 

Table 6.1 Results for survival analysis on differences in mating duration between unfed and 
engorged I. arboricola females considering mating status of females and the number of previous 
matings of males. 

Fixed effect χ2 df P 

matingmale 0.73 1 0.33 

feeding status : matingfemale 6.92 1 0.01 
feeding status : matingmale 1.40 1 0.17 
matingfemale : matingmale 0.29 1 0.64 
feeding status : matingfemale : matingmale 3.53 1 0.05 
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6.6 minutes (N = 16) and all finished within the observation time. In contrast, 67 out of 79 

engorged virgin females (84.8%) and 63 out of 68 engorged mated females (92.6%) did not 

finish mating within four hours of observation, of which respectively 58 (73.4%) and 48 

(70.6%) were separated manually another 9-10 hours later. There was no effect of the number 

of previous matings by males (χ2
1 = 0.73, p = 0.393; Table 6.1). Two males that remained 

attached to an engorged female were still attached when the female started depositing eggs, 

more than two weeks after mating onset. 

 

Male choice 

In the mate choice experiment, engorged females were preferred 46 times (75.4%) and unfed 

females were preferred 15 times (24.6%), which is a significant difference (z1,61 = -3.77, p < 

0.01; figure 6.2). There was no effect of the number of previous matings of males (z = -1.11, p 

= 0.27). Mating did not occur in 9 trials. Of the males that initially mated with an unfed female, 

     

Figure 6.1 Kaplan-Meier survival plot of mating duration of Ixodes arboricola female ticks that were 
either unmated and unfed (N = 52), mated and unfed (N = 16), unmated and engorged (N = 93) or 
mated and engorged (N = 96). The vertical line indicates the moment the observations were ended. 
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12 (80%) mated with the engorged female afterwards, whereas this never occurred for males 

that initially mated with an engorged female. 

 

Feeding success 

 Out of 149 female ticks placed in nest boxes, we recovered 99 engorged (66.4%) and 12 

unfed females (8.1%). All unfed females were collected in 2013. All female ticks were 

collected within 12 days after they were placed in the nest (average 5.6 days). Engorgement 

weight of virgin females was 39.45 ± 1.04 mg, whereas mated females were significantly 

lighter at 34.53 ± 1.97 mg (χ2
1 = 6.22, p = 0.013, N = 99). There were no differences between 

females that mated once or twice (χ2
2 = 5.16, p = 0.076, N = 75). The number of previous 

matings of the male did not influence female engorgement weight after mating (χ2
1 = 0.290, p 

= 0.590, N = 19). 

 

         

Figure 6.2 Preference of Ixodes arboricola males in mate choice trials between one engorged and one 
unfed female tick (N = 16 males over 70 choice trials). Male ticks that mated with both females in a trial 
are indicated in dark grey. Significantly more males chose for engorged females. 



97 

 

  Egg laying and hatching success 

Eggs were laid by 79 out of 99 females (79.8%) and the average clutch size was 319.4 ± 

12.8 (N = 86, d.f. = 1). Significantly more eggs were laid by heavier females (χ2 = 30.48, p < 

0.001; Figure 6.3), but whether they mated before or after the blood meal was of no influence 

(χ2 = 0.05, p = 0.816), nor was there a significant interaction between both terms (χ2 = 1.50, p 

= 0.22). There was a statistically significant positive correlation between clutch size and 

hatching success (r64 = 0.461, p < 0.001; Figure 6.3). 

          

Figure 6.3 Relationship between engorgement weight, clutch size and hatching success (N = 66). 
Females that failed to lay eggs were excluded from the analysis. There was a significant positive 
relationship between engorgement weight and clutch size (p < 0.001, r = 0.683), as well as between 
clutch size and hatching success (p < 0.001, r = 0.461). 

Table 6.2 Proportion of I. arboricola larvae sired by the first male relative to the second male in 
relation to which mating was interrupted. Rows represent when males mated; in parentheses the 
number of larvae followed by the number of clutches. Ratios that remained significant after 
Bonferroni correction are underlined. 

  first interrupted second interrupted Both interrupted None interrupted 

Postprandial 0.19 (53; 10) 0.88 (40; 8) 0.42 (74; 16) - 

Transprandial - 0.66 (35; 7) - 0.55 (20; 4) 

Preprandial - - - 0.50 (30; 6) 
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Figure 6.4 Proportion of Ixodes arboricola larvae (N = 257 assigned larvae) per individual female tick (N 
= 38) sired by the first (light grey) and second (dark grey) male. Treatments represent both matings after 
the female’s blood meal (“postprandial”), one mating before and one after the blood meal (“transprandial”) 
or both matings before the blood meal (“preprandial”). The number below each bar represents the 
number of larvae that could be assigned for each female. Only females for which >3 larvae could be 
assigned were used. 
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Paternity 

Paternity assignment was possible for 257 out of 584 larvae (44%) from 52 clutches. 

Multiple paternity, i.e. larvae in a clutch sired by different males, was present in 22 clutches 

(42.3%; Figure 6.4). Paternity was lower for males whose mating was manually interrupted 

(χ2
2 = 45.68, p < 0.001; Table 6.2). As such, when both males mated postprandially the first 

male was dominant when the second male was interrupted (p < 0.01, ratio 0.88), and the second 

male was dominant when the first male was interrupted (p < 0.01, ratio 0.19). No such effect 

was observed when neither or both males were removed, irrespective of when mating occurred 

in relation to feeding (p > 0.07; Table 6.2). Paternity was not affected by treatment (χ2
2 = 4.99, 

p = 0.233), nor was there a significant interaction between treatment and interruption (χ2
45 = 

2.99, p = 0.083). 

Paternity was also lower for males that had more previous matings (χ2
4 = 7.34, p = 0.007). 

There was no effect of treatment (χ2
6 = 1.51, p = 0.470) nor was there a significant interaction 

between both effects (χ2
8 = 0.28, p = 0.868). 

 

 

 

Discussion 

 

Multiple mating is commonly observed in different tick species (Oliver, 1974), and multiple 

paternity has been confirmed in tick species with varying life histories (McCoy and Tirard, 

2002; Hasle et al., 2008; Cutullé et al., 2010; Ruiz-López et al., 2012). Our results clearly 

indicate that multiple mating is also common in Ixodes arboricola and may indeed lead to 

multiple paternity. We have also found that males have a marked preference to mate with 

engorged females, and that mating lasts considerably longer than with unfed females. In 

addition, heavier females had larger clutches, from which more larvae hatched. Our work 

therefore suggests that engorgement weight is a reliable fitness proxy, corroborating previous 

studies (Gladney and Drummond, 1970; Chen et al., 2009; Ma et al., 2013). 

Multiple paternity was present in less than half of the clutches investigated. On the one hand, 

this may be methodological. Assignment scores were relatively low because we used a 

conservative scoring approach. Also, amplification success of larvae was relatively low 

because in tick larvae there are very small amounts of DNA (this might explain why mothers 

and their larvae were sometimes scored as different homozygotes). Finally, a considerable 

amount of matings were interrupted, which led to a reduction in paternity (see discussion 
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below). On the other hand, multiple paternity might be more common under natural 

circumstances. Our experiments were conducted with only two males per female whereas 

females could possibly mate with more males. Yet, the degree of multiple paternity in nature 

depends on the availability of partners and the degree of multiple mating. It would therefore be 

worthwhile to extend the findings of the current study with investigations of multiple paternity 

under field conditions.  

Multiple paternity is not characteristic for endophilic ticks only, as it is common in ticks 

with varying life histories (McCoy and Tirard, 2002; Hasle et al., 2008; Cutullé et al., 2010; 

Ruiz-López et al., 2012). Multiple paternity can be adaptive because may lead to offspring with 

variable genotypes, thus allowing ticks – and parasites in general – to rapidly evolve in relation 

to host responses (Wikel, 1996). In social insects, experimental studies have shown multiple 

paternity may indeed result in higher fitness when individuals are faced with varying 

environmental conditions (Baer and Schmid-Hempel, 1999). For endophilic ticks, maximising 

genetic diversity may be particularly important, because the number of different host 

individuals encountered is often much lower than in exophilic ticks (Hoogstraal and 

Aeschlimann, 1982). Similarly, increased genetic diversity may counteract the negative effects 

of inbreeding due to low dispersal capabilities (McCoy et al., 2003b; Van Oosten et al., 2014a). 

In addition, although their environments are temporally stable, endophilic ticks may be faced 

with very different off-host conditions when dispersed to the nest of another host type (Van 

Oosten et al., 2014b). 

Our data on paternity indicate that in I. arboricola there is neither sperm precedence (i.e. 

the first male is the dominant sire) nor sperm replacement (i.e. the last male is dominant). The 

expectations were unclear because there is ambiguity concerning sperm competition in Ixodes 

ticks. In some species there is sperm precedence (e.g. I. uriae, McCoy and Tirard, 2002; I. 

ricinus, Hasle et al., 2008), whereas in others there is sperm replacement (e.g. I. scapularis, 

Yuval and Spielman, 1990). Although it has never been identified, there could also be sperm 

loading, in which the male providing the largest number of spermatozoa is dominant, or sperm 

selection, in which there is non-random use of spermatozoa by the female (Kaufman, 2004). 

As such, differences in paternity could be associated to male quality. The current data do not 

allow to investigate this, and to the best of our knowledge no studies are available that 

investigated this. 

Two factors that we measured in our experiment give indications that indeed qualitative 

differences between sires may be of influence. First, the number of previous matings reduced 

the males’ share of paternity. It is known for several Metastriata that males are able to 
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inseminate tens of females (Kaufman, 2004), but no such information is available for Prostriata. 

There could therefore be sperm limitation in I. arboricola, but this requires further 

investigation. Second, we found that paternity was lower in case of very long matings with 

engorged females that were artificially interrupted. We cannot determine if interruption has 

been the cause of lowered paternity, or if males need such a long time for successful 

fertilisation. However, ticks generally require less than an hour to inseminate (Kiszewski et al., 

2001; Kaufman, 2008). It therefore seems males prolong attachment for another reason. An 

alternative, but untested, explanation is that prolonged attachment is related to male quality, 

e.g. in terms of sperm quantity. In this scenario, males of high quality have a high share of the 

brood due to high sperm quantities, and can further increase their fecundity by finding and 

fertilising other females. Conversely, males of low quality cannot deliver much sperm for 

sufficient sperm competition, thus best prevent other males from mating by staying attached. 

In our study, males paired with unfed females always dismounted within three hours, 

whereas the majority of males paired with engorged females were artificially interrupted after 

more than ten hours. Some males that were not separated remained attached for several days, 

and we even observed prolonged attachment beyond the moment of egg laying. Prolonged 

attachment, i.e. mate guarding, prevents other males from mating and is therefore adaptive if 

there is no sperm precedence (Falk-Vairant et al., 1994; Kiszewski et al., 2001; Kaufman, 

2008). Contrarily, in species with sperm precedence, such as I. uriae and I. ricinus (McCoy 

and Tirard, 2002; Hasle et al., 2008), mating preprandially should be adaptive and there would 

not be strong selection on mate guarding. Indeed, in an experimental study with I. ricinus, 

where there is sperm precedence, Zemek et al. (2002) found fewer matings with engorged 

females than with unfed or semi-engorged ones. This suggests that in species with sperm 

precedence there should be selection for pre- and perprandial mating despite an increased 

mortality risk on the host due to host defence (Clayton et al., 2010). 

There may also be evolutionary feedback between the moment of mating and dispersal 

capability. Female I. arboricola ticks feed almost exclusively on nestling birds, which do not 

leave the nest (Heylen et al., 2012b, 2014d). Therefore female ticks rarely disperse and there 

is no selective advantage for mating preprandially in terms of dispersal capability. This is 

different for ticks with greater dispersal potential such as I. ricinus, where pre- and perprandial 

mating, especially due to multiple paternity, may yield considerable colonisation abilities 

(Hasle et al., 2008). Also in the endophilic I. uriae, a tick common to seabirds, dispersal 

capability is larger than in I. arboricola because besides nestlings, adult hosts are also 

frequently infested (McCoy et al., 2003b). In I. uriae multiple paternity has been confirmed, 
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and most fertilisations seem to occur preprandially (McCoy and Tirard, 2002). Preprandial 

mating has been suggested as an adaptive strategy as the probability of a tick successfully 

colonising a new site would be greatly improved if all dispersed females were already fecund 

(McCoy and Tirard, 2002). 

We cannot exclude the possibility that the preference for engorged females was a 

mechanical consequence of higher contact rates due to their much larger body size. Yet, there 

are three observations that make it more likely that males prefer engorged females over unfed 

ones. First, a great deal of males that chose the unfed female initially also mated with the 

engorged female afterwards, whereas the reverse was never observed even when mating was 

short. Second, prolonged mating was only observed for engorged females. Third, males in 

several trials made contact with both partners, sometimes several times, before mating 

commenced (personal observation). 

It remains to be investigated what the consequences of male preference are for tick biology 

in nature. Because adult female ticks prefer feeding on nestlings, which are available for a 

limited time (Heylen et al., 2014d), the majority of female ticks may engorge simultaneously. 

Thus, for male ticks, there may seldom be a choice between unfed and engorged females. 

Rather, males may fertilise females preprandially and postprandially depending on the 

availability. To investigate the relative importance of unfed and engorged females for males 

under natural circumstances, it may be possible to investigate how many females are fertilised 

preprandially, e.g. by isolating females directly after the blood meal and observing whether 

egg laying occurs (which would suggest preprandial fertilisation has taken place) and by 

genotyping offspring (which could indicate the number preprandial partners). 

We found clear indications that the size of a female’s blood meal is directly linked to her 

fecundity, corroborating previous studies (Gladney and Drummond, 1970; Chen et al., 2009; 

Ma et al., 2013). Therefore females should always try to maximise the size of their blood meal, 

although remaining small may reduce detection by the host (Sonenshine, 1991), and there may 

be physical constraints in reaching a large engorgement weight (Slowik and Lane, 2009; 

Dietrich et al., 2014; Van Oosten et al., 2014b). We also found that mated females are lighter 

than virgin females, irrespective the number of matings. It is known from many non-tick 

systems that female fecundity can decrease due to seminal peptides that increase the relative 

contribution of males to the offspring (Morrow et al., 2003). This effect may persist even in 

the absense of competitors. Indeed, in ticks that mate on-host a protein from the testis, 

originally named ‘male factor’, hastens the onset of salivary gland degeneration and ovarian 

development (Kaufman, 2004, 2007). Our study indicates indirectly that there are also 
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competitive seminal peptides in I. arboricola, but further investigations are required. As an 

alternative explanation to the difference in engorgement weight between mated and unmated 

females, unmated females might invest more in their own survival by retaining more water 

from the blood meal, hence increasing the chance of postprandial mating. Perhaps this allows 

mating with males from the next generation that fed on the same nestlings as nymphs, because 

development of I. arboricola is relatively fast (Liebisch, 1996; Heylen et al., 2014d). To the 

best of our knowledge this has not been investigated as of yet. 
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Abstract 

 

As in many parasites, the distribution of ticks among hosts is strongly skewed, with few 

hosts harbouring the majority of parasites. Because parasite-induced host health, parasite 

population growth and pathogen transmission are density-dependent, this is important for the 

population and evolutionary dynamics of both parasite and host. However, there is currently 

no knowledge concerning parasites that strongly depend on host individuals. Here, we 

investigated the effects of tick density on feeding performance in the nidicolous tree-hole tick 

Ixodes arboricola, which feeds on cavity-nesting birds and is the carrier of several tick-borne 

pathogens. Nidicolous ticks reside in or close to their hosts’ nests and therefore depend strongly 

on host individuals and their offspring. Feeding facilitation may therefore be detrimental for 

the ticks themselves. We investigated the effects of tick density on feeding performance of I. 

arboricola by infesting great tit nestlings with 1 to 5 adult ticks, which is within the natural 

range. There was no effect of tick density on initial attachment success, attachment after 48 

hours and engorgement weight, but tick recovery rates increased significantly with tick density. 

We also found a modest increase in nestling body mass with tick density, suggesting birds 

over-compensate resource drainage by the ticks and, by doing this, anticipate the costs of a 

tick-rich environment. Our results indicate that also nidicolous ticks perform better when 

feeding in aggregation. This may have important consequences for population dynamics and 

consequentially pathogen transmission.  
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Introduction 

 

From microparasites, such as viruses and parasitic protozoa, to macroparasites, such as 

helminthes and ticks, aggregation on hosts is common, with relatively few host individuals 

harbouring the large majority of parasites (Shaw and Dobson, 1995; Woolhouse et al., 1997; 

Wilson et al., 1998; Poulin, 2007; Calabrese et al., 2011). The proximate explanation is that 

parasite aggregation is the result of heterogeneity either in exposure to parasites among host 

individuals, which results from the uneven distribution of parasites in space and time relative 

to hosts, or in susceptibility to parasitism, arising from differences among hosts in behaviour 

or immune resistance (Poulin, 2013). It has also been suggested that aggregation is beneficial 

for parasites, and that traits promoting aggregation are favoured by selection. Such ultimate 

explanations of aggregation include facilitation of feeding and mating, and overwhelming host 

defences (Sonenshine, 1991; Kiszewski et al., 2001; Poulin, 2007). However, aggregating may 

also be detrimental for parasite individuals by increasing intraspecific competition, pathogen 

prevalence, host resistance and mortality, and attraction of predators (Jaenike, 1990; Poulin, 

2007). For parasites that have low mobility or transmission or strongly depend on host 

individuals, selection can operate against traits that promote aggregating when aggregation 

strongly reduces host survival. 

It is largely unknown which underlying mechanisms determine whether aggregation leads 

to density-dependent facilitation, i.e. increased feeding success with increased parasite density 

on a host, or competition. Such knowledge is important because many parasites are directly 

detrimental to their hosts and/or are of potential significance as pathogen vectors for both 

humans and livestock (Clayton and Moore, 1997; Poulin, 2007). There are three aspects of 

aggregation that have important implications for the population and evolutionary dynamics of 

the parasite and its host. First, aggregation may lead to increased parasite population growth 

due to increased reproduction and interspecific competitive potential, but there may also be 

intraspecific competition for space or nutrients (Wilson et al., 1998; Poulin, 2007). Second, 

high parasite densities may have negative effects on hosts (even for bird-associated ticks, see 

e.g. Luttrell et al., 1996; Monks et al., 2006; Heylen and Matthysen, 2008, 2011a; Pfäffle et al., 

2009) or lead to increased host resistance (Randolph, 1994; Jones et al., 2015) and so 

aggregation can have strong effects on host and parasite fitness (Wilson et al., 1998). Finally, 

co-feeding, i.e. parasites feeding on the same host in time or space, can increase pathogen 

transmission, even in the absence of systemic infection (Randolph et al., 1996). 

Ixodid ticks are haematophagous ectoparasites and important vectors of pathogens, 
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including bacteria (e.g. Rickettsia spp. and Borrelia burgdorferi s.l.), viruses (e.g. tick-borne 

encephalitis virus) and protozoans (e.g. Babesia spp.) (Gray, 1991; Jongejan and Uilenberg, 

2005). Their low intrinsic mobility, lack of adaptations to facilitate direct transmission from 

one host to the next and the need for blood during a single long-lasting period of several days 

per instar (larva, nymph and adult) make ticks highly dependent on host individuals 

(Sonenshine, 1991). Therefore fitness loss due to host death would be substantial, and indeed 

ixodid ticks generally have limited effects on their hosts (Sonenshine, 1991; but see e.g. Luttrell 

et al., 1996; Monks et al., 2006; Heylen and Matthysen, 2008, 2011a; Pfäffle et al., 2009). Yet, 

in nature relatively few host individuals harbour the majority of Ixodid ticks (Davidar et al., 

1989; Harrison et al., 2012; Moshaverinia et al., 2012; Heylen et al., 2013). 

There are conflicting results from studies that investigated how tick density affects their 

feeding success. On the one hand, there may have been selection on traits that promote 

aggregation on the same host because of selective advantages, such as increased feeding 

performance due to shared activities of salivary compounds that suppress host inflammatory 

responses and prevent haemostasis (Davidar et al., 1989; Wang et al., 2001; Ogden et al., 2002). 

Indeed, several studies on ticks have found feeding facilitation (Sutherst et al., 1978; Davidar 

et al., 1989; Hazler and Ostfeld, 1995; Wang et al., 2001; Ogden et al., 2002). On the other 

hand, high densities of feeding ticks can result in a decrease in feeding success because of 

elevated awareness by the host or resource competition (Hazler and Ostfeld, 1995). Indeed, 

other studies found competition, such that feeding success decreased due to increasing tick 

densities (Sutherst et al., 1979; Randolph, 1994; Levin and Fish, 1998; Bartosik and Buczek, 

2012; Jones et al., 2015). The underlying mechanisms that determine whether tick aggregation 

on host individuals leads to facilitation or competition are not fully understood, but knowledge 

concerning the effects of aggregation on ticks and their hosts is essential to understand the 

population dynamics and the epidemiology of disease transmission of ticks. 

So far, the effects of aggregation on feeding performance have been investigated only in 

non-nidicolous ticks, and never in nidicolous ticks (see references concerning non-nidicolous 

ticks in the previous paragraph). Non-nidicolous ticks can find a new, unrelated host relatively 

easily and are often exposed to genetically unrelated hosts over the different developmental 

stages in the tick’s life cycle (Hoogstraal and Aeschlimann, 1982; Sonenshine, 1991; Hillyard, 

1996). Therefore, if feeding aggregation leads to decreased host health, the effect on tick fitness 

is relatively limited. In contrast, nidicolous ticks remain hidden inside or near the hosts’ nest 

or burrow and encounter only a limited variety of hosts (Sonenshine, 1991; Hillyard, 1996; 

Gray et al., 2014). If fitness of nidicolous ticks increases at the expense of host health, ticks 
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may kill or drive away hosts and ultimately seal their own fate (Gray et al., 2014). Therefore, 

for nidicolous ticks, feeding aggregation may be largely detrimental. 

The tick Ixodes arboricola Schulze and Schlottke 1930 is nidicolous, and its entire life cycle 

is restricted to tree holes and man-made nest boxes (Walter et al., 1979; Heylen et al., 2014d). 

Thus, it chiefly infests cavity-nesting birds, with great and blue tits (Parus major, Cyanistes 

caeruleus) as the principal hosts (Walter et al., 1979; Hudde and Walter, 1988; Petney et al., 

2011). Because intrinsic mobility is low and hosts show high site fidelity to single cavities 

(Gosler, 1993), the tick’s fitness depends on the survival and re-use of cavities by the same 

hosts and their offspring (Heylen and Matthysen, 2011a). This has been argued to be the reason 

I. arboricola has a lower engorgement weight, longer feeding duration and no effect on host 

health compared to the congeneric non-nidicolous tick I. ricinus (Heylen and Matthysen, 

2011a). In nature, ticks aggregate and the majority of I. arboricola ticks are found on a limited 

number of hosts and in a limited number of nests (Heylen and Matthysen, 2011b; Heylen et al., 

2012b, 2014d; Van Oosten et al., 2014a). However, the effects of feeding aggregation on tick 

fitness remain unexplored. This knowledge is important to gain a better understanding of the 

population dynamics of this tick, which is the carrier of Rickettsia spp. and Borrelia 

burgdorferi s.l. (Špitalská et al., 2011; Heylen et al., 2012a). Knowledge concerning the 

mechanisms underlying aggregation is also essential for predicting and possibly controlling 

parasites in general. 

In the current study, we infested nestlings of the great tit with increasing densities, within 

the natural range, of adult female I. arboricola. The infestations were carried out with adult 

ticks because this is the largest instar and most important in terms of tick reproduction. We 

investigated tick attachment and feeding success as well as nestling body mass in order to test 

for either facilitation or competition. 

 

 

Materials & Methods 

 

Study species 

Ixodes arboricola is widely distributed over Europe (Liebisch, 1996; Petney et al., 2011). 

The tick goes through three active life stages (larva, nymph and adult) and during each stage, 

with the exception of adult males, takes a single blood meal either to moult (larvae and nymphs) 

or to reproduce (Sonenshine, 1991). Adult males do not take a blood meal and remain in the 

nest box, where they copulate with unfed and engorged female ticks (Van Oosten et al, in 
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prep.). Adult female ticks feed primarily on nestling birds, and are most apparent during the 

breeding season (Heylen et al., 2014d). To obtain a blood meal, ticks attach to a host inside the 

nest and remain attached for several days (Sonenshine, 1991). Detachment is often in the same 

nest box because its hosts show high nest fidelity (Gosler, 1993). As such, dispersal capabilities 

between cavities are limited and relatedness of ticks within cavities can be high (Van Oosten 

et al., 2014a). Because its entire life cycle is restricted to natural and man-made cavities, I. 

arboricola only infests hosts that make use of such cavities, primarily cavity-nesting birds 

(Walter et al., 1979; Petney et al., 2011; Heylen et al., 2014d). While ticks are generally 

uncommon in Belgium (Van Oosten et al., 2014a), high local densities can be reached with up 

to 167 nymphs, 15 adult females and hundreds of larvae found in nest boxes, and up to 46 

larvae, 22 nymphs and 5 adult female ticks on great tits (Heylen et al., 2014d, unpublished 

data). Although there is seasonality in tick occurrences on hosts and in nest boxes, all three 

instars can be found throughout the year (Heylen et al., 2014d). The natural prevalence of I. 

arboricola ticks infesting adult great tits has been estimated at 7.5 % in the pre-breeding season 

(early March–early April) but much lower throughout the rest of the year (Heylen et al., 2014d). 

The great tit (family Paridae) is the most common secondary cavity-nesting bird in Western 

Europe and uses yet available natural or artificial cavities for breeding and roosting (Gosler, 

1993). Great tits use cavities in the breeding season (April to June) to raise young and in winter 

(late September to early March) for roosting (Gosler, 1993). They lay 4 to 12 eggs which 

require 15 to 20 days of incubation, and nestlings fledge at a weight of 14 to 22 g after 18 to 

21 days (Gosler, 1993). Apart from infestations with I. arboricola, great tits are frequently 

infested with the conspecific ticks I. ricinus and I. frontalis. Infestations with multiple tick 

species often occur at the same time, especially during the breeding season (Heylen et al., 

2014d). 

 

Study location 

The study took place in two deciduous woodland areas in northern Belgium in the breeding 

seasons (April – June) of 2014 and 2015: Peerdsbos, Brasschaat (PB) and the Boshoek area, 

Lier (BH). Nest boxes have been present in these areas for many years as part of long-term 

population studies on great and blue tits (Matthysen et al., 2001, 2011). The following actions 

were taken to avoid natural infestations with ticks as much as possible. First, prior to the two 

breeding seasons in which the experiment took place, nest contents of previous years were 

removed from the nest boxes. Second, prior to the breeding seasons all nest boxes were checked 

for naturally occurring ticks and all ticks were removed. Since I. arboricola typically climbs 



110 

 

to the upper surfaces of a nest box (negative geotropism, Heylen and Matthysen, 2010), it can 

be easily detected (in particular the adult and engorged stages). Finally, nest boxes showing 

any indication of non-experimentally added ticks (larvae and nymphs) during the experiment 

were excluded from all analyses. It is unlikely that parental birds transferred ticks to the nest 

at a later stage, which would have influenced our results, for three reasons. First, in the breeding 

season, great tits are unlikely to obtain ticks elsewhere because they show high nest fidelity 

(Gosler, 1993). Second, such introduced ticks would have been unlikely to be adult female 

ticks because adult ticks prefer to feed on nestlings (Heylen et al., 2014d). Finally, in the current 

study we never observed non-adult ticks (larvae or nymphs) on inspected nestlings 

(unpublished data). 

In total, we used 137 nest boxes. Infestations in PB were, on average, carried out six days 

later because great tits tend to start breeding later in this area than in BH. Ticks came from a 

laboratory stock that has been established in 2007 with ticks from nest boxes in PB and BH 

(Heylen and Matthysen, 2010), and maintained by allowing ticks to infest primarily great tits 

in several studies (e.g. Heylen and Matthysen, 2011a; Van Oosten et al., 2014b). 

 

Experimental infestations and tick recovery  

In each nest, a randomly picked great tit nestling of eight days old was removed from its 

nest and 1 to 5 adult female I. arboricola ticks were placed under the feathers on the occipital 

side of the head with a small brush. The infested nestling was placed in a cotton bag, which 

was placed in the nest. After one hour, the nestling was removed from the bag and placed back 

into the nest, and the cotton bag was inspected for unattached ticks. All nestlings in the nest 

were inspected for attached ticks 48 hours after infestation by holding them firmly and brushing 

the feathers apart with tweezers. Ticks were counted but not removed. Nest boxes were 

inspected every two days. Adult I. arboricola ticks typically take at least five days to complete 

a blood meal (Heylen and Matthysen, 2010, 2011a). Engorged ticks usually crawl to the top of 

the nest box, where they were recovered. Once the nestlings had fledged, the nest material was 

inspected for ticks that did not crawl to the top of the nest box. Engorged ticks were weighed 

to the nearest 0.1 mg directly after recovery. To correct for initial size differences between 

ticks, scutums were measured on a 1 x 1 mm grid with a Leica MZ125 stereomicroscope (Leica 

Microsystems, Wetzlar, Germany) after engorged females finished egg laying by dissecting the 

scutum with tweezers, and standardised to the grid with ImageJ v 1.48. Nestling body mass 

was recorded at the day of infestation and again when they were inspected for attached ticks 

(48 hours after infestation).  
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Statistical analyses 

All data analyses were done in R v 3.2.2 (R Core Team, 2013). We used generalised linear 

models to evaluate the following response variables: (1) attachment success (i.e. the proportion 

of ticks feeding on a nestling; logit-link, binomial distributed residuals) after 1 hour, (2) 

attachment success after 48 hours, (3) tick recovery (i.e. the proportion of ticks collected from 

nest boxes; logit-link, binomial distributed residuals) and (4) tick engorgement weight 

(corrected for scutum-size; identity-link, normally distributed residuals). Covariates in all 

models included: tick density and nestling body mass and their 2-way interaction (tick density 

: nestling body mass). Depending on the response variable, we used different measures of tick 

density as a covariate: for attachment success after 1 hour we used initial tick density (i.e. the 

number of ticks placed on a nestling); for attachment success after 48 hours we used tick density 

after 1 hour; and for the proportion of ticks recovered and engorgement weight we used tick 

density after 48 hours. We also used different measures of nestling body mass: for attachment 

success after 1 hour we used nestling body mass at the moment of infestation; for all other 

models we used the relative nestling body mass increase over the experimental period, i.e. the 

difference in body mass between infestation and inspection relative to nestling body mass at 

infestation. Different measures of nestling body mass were used because body mass increase 

was not available for attachment success after 1 hour, but may provide a more reliable estimate 

of the effect of tick density on nestlings in the other models. 

The effect of infestation density on relative nestling body mass increase was evaluated with 

a generalised linear model including tick density after 48 hours as a covariate. 

In all models, we corrected for potential area and year differences, by adding the factors 

area and year and their 2-way interaction (area : year) to all models. In the model for tick 

engorgement weight, nest box was fitted as a random effect with package LME-4 v 1.1-7 (Bates 

et al., 2015) to correct for the non-independence in the response variable. In all models a 

stepwise selection procedure was used in which the model was iteratively refitted after 

Table 7.1 Summary of the fixed effects in the generalised linear (mixed) models of attachment success 
of I. arboricola ticks after 1 hour and 48 hours, proportion of I. arboricola ticks recovered and 
engorgement weight in relation to infestation density on great tits and great tit nestling body mass. 
Significant effects are given in bold. 

  attachment 1h attachment 48h recovery rate engorgement weight 

Fixed effect χ2 P χ2 P χ2 P χ2 P 

tick density     χ2
1,122 = 0.95 0.329 χ2

1,106 = 6.67 0.009 χ2
1,177 = 0.09 0.770 

nestling body mass     χ2
1,124 = 9.51 0.056 χ2

1,105 = 1.17 0.280 χ2
1,177 = 0.78 0.378 

density : body mass χ2
1,130 = 5.61 0.018 χ2

1,119 = 0.01 0.906 χ2
1,103 = 0.20 0.657 χ2

1,176 = 2.59 0.108 
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exclusion of the least significant covariate. Terms were not removed if they were part of a 

higher order significant interaction. Engorgement weight was corrected for scutum size, and a 

square transformation was carried out to fulfil normality assumptions. Estimates are reported 

as mean ± standard error unless mentioned otherwise. 

  

 

 
Figure 7.1 Proportion of attached I. arboricola ticks 1 hour after infestation of great tit nestlings in 
relation to tick density and nestling weight at infestation. 
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 Results 

 

Attachment success 1 hour after infestation was 85% (N = 356 ticks across 137 birds). There 

was a significant interaction between tick density and nestling weight: the heavier the nestlings, 

the stronger the effects of tick density on tick attachment success (χ2
1,130 = 5.61, p = 0.018; 

Figure 7.1, Table 7.1). 

Of the ticks attached to the birds after 1 hour, 81% were attached after 48 hours (N = 306 

ticks across 137 birds). There was no effect of tick density (χ2
1,122 = 0.95, p = 0.329) or nestling 

body mass (χ2
1,124 = 9.51, p = 0.056), nor a significant interaction (χ2

1,119 = 0.01, p = 0.906; 

Figure 7.2, Table 7.1). 

 

 
Figure 7.2 Proportion of attached I. arboricola ticks 48 hours after infestation of great tit nestlings in 
relation to tick density 1 hour after infestation. 
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Of the ticks attached after 48 hours, 69% were recovered (N = 254 ticks across 126 nests). 

The proportion of ticks recovered increased significantly with tick density (χ2
1,106 = 6.67, p = 

0.009; Figure 7.3, Table 7.1). There was no effect of nestling body mass (χ2
1,105 = 1.17, p = 

0.280), nor a significant interaction (χ2
1,103 = 0.20, p = 0.657). 

The average engorgement weight of ticks was 38.33 ± 0.73 mg (N = 182 ticks across 85 

nests). There was no effect of tick density (χ2
1,177 = 0.09, p = 0.770) or nestling body mass 

(χ2
1,177 = 0.78, p = 0.378), nor a significant interaction (χ2

1,176 = 2.59, p = 0.108; Figure 7.4, 

Table 7.1). Engorgement weight was significantly correlated with scutum size (r189 = 0.457, p 

< 0.001). 

The relative increase of nestling body mass was significantly correlated with tick density 

(χ2
1,122 = 0.21, p = 0.035; Figure 7.5). 

 

 
Figure 7.3 Proportion of I. arboricola ticks recovered from great tit nests in relation to tick density 48 
hours after infestation of great tit nestlings. 
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Discussion 

 

The current study is to our knowledge the first to have investigated the effects of tick density 

on attachment and feeding success in a nidicolous tick. Nidicolous ticks are more dependent 

on host individuals than non-nidicolous ticks and can therefore be expected to feed more 

slowly, reach a lower maximum engorgement weight and have a smaller effect on host health 

(Lehmann, 1993; Clayton and Tompkins, 1994; Heylen and Matthysen, 2011a). In the current 

study, more ticks were recovered at higher feeding densities. This suggest that feeding 

facilitation can also occur in nidicolous ticks. We found no effect of feeding density on 

engorgement weight. This suggests that feeding aggregation is unlikely to affect tick fecundity, 

at least at the tested densities, because engorgement weight is correlated with clutch size and 

hatching success (Gladney and Drummond, 1970; Chen et al., 2009; Ma et al., 2013). 

   

 
Figure 7.4 Engorgement weight of recovered I. arboricola ticks corrected for scutum length in relation 
to tick density 48 hours after infestation of great tit nestlings. 
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Previous studies have shown I. arboricola has a lower engorgement weight, longer feeding 

duration and no health-impairing effects on their hosts compared to the congeneric non-

nidicolous I. ricinus (Heylen and Matthysen, 2011a). It has been suggested this is adaptive 

because nidicolous ticks are strongly dependent on host individuals and their offspring, and 

harming them affects the ticks themselves (Heylen and Matthysen, 2011a; Gray et al., 2014). 

In the current study, there was no increase in engorgement weight due to aggregation. In 

addition, nestling growth was actually higher for nestlings with higher tick densities. This 

corroborates a previous study by Heylen and Matthysen (2011a) that nestlings or their parents 

overcompensate the expected negative tick effects, e.g. through increased begging and resultant 

food provisioning (Heylen and Matthysen, 2011a and references therein). Thus, our results 

suggest that feeding aggregation of I. arboricola ticks has no short-term effects on the host. 

However, host body mass has only been recorded over 48 hours and we have not investigated 

   

 
Figure 7.5 Relative increase of great tit nestling body mass over 48 hours in relation to I. arboricola tick 
density 48 hours after infestation. 
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other health-related parameters (e.g. haematocrit levels and albumin/globulin ratios). Therefore 

further studies are required to investigate whether feeding aggregation of nidicolous ticks leads 

to long-term health-impairing effects in their hosts. 

Aggregation of ticks (Davidar et al., 1989; Harrison et al., 2012; Moshaverinia et al., 2012; 

Heylen et al., 2013) and many other parasites (Shaw and Dobson, 1995; Woolhouse et al., 

1997; Wilson et al., 1998; Poulin, 2007; Calabrese et al., 2011) in nature primarily occurs due 

to heterogeneity in host exposure and susceptibility to parasitism (Wilson et al., 1998; Poulin, 

2013). However, there may be adaptations that lead to aggregation and on which selection can 

operate. In I. arboricola, these preferences are most apparent in the breeding season. In the 

breeding season, I. arboricola has the ability to infest both parental birds as well as any of the 

nestlings. Yet, adult female ticks feed almost exclusively on nestlings and usually avoid adult 

birds (Heylen et al., 2014d). In addition, I arboricola prefers to feed on the most developed 

nestlings (Heylen and Matthysen, 2011b; Heylen et al., 2012b). Both observations lead to 

overdispersion within nests, with the majority of ticks on the most developed nestlings. The 

current data do not allow to test if aggregated feeding occurs because ticks prefer to feed in 

aggregation or because certain hosts are intrinsically more profitable. It will be worthwhile to 

investigate this further because it is largely unclear which underlying mechanisms determine 

whether aggregation leads to density-dependent facilitation (Wilson et al., 1998; Poulin, 2007).  

Nestlings with more ticks had higher growth rates, but the proportion of ticks attached (and 

recovery rate and engorgement weight) was unaffected. We therefore suggest that hosts 

compensate for tick burdens (as found in earlier work, see Heylen and Matthysen, 2011a for 

nestlings; Heylen et al., 2015 for adult birds), rather than that nestlings with higher growth rates 

are more profitable for parasites because they are more nutritious or invest less in parasite 

countermeasures. On the other hand, previous research has shown that ticks, when they can 

choose between nestlings of varying development, prefer more developed nestlings (Heylen 

and Matthysen, 2011b; Heylen et al., 2012b). Because ticks in our experiment were not given 

a choice and because the tick’s choice for a host is final (Heylen and Matthysen, 2011b), the 

ticks may have attached regardless host quality, and remained attached even when other hosts 

became available. Only for the heaviest nestlings have we found that attachment success after 

1 hour was higher at lower tick densities. Since tick density enhances recovery rates, it may be 

more critical for ticks to select a profitable, i.e. heavier and more developed, host when feeding 

in solitude than when feeding in aggregation. 

We have not investigated whether feeding duration was affected by tick density because 

ticks were recovered from the upper surfaces of the nest boxes only once every two days. 
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Therefore the time resolution is low, and in addition we cannot be sure when exactly the ticks 

detached from their hosts. We believe the influence of the recovery procedure on tick 

engorgement weight (due to pre-weighing digestion) should be minimal because egg 

production takes considerable time under field conditions (Heylen et al., 2014d). Yet, feeding 

duration may have been influenced by tick density. Because shorter feeding times reduce host-

induced tick mortality (Clayton and Moore, 1997), at higher densities one would expect shorter 

feeding time if aggregated feeding is facilitative, and longer feeding time if it is competitive. 

Indeed, in Rhipicephalus appendiculatus aggregation leads to facilitation and reduces feeding 

time (Wang et al., 2001), whereas in Dermacentor reticulatus it leads to competition and 

increases feeding time (Bartosik and Buczek, 2012). For I. arboricola, the fact that we found 

no competition due to aggregation makes it unlikely feeding time would be increased at higher 

tick densities, but further research is required to investigate whether aggregation reduces 

feeding time. 

How is it possible that feeding aggregation leads to facilitation in some cases (Davidar et 

al., 1989; Hazler and Ostfeld, 1995; Wang et al., 2001; Ogden et al., 2002) and to competition 

in others (Sutherst et al., 1979; Randolph, 1994; Levin and Fish, 1998; Bartosik and Buczek, 

2012; Jones et al., 2015)? This may be due to the interaction between the ability of ticks to 

suppress host immune responses, and the ability of hosts to repel ticks. Ticks introduce salivary 

compounds that suppress host inflammatory responses and prevent haemostasis. In susceptible 

hosts, i.e. hosts lacking tick antibodies, although converse effects may be observed due to an 

innate, tick-unrelated immune response, such immunosuppressants may be too dilute at low 

tick densities but facilitate feeding at higher densities (Davidar et al., 1989; Wang et al., 2001). 

At high parasite densities there may be resource competition among parasites and the host may 

be unable to compensate (Lehmann, 1993). Indeed, some studies have found parasite 

competition at higher densities in susceptible hosts (Randolph, 1994; Bartosik and Buczek, 

2012). In resistant hosts, salivary compounds will be ineffective but activate host grooming 

and immune responses (Wikel, 1996; Brossard and Wikel, 2004), such that high densities of 

ticks are likely to result in an elevated immune response by the host and lowered feeding 

success of ticks (Hazler and Ostfeld, 1995). Indeed, there are examples where tick feeding 

success decreases because hosts acquired resistance from previous infestations (e.g. Davidar et 

al., 1989; Hazler and Ostfeld, 1995). However, ticks may also be able to avoid or suppress host 

resistance responses, for instance because of a long coevolutionary history with specific host 

species, even adult hosts that acquired resistance (Heylen et al., 2010). 

Clearly it is difficult, if not impossible, to predict the outcome of parasite density on feeding 
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success and host health. Because parasite population growth, the effects of parasites on their 

hosts and pathogen transmission are density-dependent, there is a need for empirical studies 

that investigate the mechanisms underlying patterns of aggregation. The knowledge such 

studies may provide is important because parasites may be directly detrimental to their hosts 

and/or are of potential significance as pathogen vectors for both humans and livestock (Clayton 

and Moore, 1997; Poulin, 2007). 
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CHAPTER 8 

General discussion and future perspectives 

 

For this dissertation, I have investigated population structure and adaptations associated 

with an endophilic lifestyle by using the bird-specialised tick I. arboricola as a model. In my 

studies, I have found several adaptations to an endophilic lifestyle that help ticks to persist. In 

this concluding chapter, I address my findings and their implications for the evolution and 

ecology of this tick and its hosts, and the general ideas generated by this knowledge. 

 

 

Population structure – nest boxes and natural cavities 

 

In the study presented in Chapter 2, I found population genetic structure among woodlots 

separated by several kilometres, and among nest boxes within these woodlots, which are 

separated by only tens of metres. I have never observed non-bird hosts, such as bats and 

rodents, in nest boxes, suggesting that dispersal of I. arboricola among the studied nest boxes 

is primarily, if not exclusively, by birds. 

Tick population structure was expected among woodlots and among nest boxes within 

woodlots because we never observed autonomous dispersal by ticks among nest boxes, and 

their hosts show very high site fidelity when roosting and breeding in cavities, i.e. when ticks 

can feed (Perrins, 1979; Gosler, 1993). As was hypothesised in Chapters 2 and 3, the main 

dispersal events of I. arboricola are expected to arise in autumn and winter, when birds change 

roosting sites due to competition with other birds (Perrins, 1979; Gosler, 1993) or external 

disturbance (Tyller et al., 2012), and on the onset of the breeding season, when birds prospect 

possible breeding sites. The results from both chapters suggest larvae are the main dispersers. 

Chapter 3 demonstrates that larvae are most abundant in autumn, winter and early spring, and 

in Chapter 2 I have shown that pairwise relatedness within nest boxes decreases rapidly from 

larvae to later instars. The adaptation that larvae prolong attachment when not in a nest box 

(Heylen and Matthysen, 2010; White et al., 2012), which ensures detachment in suitable 

habitat, may also be an adaptation to increase dispersal and, as such, counteract the negative 

effects of inbreeding (which may be especially relevant in the evolutionary arms race with its 

host). 
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As indicated in Chapters 2 and 3, adult female I. arboricola ticks have little to no dispersal 

opportunities with their hosts because they feed almost exclusively on nestlings, which do not 

leave the nest during development. Because female ticks are available to males after feeding, I 

argued in Chapter 6 that the preference of male ticks to mate postprandially is adaptive because 

males do not risk losing potential partners due to dispersal, and do not have to risk mating with 

partners that are potentially killed by the host due to feeding. This would contrast ticks with 

greater dispersal potential, such as I. ricinus and I. uriae, where pre- and perprandial mating is 

common and yields considerable colonisation abilities (McCoy and Tirard, 2002; Hasle et al., 

2008). In such species, colonisation success of novel sites may also improve by multiple 

paternity because it leads to offspring with variable genotypes (McCoy and Tirard, 2002; Hasle 

et al., 2008). In I. arboricola, there may also be a selective advantage of producing offspring 

with variable genotypes because conditions in novel nests may differ considerable (see the next 

section). Yet, even dispersal of larvae is low, thus the benefits of multiple paternity for 

colonisation may be a by-product of sperm competition or only be adaptive for the arms race 

with the host. The degree of dispersal of different instars remains to be investigated but it is 

challenging to follow individual ticks, and the study of population genetic structure gives only 

an approximation of dispersal. 

In Chapter 2, I hypothesised that natural tree holes constitute continuous inflow of ticks to 

nest boxes, as an explanation to the high within-nest genetic differentiation and frequent 

disappearance of ticks from nest boxes. To investigate this idea, I inspected nest material from 

nearly 50 tree holes used by great and blue tits and other birds (mostly nuthatches and 

jackdaws) right after fledging in 2013 and 2014, but I found only 4 larvae in a single great tit 

nest. This result corroborates with our observations from a country-wide nest box survey that 

I. arboricola seems to be scarce, and aggregated to certain woodlots. On the other hand, I. 

arboricola usually crawls towards the top of a nest box, thus ticks may have already moved 

out of the nest material (negative geotropism; Heylen, 2011). In addition, our country-wide 

nest box survey may have been biased because we have investigated only nest boxes, and not 

the entire population (i.e. birds and other cavities). As such, I. arboricola may be less scarce 

than my studies suggest, and more intensive surveys may be required. 

To further investigate the “natural cavity” hypothesis, I conducted an experiment in one of 

the woodlots in which ticks are relatively abundant (PB) in the winter of 2013/2014 

(unpublished results). In this experiment, all nest boxes (N = 241) and roosting birds were 

inspected and devoid of ticks (I. arboricola was found on six out of 123 birds and in 18 nest 

boxes), and all nest boxes were closed for four days such that birds could not enter and had to 
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sleep elsewhere (hopefully in nearby tree holes). Seven days after reopening, all nest boxes and 

roosting birds were inspected for ticks again. Although many birds had not returned, we found 

the majority of returned birds roosting in or near their earlier roosting place, confirming the 

territoriality of the birds (Perrins, 1979; Gosler, 1993). Ixodes arboricola ticks were found on 

four birds and in 16 nest boxes (12 different than the first inspection). As birds usually do not 

go far when disturbed, I. arboricola is not observed in the field and there are no other man-

man nests in the vicinity, this suggests ticks come from natural cavities. This confirms the sink-

source hypothesis as proposed in Chapter 2, but more work is necessary to verify or reject 

whether nest boxes are indeed population sinks, and whether there are more ticks in natural 

cavities. It remains to be investigated how natural cavities may differ from man-made nest 

boxes in their suitability for ticks. 

In Chapter 2, it was argued that nest boxes act as population sinks because they provide 

relatively unsuitable off-host conditions (i.e. few cracks and crevices and low humidity), 

leading to higher tick mortality. It might be argued that if ticks disappear from nest boxes this 

is not necessarily due to mortality, but due to autonomous departure in search of more suitable 

moulting conditions. If nest boxes do indeed provide sub-optimal moulting conditions, ticks 

may depart in search of better conditions, and ultimately find a refuge in or under the tree bark. 

It is even possible that ticks return to the nest box again after moulting for the next blood meal. 

This may be a possible explanation to why tick densities in nest boxes sometimes vary between 

inspections in the absence of hosts (Chapter 3). It may be worthwhile to investigate this, 

because ixodid ticks may not be as immobile as we believe them to be (Falco and Fish, 1991; 

Sonenshine, 1991). Yet, the consequences of such mobility for persistence of I. arboricola are 

probably limited because nests are separated by at least tens of metres (unless when there are 

multiple suitable tree holes in the same tree, but that is not very common; Bai, 2005) and I. 

arboricola is unlikely to find compatible hosts outside the natural cavities or nest boxes. 

In Chapter 7, I found that recovery rates increased with feeding density, and I argued that 

aggregation increases tick survival. An alternative explanation for this finding might be that 

ticks that fed with few conspecifics leave the nest box in search of conspecifics, whereas ticks 

that fed together form aggregations in the upper surfaces of the nest box. Under the influence 

of pheromones, many tick species form aggregations in the off-host environment, for instance 

to reduce dehydration (Sonenshine, 1991, 2004). Ixodes arboricola ticks also frequently 

aggregate in the off-host environment (personal observation). However, ticks in the experiment 

in Chapter 7 were frequently recovered on different days and from different regions of the nest 

box. Thus, it seems more likely that aggregated feeding leads to reduced mortality. 
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As studying ticks and their hosts in natural cavities proved extremely difficult, I have studied 

population genetic structure in nest boxes. There is likely more bird movement among nest 

boxes than natural cavities due to nest box inspections during the birds’ roosting period in 

winter (Tyller et al., 2012), although the frequency of nest box inspections also differs among 

study areas. My expectations are that in natural populations, i.e. mature forests without nest 

boxes and with several tree holes devoid of human interference, birds display higher nest 

fidelity, thus ticks will have fewer dispersal opportunities and populations may be more 

structured. Although tree hole abundance is more dynamic because it changes through primary 

cavity-nesters (e.g. woodpeckers) and the elements (rain, wind, etc.), tick populations may be 

relatively stable because tits prefer to nest in small holes in living trees rather than decaying 

holes in dead trees (Perrins, 1979; Gosler, 1993; Robles et al., 2011). In natural tree holes, high 

population densities of endophilic ectoparasites could accumulate over time (Haarløv, 1962; 

Schilling and Walter, 1981). In such a system, there may be stronger selection on low virulence 

and multiple mating than in our nest boxes, where tick densities are rather low and hosts may 

be replaced by unrelated ones at different rates. There may also have been selection for specific 

“nest box ticks”, which could have different degrees of virulence and genetic diversity than 

“natural cavity ticks”. Although this is unlikely in the sinks of a sink-source system (Dias, 

1996), it would be interesting to test this hypothesis because it might be another example of 

human-induced evolution (Marzke and Marzke, 2000; Palkovacs, 2011). 

There is probably little potential for local adaptation of ticks to their hosts because these 

hosts are very mobile on the scale of my studies (Perrins, 1979; Gosler, 1993). On the other 

hand, my results suggest that tick dispersal among forests is limited, and there may therefore 

be an effect of differences among forests that are not directly host-related, such as host 

community, nest box quality, nest box use by hosts, the frequency of nest box inspection, 

arthropod fauna in the nests, and quality and growth of nestlings due to food provisioning. For 

instance, we found that nest box suitability (e.g. humidity and the availability of cracks and 

crevices) can differ considerably among woodlots (see discussion in Chapter 2). I have never 

investigated the extent to which performance of I. arboricola is influenced by off-host habitat, 

but it may be worthwhile to do so because conditions in and properties of the off-host habitat 

may very well constitute selection pressure (Chapters 4 and 5; Klompen et al., 1996; McCoy 

et al., 2013; Nava and Guglielmone, 2013). Differences in off-host habitat among woodlots 

may lead to local adaptation, which can be an important driver for evolution (Gandon et al., 

1996) and has been shown for instance in I. uriae (McCoy and Boulinier, 2002). 
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Host use and specialisation 

 

The evolutionary success of parasites is to a large extent determined by host range. For I. 

arboricola, host specificity mediates the persistence of ticks in and dispersal among cavities. 

In Chapter 4, I have shown that other cavity-nesting bird species than great and blue tits can be 

compatible hosts for I. arboricola, even though these are not encountered by the ticks as 

frequently. In Chapter 5, I have shown that feeding is possible to some extent on blackbirds, 

which are never encountered under natural circumstances, but not on woodpeckers, which are 

encountered occasionally. Anecdotal reports of I. arboricola are available from several cavity-

nesting birds that use differently sized cavities, such as sparrows, jackdaws, owls and starlings, 

from German (Hudde and Walter, 1988) and British (Martyn, 1988) populations. Previous 

research has shown that feeding is successful on chickens but has low success on lab mice, 

both of which are not part of the natural host range of I. arboricola (Liebisch, 1996). Mammals 

are phylogenetically less related to cavity-nesting birds than chickens, and feeding success of 

I. arboricola on mammals in general may be very limited. Indeed, although there are anecdotal 

reports on nidicolous non-bird hosts such as rodents and bats, these appear to be only accidental 

hosts (Petney et al., 2011). Thus, my and previous studies suggest that hosts outside the realised 

specificity may be compatible, at least to some extent, and that hosts belonging to the realised 

specificity (in casu woodpeckers) can be incompatible. This suggests that realised host 

specificity in ticks is, at least to some extent, governed by host-driven adaptations. It also 

illustrates that it is difficult, if not impossible, to predict host compatibility according to realised 

specificity, and compatibility and encounter rates of hosts may have to be tested explicitly in 

future research. By mapping ticks’ potential specificity, we can estimate the potential of 

infestation of novel hosts in case of new encounters due to changes in habitat, biological 

invasions and climate change. This may be important because many ticks are of potential 

significance as vectors of pathogens for both livestock and humans (Špitalská et al., 2011; 

Heylen et al., 2012a). 

I found no I. arboricola populations in cavities normally used by jackdaws, owls or starlings 

despite considerable effort (see Chapter 1 – Study system). This contrasts anecdotal reports of 

I. arboricola on such birds from other study areas (Hudde and Walter, 1988; Martyn, 1988). 

Either (1) there are viable tick populations on such hosts in other areas but not in ours, (2) 

densities in our study areas are so low I was unable to detect ticks, or (3) these reports are 

incidental and there are no viable tick populations on such hosts anywhere. Unfortunately, I 

cannot differentiate among these scenarios. It will be worthwhile to investigate the existence 
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of tick populations on and compatibility of these hosts, because the use of different host and 

cavity types as well as the degree of dispersal among them would increase the ecological and 

evolutionary success of these ectoparasites, and possibly the circulation, transmission 

dynamics and evolutionary pathway of pathogens they carry (e.g. Hillyard, 1996; Špitalská et 

al., 2011; Heylen et al., 2012a; Novakova et al., 2015). 

Endophilic ticks may face novel hosts (and/or off-host habitat, which I discuss in the next 

section) whenever infested hosts visit cavities with different characteristics, or cavities are 

overtaken by a novel host species. After such events, it may take long before the original host 

species reappears because birds have specific cavity preferences, are territorial and show high 

site fidelity (Mainwaring, 2011). If hosts in the new setting are incompatible, local tick 

populations will go extinct unless ticks can survive until compatible hosts reappear. In contrast, 

if hosts in the new setting are compatible and there is indeed little dispersal towards the original 

host, there may be formation of genetically differentiated and specialised host races (McCoy 

et al., 2001; Dietrich et al., 2014). Host race formation is an important diversifying mechanism 

in parasites (as well as phytophagous insects) which may ultimately lead to speciation (Jaenike, 

1990; Bush, 1994; McCoy et al., 2001). It may therefore be worthwhile to further investigate 

the presence of and dispersal among tick populations in different host-habitat types. 

Host specificity may, at least in part, be governed by host immune responses. Whereas the 

innate, non-specific immune system should reflect the intrinsic compatibility of different host 

species, acquired immunity may depend on both intrinsic host compatibility and extrinsic 

factors such as host ecology. Hosts may acquire immunological resistance to ticks due to 

previous exposure, which protects them against harm from ticks at subsequent infestations 

(Wakelin, 1996; Wikel, 1996). The degree of exposure to ticks is largely dependent on host 

ecology, for instance foraging habitat, which is rather consistent within host species (Marsot et 

al., 2012). The degree of acquired immunity and the pace at which immunity is acquired in 

response to tick bites can vary strongly among host species (Rechav, 1992). Generally, ticks 

seem not to trigger resistance acquisition in natural hosts, whereas novel hosts may quickly 

acquire resistance to ticks (Randolph, 1979; Fielden et al., 1992; Dutoit et al., 1994; Ferreira et 

al., 2003; Heylen et al., 2010, 2015). As such, initially compatible hosts may prove 

incompatible after subsequent infestations. 

I have no data concerning repeated infestations. In my experiments, I used either naïve hosts 

(Chapter 4) or wild-captured birds for which previous exposure to ticks is unknown (Chapter 

5). For naïve hosts, there is the possibility that immunity is acquired after initial exposure and, 

as such, actual host compatibility is lower than what I have measured. For wild-captured birds, 
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I cannot exclude the possibility that certain species have not been exposed to ticks whereas 

others have, such that perceived differences in host specificity are attributable to differences in 

acquired immunity. This seems unlikely because individuals of similar ages were used, and all 

host species should have been exposed to ticks due to their ecologies. Overall, it seems that 

acquired immunological resistance commonly does not occur in natural ixodid tick-host 

interactions (Randolph, 1994; Heylen et al., 2010). Therefore, the importance of acquired 

resistance on host specificity in tick-bird systems may be limited. Nevertheless, it may be 

worthwhile to investigate host immunity further, for instance by using naïve, lab-reared hosts 

of different species, and conducting repeated infestations to find out how resistance acquisition 

contributes to host specificity. 

Empirical investigations of host specificity in ticks and other parasites are still relatively 

rare, and little is known about the proximate causes that underlie host specificity (for a review, 

see Poulin and Keeney, 2008). Traditionally, specialisation for particular hosts was associated 

with morphological variation, which is indeed considerable among tick species (Hoogstraal 

and Kim, 1985), but more recent work found stronger support that tick evolution arose through 

biogeography, host ecological similarities and abiotic conditions of the off-host habitat 

(Chapters 4 and 5; Klompen et al., 1996; McCoy et al., 2013; Nava and Guglielmone, 2013; 

see the next section for a discussion concerning off-host habitat). However, that does not mean 

that intrinsic tick characteristics (e.g. morphology and immune compounds) played no role in 

tick evolution. For instance, there is a great deal of variation among tick species in mouth parts 

(in particular the hypostome), which are used to pierce the skin, insert cement proteins for 

attachment and compounds to affect host immune responses and take up blood (Sonenshine, 

1991). The hypostome of I. arboricola is considerably smaller than in related species I. ricinus 

and I. frontalis (Heylen et al., 2014a). Perhaps a longer hypostome is required for feeding on 

larger hosts, which commonly occurs for the latter two species, but this remains untested. I 

hold it very likely that there has been evolutionary feedback between tick morphology and host 

use at least to some extent, because of differential physical properties of skin in different 

vertebrates (Romer and Parsons, 1986). I think an explicit comparison of intrinsic tick 

characteristics of different ticks and their potential host specificity (which is unknown for the 

majority of host-tick combinations) could reveal the contribution of intrinsic tick characteristics 

on host specificity. It will be difficult to distinguish the effects of morphology from other traits 

(such as immune compounds), but it will be a big step in understanding the evolution of host 

specificity in ticks and the evolution of specialisation in general. Knowledge concerning the 

proximate causes that underlie host compatibility may increase our understanding of host-tick 
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interactions. This may improve our ability to predict range shifts and changes in disease 

transmission of ticks, and possibly other parasites and free-living organisms, after biological 

invasions, habitat loss and climate change. 

 

 

Natural selection in response to off-host habitat 

 

The environment where ticks leave the host can affect their survival and reproductive 

success (see Chapters 2 and 4). In fact, Klompen et al. (1996) suggested that ticks adapt more 

to the external environment (e.g. temperature and humidity conditions) than to the host itself. 

Indeed, in Chapter 4, I found that survival of I. arboricola was lower in pied flycatcher nests 

than in great tit nests, even though there were no apparent differences in feeding performance 

among these hosts. Differences in off-host habitat among compatible host species may pose 

selection pressure on ticks, and may potentially lead to the absence of tick populations from 

certain hosts in nature, even though the hosts themselves are compatible. It remains untested 

whether this is the reason I found no tick populations in cavities inhabited by larger bird 

species, or that this is due to incompatibility of the hosts themselves. 

In some cases, differential abiotic conditions among nests of different host species might 

lead to diversifying selection. With limited gene flow among such nests, there could be 

evolution toward tick host races that are adapted to a specific host/off-host habitat complex. 

This is the case in the seabird tick I. uriae, in which there are differences in off-host habitat 

among host species, and ticks are spatially isolated and adapted to local hosts (McCoy et al., 

2003b; Dietrich et al., 2014). Yet, it has not been tested experimentally whether these host-

specific adaptations arose due to host physiology, behaviour and ecology or to different off-

host abiotic conditions. 

To get the complete picture of potential specificity, we have to take into account tick 

performance both on the host and in the off-host habitat. There is a growing body of empirical 

studies that investigated potential host specificity, but comparisons of off-host performance are 

lacking because studies focus on host-associated adaptations (see Chapter 5 and references 

therein). The importance of off-host habitat for selection can be expected to increase when ticks 

have lower autonomous movement and when they spend more time off the host. It may be 

worthwhile to compare the off-host performance of related ticks, or other ectoparasites, with 

different life histories and inhabiting different off-host habitats, similar to my studies presented 

in Chapter 5. 
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All reproduction of I. arboricola occurs in the off-host environment (Figure 8.1), similar to 

other endophilic hard and soft ticks (McCoy and Tirard, 2002; Gray et al., 2014). Off-host 

mating may be adaptive because endophilic ticks can easily find a partner in the confined space 

that is the host’s nest and, as I discussed in Chapter 6, males can therefore avoid exposure to 

the host in the search for a partner. In contrast, male metastriate ticks, of which most members 

are exophilic, invariably take a small blood meal and mate on the host, and also exophilic 

Prostriata such as I. ricinus are frequently observed in copula on the host (although many 

copulations occur preprandially too; Gray et al., 2014). In exophilic ticks, which often infest 

far-ranging hosts, on-host mating may be adaptive if partners are not encountered off the host. 

There seems to be evolutionary feedback between lifestyle and mating systems, which makes 

ticks ideal study organisms to investigate the optimal mating strategies and the evolution of life 

history traits in parasites. 

In nature, the buffered environment of a nest, especially during winter, may allow fast 

development, whereas exophilic ticks often go into diapause in winter (Oliver, 1989; Gray, 

1998). Interestingly, also under laboratory conditions development of I. arboricola is much 

faster than in the related exophilic species I. ricinus and I. frontalis (unpublished results; see 

also Chapter 4 and Liebisch, 1996). There may have been selection on short development time 

in I. arboricola because hosts are available only for a limited time (see discussion in Chapter 

 
 

Figure 8.1 Copulation of I. arboricola on great tit nest material in the laboratory. Photo by Lisa Arvidson. 
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3). However, without a comparison with other endophilic and exophilic ticks we cannot 

determine if this is due to the endophilic lifestyle or something characteristic of this tick 

species. I am not aware of any studies that related tick development time to lifestyle. Because 

developmental time relates to tick feeding rates and consequently pathogen transmission, this 

may be worth looking in to. 

The fact that moulting was so much faster under laboratory than natural conditions indicates 

that it may not always be justified to compare natural and lab populations. Yet, in this study 

system, I expect that the use of ticks from a lab population has not influenced my findings 

greatly. First, although the laboratory stock has been established in 2007 and there have been 

several generations since, we have occasionally added ticks from natural populations. This 

should have limited inbreeding and selection for laboratory conditions. Second, ticks used in 

experiments have always fed on natural hosts (great and blue tits) rather than on novel hosts or 

artificial substrates. This makes it unlikely that the used ticks have differentiated from natural 

ticks. I cannot exclude the possibility of adaptation to new off-host habitat (plastic vials or 

tubes at high humidity). Survival and moulting success in the lab were generally very high, and 

the lab environment may pose less stringent selection pressures than natural habitat. It may be 

worthwhile to investigate tick performance (e.g. longevity and fecundity) in response to 

different off-host conditions of the laboratory and different natural situations, because this 

might yield insight in the importance of off-host habitat for tick evolution and ecology. 

 

 

 

Heterogeneity of tick abundance 

 

Although ticks seem to be relatively scarce, there is aggregation on hosts and in nests, and 

occasional nests have high densities of ticks (Chapters 2 and 3, see also Heylen and Matthysen, 

2011b; Heylen et al., 2012b). Yet, previous investigations, and also my own studies, have not 

found any effects on hosts (Heylen and Matthysen, 2011a and references therein). Similarly, 

in Chapter 7, I have shown that increasing densities up to five adult ticks on individual nestlings 

does not lead to immediate changes in nestling body mass. Corroborating Heylen and 

Matthysen (2011a), I argued that I. arboricola feeds slowly and takes a small blood meal at 

least in part to prevent killing or driving away hosts, because doing otherwise would negatively 

affect its fitness. To test this statement, it would be interesting, albeit unethical, to infest hosts 

with extreme quantities of ticks. If I. arboricola has indeed evolved under circumstances of 
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high kin competition, extreme densities should result in decreased attachment success or 

engorgement weight rather than decreased host health. Conversely, if such extreme infestation 

densities never occur in nature, selection cannot have operated on it and I. arboricola will harm 

its host at extreme densities. Density-dependent regulation may be achieved via pheromones. 

In Argas arboreus, a pheromone excreted by feeding adult females has been identified that 

reduces fecundity of conspecifics (Khalil, 1984). This may limit the ticks’ effect on host health 

at high feeding densities, which may be adaptive because this tick is endophilic. Although 

pheromones have been relatively well-studied in ticks, this is still the only known case of a 

fecundity-reducing pheromone (Sonenshine, 2006). It may therefore seem unlikely that there 

would be pheromone-mediated density-dependent regulation in I. arboricola. Yet, it may be 

worth studying fecundity-reducing pheromones further because this may provide means of tick 

control. 

In nests, high densities of conspecifics may lead to intense sexual competition and be the 

reason why both sexes are eager to mate multiply (Chapter 6). I found that males can remain 

attached for several days, thus preventing other males access (i.e. mate guarding, Figure 8.2). 

An untested hypothesis is that this is done primarily by males with low fertility, because they 

can increase their reproductive output by preventing other males from mating, whilst males 

 
 

Figure 8.2 Male attachment during oviposition. Mouth parts are no longer inserted. Attachment of up 
to 8 days after oviposition started has been observed. Photo by Lisa Arvidson. 
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with higher fertility can increase their reproductive output by fertilising other females. Because 

paternity seems to be governed by sperm quantity (rather than sperm precedence or 

replacement), males with higher quantities of sperm may be able to fertilise more females and 

may have less need for mate guarding. Further experimental testing is required to confirm this 

hypothesis. 

Under high local densities and low dispersal there may be considerable kin competition 

(Clobert et al., 2001; Poulin, 2007). Under such conditions, females that produce female-biased 

offspring have a selective advantage, because few of their sons can fertilise many of their 

daughters and will compete less for fertilisations (Werren, 1980). Indeed, I found strongly 

female-biased sex ratios in I. arboricola, both in natural populations (personal observation) 

and in the lab (Chapter 6; Figure 8.3). This contradicts a study by Liebisch (1996), in which a 

laboratory colony of I. arboricola was established with ticks collected from pied flycatchers 

and great tits, and maintained on domestic chickens. The sex ratio was 50:50 after five 

generations in five years. Yet, there is information of neither the number of nests ticks were 

 
 
Figure 8.3 Count of adult male and female Ixodes arboricola ticks (N = 569) across seven datasets 
from our laboratory colony. ***: p < 0.001. 



133 

 

collected from nor the initial sex ratio, and hence there could have been selection for unbiased 

sex ratio in the lab due to decreased relatedness. Perhaps sex ratio in I. arboricola is 

phenotypically plastic, and the use of multiple unrelated ticks quickly led to an unbiased sex 

ratio in the study by Liebisch. However, our lab colony has occasionally been supplied with 

unrelated ticks too, but I never observed changes in sex ratio. Further research is needed to 

investigate what determines sex ratios in the tree-hole tick, and assess to what extent the 

endophilic lifestyle is of influence. No meta-analyses or literature reviews are currently 

available, but my investigations suggest sex ratios vary greatly among tick species irrespective 

of lifestyle (unpublished result). 

To investigate alternative mechanisms, adult male and female I. arboricola ticks from the 

lab and natural populations were screened for bacteria, because in many arthropods female-

biased sex ratios are produced by bacteria (Stouthamer et al., 1999). Each of the sex-ratio 

distorting mechanisms induced by bacteria (i.e. male-killing, feminisation or parthenogenesis) 

should result in sex-biased prevalence of such bacteria in adult ticks. For instance, in I. woodi 

a female-biased sex ratio is caused by Rickettsiella-like bacterium (Kurtti et al., 2002). 

Although we found infection by several bacterial strains, there was no sex-biased prevalence, 

suggesting the biased sex ratio in I. arboricola is not caused by bacteria (Duron and Van 

Oosten, unpublished results). An untested hypothesis is that in I. arboricola there is differential 

survival of males and females in pre-adult instars. I am not aware of any studies in other tick 

species that found or investigated such effects so it might be worthwhile to look into this. 

 

 

 

Pathogen transmission 

 

The principal host of I. arboricola, the great tit, is a competent host for several tick-borne 

diseases and maintains populations of all three tick species (Heylen et al., 2013 and references 

therein). Ixodes arboricola is associated with several tick-borne pathogens. It is known to carry 

and transmit tick-borne encephalitis (TBE) virus (Lichard and Kozuch, 1967; Hillyard, 1996; 

Gresikova and Kaluzova, 1997) and Rickettsiae (e.g. R. helvetica: Špitalská et al., 2011; 

Candidatus R. vini: Keskin et al., 2014; Novakova et al., 2015; Palomar et al., 2015). These 

pathogens may be bridged from bird-tick cycles to hosts not infested by I. arboricola by feeding 

on hosts shared, not necessarily at the same time, with I. ricinus and possibly I. frontalis 

(Heylen et al., 2012a, 2014b). Transmission may also occur in the absence of systemic infection 
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of the host, between infected and uninfected ticks co-feeding in close proximity on the same 

hosts (Randolph et al., 1996). Ixodes arboricola also carries the avian Borrelia genospecies B. 

afzelii, B. garinii and B. valaisiana (Thorud, 1999; Špitalská et al., 2011; Heylen et al., 2012a, 

2014c), but I. arboricola seems unable to infect naïve hosts, even though uninfected ticks can 

become infected after feeding on infected hosts (Heylen et al., 2014c). As such, the importance 

of this tick for the maintenance and transmission of Borrelia spp. may be limited. 

In Chapter 3, we found birds infested by I. arboricola and I. ricinus simultaneously. It 

remains to be investigated how frequent such co-infestations occur and how frequently they 

lead to pathogen transmission across tick species under natural circumstances. Such 

quantifications may give more insight in the importance of I. arboricola for pathogen 

transmission inside bird-tick cycles, and to hosts outside its natural range, such as humans and 

cattle. This is still largely unknown and has not been part of my studies. 

We also found that I. arboricola remains active during the winter period, whereas I. ricinus 

goes into diapause in winter (Oliver, 1989; Gray, 1998). In winter, the contribution of I. ricinus 

to pathogen transmission will be relatively low. This may decrease the abundance of pathogens 

in hosts, because infection usually decreases over time (Lindgren and Jaenson, 2006). Because 

I. arboricola remains more active during winter than I. ricinus, it may have an important role 

in the persistence of pathogens in cavity-nesting birds, which can be bridged to hosts outside 

the host spectrum once the activity of I. ricinus increases again in spring. It may be worthwhile 

to focus on pathogen prevalence in hosts and both tick species during this period, and 

investigate the importance of I. arboricola for the maintenance of infections over winter. 

Other adaptations that I found in I. arboricola may also have some influence on pathogen 

maintenance and transmission. First, I. arboricola can feed successfully on several cavity-

nesting bird species. A large potential host range may also lead to a large transmission potential. 

Second, I. arboricola mates multiply, which may increase sexual transmission of pathogens. 

There is indeed some evidence of sexual transmission for Borrelia garinii (in I. persulcatus, 

Alekseev et al., 1999) and Rickettsiae (in I. ricinus, Hayes et al., 1980). This has not yet been 

explored for I. arboricola, so it remains to be investigated how important multiple mating of I. 

arboricola is for infections. Third, ticks tend to aggregate on particular hosts (Figure 1.3; see 

also Heylen and Matthysen, 2011b; Heylen et al., 2012b). In Chapter 7, I found that aggregated 

feeding increases tick survival. This may facilitate co-feeding transmission of pathogens.  
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Conclusions and future perspectives 

 

The aim of this dissertation was to investigate the adaptations that are associated with an 

endophilic lifestyle. I found indications that ticks are scarce in nest boxes throughout Belgium, 

but can reach high local densities. There is considerable population structure even among nest 

boxes in the same forest, suggesting limited dispersal even on small spatial scales. My results 

suggest that dispersal primarily occurs in autumn and winter by larvae. I also found that 

longevity in I. arboricola is much higher than in related exophilic ticks. There may have been 

selection on longevity in endophilic ticks because long periods of time can pass where there 

are no hosts available. 

I found several adaptations that may be beneficial under conditions of high local densities, 

vertical transmission from host parents to their offspring and limited dispersal, when kin 

competition can be expected. First, I. arboricola ticks take a relatively small blood meal and 

feed longer than congeneric ticks even at high densities, thus limiting effects on the host that 

would kill or drive away the latter. This may be important because it seems that I. arboricola 

cannot leave a nest and search for hosts autonomously. I have always kept infestations within 

naturally observed infestation densities, but it would be interesting to see whether I. arboricola 

would overwhelm the host at extreme densities. If this tick evolved under high local densities 

and kin competition, there may be a reduction in engorgement weight and feeding readiness. 

There may also be excretion of fecundity-reducing pheromones, but this seems unlikely 

because these have been found in only a single tick species. Second, males remained attached 

to a partner long beyond the moment of fertilisation. Such mate guarding would not be required 

if there would be few conspecifics at a locality. I observed that removing males even after such 

long periods reduced their share in the brood, but the mechanism is yet to be explored. It would 

be interesting if, as predicted, indeed low-quality males remain attached longer to prevent other 

males from copulating, whereas high-quality males try and fertilise other females. Third, 

multiple mating by males leads to multiple paternity within broods. This may be an adaptation 

to facilitate colonisation of new nests, which may be considerably different if occupied by a 

different host species. Alternatively, multiple paternity may be the result of sperm competition, 

which may have evolved because of high local densities. It remains to be explored what the 

implications of multiple paternity are under natural circumstances. Finally, there are strongly 

female-biased sex ratios in both the lab and the field. This may be a female-driven adaptation 

because the production of too many males is a waste of resources due to competition for 

fertilisations among sons. On the other hand, no such skew was found in a German population. 
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Future investigations may investigate the proximate cause for this sex ratio. Preliminary results 

indicate the skewed sex ratio is not caused by bacteria. 

It proved extremely difficult to extract ticks from natural cavities, and the examined nest 

material from almost 50 tree holes yielded only four unfed larvae. But we know ticks usually 

crawl towards the top of a nest, and any present ticks may have moved out of the nest material 

before this was collected. I hold it very likely that tree holes are more suitable habitat than nest 

boxes, because I occasionally observed the disappearance of ticks from nest boxes without the 

presence of hosts, but new ticks came in even after roosting hosts were devoid of ticks. As 

such, there could be high population densities in natural tree holes, which would explain the 

aforementioned adaptations. An alternative explanation for the disappearance and 

reappearance of ticks in nest boxes may be that ticks leave in search for more suitable moulting 

conditions, for instance on and in tree bark, and return again for the next blood meal. It may be 

worthwhile to investigate to what extent natural tree holes and nest boxes actually differ, and 

what the consequences are for tick populations. Nest boxes have been around for only a few 

decades but they have radically altered avian populations. Consequently, also tick populations 

have changed, and there may even have been evolution in ticks in response of this novel habitat. 

A comparison of populations in natural cavities and nest boxes could yield important insights 

in the evolution of ticks, which has been proposed to be mediated largely by off-host habitat. 

Since I. arboricola is the carrier of several vector-borne pathogens that are important for 

humans and livestock, these dynamics may provide important new insight in the epidemiology 

of disease transmission of ticks. 

I have investigated host specificity extensively, because this is one of the most fundamental 

properties of parasitic organisms and is currently debated among researchers of ticks and other 

parasites. I have found that I. arboricola has adaptations that allow it to feed on encountered 

hosts, and can even feed on a host outside its realised niche to some extent. My results also 

indicate differential survival due to nest material, suggesting tick persistence in cavities may 

be mediated by off-host abiotic properties and host compatibility. This corroborates with recent 

theories of tick evolution. There have been anecdotal reports from other countries of I. 

arboricola on hosts of different sizes than the main hosts, such as owls, starlings, jackdaws and 

even bats, but I never found the tree-hole tick on such hosts or in their nests despite considerable 

effort. Future research may reveal how compatible these hosts and their nests are. It will also 

be interesting to further test host compatibility of hosts outside the realised niche (e.g. 

mammals, reptiles), because this may yield a better understanding of tick host specificity and 

the evolution thereof. It may also be worthwhile to investigate the mechanisms, because it is 
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yet unknown to what extent host and habitat compatibility are governed by tick morphology, 

immunocompetence or off-host abiotic conditions. 

The study of host-parasite systems from a perspective of evolutionary ecology can teach us 

much about current and future interactions between organisms of the same or different species, 

and between organisms and their abiotic environment. My work on the bird-specialised 

endophilic tick I. arboricola illustrates that an endophilic lifestyle has considerable effects on 

the evolution and ecology of species. With this, my studies have shed light on the currently 

debated evolution of specificity in ticks. Because ticks are important agents in disease 

transmission, it is important to understand their population dynamics and host specificity. More 

generally, it continues to amaze us why there is so much diversity in nature, and by studying 

systems such as the one presented here can we gain a better understanding to why diversity 

evolved. This becomes ever more important due to increases in biological invasions, loss of 

natural habitat and climate change.
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Dutch summary 

 

Er is enorm veel variatie in de natuur, en dit heeft de mens altijd gefascineerd. Maar zonder 

begrip over het ontstaan van deze variatie kunnen we de mechanismes onderliggende aan 

veranderingen en bestaande patronen niet begrijpen. Om de ecologie van soorten beter te 

begrijpen kunnen we hun relatie met de omgeving bestuderen, maar voor de meeste soorten 

bestaat de omgeving grotendeels uit een ander organisme: de gastheer. Gastheer-parasiet 

systemen zijn zeer interessant om evolutionaire ecologie te bestuderen dankzij de complexe 

interacties en adaptaties aan beide zijdes. 

Teken zijn temporele ectoparasieten die zich voor enkele dagen vasthechten aan de huid van 

hun gastheer om een bloedmaaltijd te nemen, en zich vervolgens terugtrekken om te vervellen 

naar het volgende levensstadium (van larve naar nymf naar adult) of, als adult, te paren en eitjes 

te leggen. Omdat het merendeel van het leven van teken zich niet op de gastheer plaatsvindt, is 

het habitat waar ze de gastheer verlaten zeer belangrijk voor de ecologie en evolutie van teken. 

Sommige teken zijn endofiel, zij wachten in het nest van een gastheer en vallen aan als een 

gastheer verschijnt. Andere zijn exofiel, zij verlaten hun gastheer in het veld en zoeken een 

nieuwe gastheer door langs de vegetatie omhoog te kruipen en te wachten tot een gastheer 

langskomt. Door teken met verschillende levenswijzes te bestuderen kunnen we meer te weten 

komen over de algemene patronen in gastheer-teek relaties, wat belangrijk is om toekomstige 

patronen te voorspellen en uitbraken van ziektes te voorkomen. 

De teek Ixodes arboricola is een vogelgespecialiseerde endofiele teek die voorkomt in 

nestkasten en boomholtes en holenbroedende vogels infesteert, voornamelijk kool- en 

pimpelmezen. Deze teek is drager van verschillende pathogenen, zoals Rickettsia spp. en 

Borrelia burgdorferi s.l.. Voorgaand onderzoek heeft aangetoond dat I. arboricola adaptaties 

bezit om te zorgen dat ze in holen terechtkomt. Zo valt de teek vooral ’s nachts af en blijft voor 

langere tijd op de gastheer vastgehecht als de gastheer geen toegang heeft tot een nestkast. 

Voor deze dissertatie heb ik allereerst de populatiestructuur en adaptaties behorende bij een 

endofiele levenswijze onderzocht. Hoofdstuk 2 beschrijft de populatiegenetische structuur van 

I. arboricola. Deze werd onderzocht door teken van vier bosgebieden te genotyperen met zeven 

polymorfe microsatellieten. De populatiegenetische structuur is belangrijk voor het begrijpen 

van de evolutie van teken en teek-gastheer interacties, alsmede de circulatie en evolutie van 

pathogenen die deze teek draagt. Ik heb gevonden dat teken schaars zijn in nestkasten in België, 

maar dat er wel hoge lokale densiteiten kunnen worden bereikt. Er is genetische differentiatie 

tussen gebieden en zelfs tussen nestkasten binnen gebieden, wat suggereert dat er weinig 
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dispersie van teken is. We voorspellen dat dit komt doordat de gastheren van de teken zeer 

plaatstrouw zijn op de momenten dat de teken kunnen voeden. De data van zowel Hoofdstuk 

2 als 3 suggereren dat de meeste dispersie gebeurt in de herfst en winter door larven, omdat op 

die momenten de vogels vaker wisselen van nestkast door onderlinge competitie en 

verstoringen van buitenaf. De adaptatie dat vooral larven lang vastgehecht kunnen blijven aan 

een gastheer kan dus een adaptie zijn die dispersie bevordert. 

Hoofdstuk 3 beschrijft de fenologie van I. arboricola. We vonden dat de abundantie van de 

teken nauw verbonden is aan het nestkastgebruik van de voornaamste gastheren, kool- en 

pimpelmezen. Deze vogels maken geen gebruik van kasten in de zomer, en volgezogen teken 

in kasten zijn in dit seizoen schaars. Vanaf het eind van de herfst gebruiken vogels nestkasten 

om te slapen en neemt de hoeveelheid volgezogen teken, voornamelijk larven, toe. In de winter 

vonden we ook een toename van volgezogen nymfen, terwijl volgezogen adulte teken 

hoofdzakelijk in het broedseizoen in de lente werden gevonden. Dit is een indirect bewijs dat 

adulte teken een sterke voorkeur hebben om op nestjongen te voeden en niet op adulte vogels, 

een resultaat dat ook naar voren komt door vangstsessies en inspecties op teken van adulte 

vogels door het jaar heen. 

In Hoofdstukken 4 en 5 onderzocht ik de gastheerspecificiteit van de teken. Ik heb gevonden 

dat I. arboricola succesvol kan voeden op verschillende soorten holenbroedende vogels die 

gebruikmaken van hetzelfde type nestkast maar waarvan de abundantie verschilt. Dit komt het 

succes van teken ten goede omdat ze niet kunnen voorspellen welke gastheer een nest zal 

betreden, en succesvoller zullen zijn als ze kunnen voeden op eender welke gastheer. Echter, 

ik vond verschillen in voedingssucces gebaseerd op het nestmateriaal, wat sterk verschilt tussen 

holenbroedende vogelsoorten. Dit suggereert dat het succes van teken wellicht niet alleen wordt 

bepaald door compatibiliteit van de gastheer zelf, maar ook door het habitat waar ze de gastheer 

verlaten. Dit is in lijn met recente voorspellingen. Vervolgonderzoek naar 

habitatcompatibiliteit voor teken kan meer informatie verschaffen over het belang van het 

habitat waar de teken de gastheren verlaten voor hun voortbestaan. 

De resultaten van Hoofdstuk 5 suggereren dat teken niet kunnen voeden op spechten, welke 

geen gebruikmaken van nestkasten maar wel in boomholtes slapen en broeden. Er is dus wel 

degelijk gastheerspecialisatie in teken, wat consequenties kan hebben voor het voortbestaan 

van de teek. Het kan namelijk lang duren voor een hol dat overgenomen is door een ongeschikte 

gastheer weer een beschikbare gastheer huisvest, omdat de meeste vogels erg territoriaal en 

plaatstrouw zijn. Hoofdstuk 5 laat ook zien dat voedingssucces op merels, welke niet tot de 

natuurlijke gastheren van I. arboricola behoort omdat ze niet in holen broeden, beperkt is. Dit 



141 

 

suggereert dat zowel de gastheer zelf als habitat waar teken de gastheer verlaten belangrijk zijn 

voor het natuurlijk voorkomen van teken. Toekomstig onderzoek kan uitwijzen wat de 

compatibiliteit is van verschillende bestaande en niet-bestaande gastheren. Aan de ene kant van 

holenbroedende soorten zoals uilen, spreeuwen, kauwen en zelfs vleermuizen om te kunnen 

voorspellen waar I. arboricola kan voorkomen. Aan de andere kant van soorten die geen 

gebruiken maken van holen zoals verschillende vogels, zoogdieren en zelfs reptielen, omdat 

dit inzichten kan geven in de evolutie van gastheerspecificiteit in teken. 

Hoofdstuk 6 beschrijft het paringsysteem van de teek. Ik heb gevonden dat zoals mannelijke 

als vrouwelijke teken meermaals paren en dat dit kan leiden tot meervoudige paterniteit in 

eilegsels. Meervoudige paterniteit kan zorgen voor een toename in genetische diversiteit tussen 

larven, wat kan helpen in de wapenwedloop die teken hebben met hun gastheren. Het kan ook 

helpen bij de kolonisatie van nieuwe nesten, zeker als die sterk verschillen doordat ze van 

verschillende vogelsoorten zijn. Aan de andere kant zou meervoudige paterniteit ook 

simpelweg het effect kunnen zijn van spermacompetitie tussen mannetjes. Vervolgonderzoek 

zal moeten uitwijzen wat het geval is. 

In Hoofdstuk 7 beschrijf ik het effect van het aantal teken op hun voedingssucces. In dit 

experiment nam de proportie verzamelde teken toe als ze met meer tegelijk voedden. Echter, 

zoals in eerdere experimenten is er geen effect op de gastheer, zelfs bij toenemende aantallen 

teken, en is de grootte van bloedmaaltijd relatief beperkt. Hier is mogelijk selectie op geweest 

omdat teken niet zullen overleven als ze een gastheer wegjagen of zelfs doden. Omdat ik 

infestatiedichtheden binnen de natuurlijke dichtheden hield blijft de vraag of voedingssucces 

van individuele teken zal toenemen als we extreem hoge aantallen teken toedienen, wat ten 

koste kan gaan van de gastheer. Als de teek daadwerkelijk onder hoge densiteiten en lage 

dispersie is geëvolueerd, zal bij extreme aantallen de grootte van de bloedmaaltijd afnemen of 

zullen teken simpelweg niet vasthechten. 

Het bleek ontzettend moeilijk om teken te extraheren uit natuurlijke holen, en het 

onderzochtte materiaal uit bijna 50 boomholtes leverde niet meer dan vier ongevoede larven 

op. We weten echter dat teken normaal naar boven kruipen, en aanwezige teken zouden dus al 

uit het nestmateriaal zijn gekropen voordat dit werd verzameld. Ik acht het zeer waarschijnlijk 

dat boomholtes geschikter habitat zijn dan nestkasten, omdat ik af en toe heb waargenomen dat 

teken verdwijnen uit kasten zonder gastheren, terwijl er wel nieuwe teken verschenen nadat 

alle kasten en gastheren in een gebied van teken waren ontdaan. Er is dus mogelijk een continue 

stroom van teken van boomholtes naar nestkasten, en mogelijk veel hogere 

populatiedichtheden in boomholtes. Dit zou verklaren waarom teken de bloedmaaltijd van 
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beperkte grootte is en waarom adulte vrouwtjes na paring beschermd worden door mannetjes. 

Het kan nuttig zijn om te onderzoeken in hoeverre de geschiktheid van boomholtes en 

nestkasten verschilt, en wat de consequenties zijn voor de populatiedynamica van de teken. 

Nestkasten zijn er pas sinds enkele decennia en hebben vogelpopulaties radicaal veranderd. 

Derhalve zijn ook de tekenpopulaties veranderd, en er heeft wellicht al evolutie plaatsgevonden 

door dit nieuwe habitat. Een vergelijking tussen tekenpopulaties in boomholtes en nestkasten, 

of tussen bosgebieden met en zonder nestkasten, kan daarom belangrijke inzichten bieden 

omtrent de evolutie van teken. Omdat I. arboricola een drager is van meerdere pathogenen die 

belangrijk zijn voor mensen en vee zijn deze processen ook belangrijk om een beter inzicht te 

krijgen in de epidemiologie van ziekteverspreiding door teken. 

Het bestuderen van gastheer-parasiet systemen vanuit een evolutionair-ecologisch 

perspectief kan ons veel leren over huidige en toekomstige interacties tussen organismes van 

dezelfde of verschillende soorten, en tussen organismes en hun abiotische omgeving. In mijn 

werk aan de vogelgespecialiseerde endofiele teek I. arboricola heb ik meerdere adaptaties 

gevonden die gelinkt kunnen zijn met de ecologie en evolutie van de teek. Mijn onderzoek 

biedt daarom belangrijke inzichten in de momenteel bediscussiëerde evolutie van specialisatie 

in teken. Omdat teken belangrijk kunnen zijn voor ziekteverspreiding is inzicht in hun 

populatiedynamica en gastheerspecificiteit belangrijk. Meer algemeen blijft het ons verbazen 

dat er zoveel variatie is in de natuur. Door het bestuderen van systemen als hetgene dat hier is 

onderzocht kunnen we een beter begrip krijgen waarom deze diversiteit is ontstaan. Dit wordt 

steeds belangrijker door de toename van biologische invasies, verlies aan natuurlijk habitat en 

klimaatverandering.  
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