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Mechanisms of host preference in ectoparasites are important to the understanding of host-parasite interactions. Since 
ectoparasites negatively affect the condition of their hosts, while the hosts’ condition itself may affect the parasites’ choice, 
separating the factors that drive host preference from parasite impact asks for experiments. We combined the data of two 
choice experiments to investigate the preference of the nidicolous tick Ixodes arboricola when exposed to the nestlings of 
a passerine bird (Parus major). In the first experiment, in which complete broods at hatching were exposed to an ecologi-
cally relevant number of ticks, the relationship between tick loads and nestlings’ developmental status was characterized 
by a distribution with the highest tick loads on the more developed nestlings. Host preference became more apparent at a 
smaller brood size, suggesting a role for host density. In a second experiment we evaluated host choice in a pairwise choice 
experiment, exposing pairs of siblings with contrasting developmental status to eight ticks. In the first and the second pair, 
a median developed nestling was linked with the most developed and the least developed nestling, respectively. Seventy-
two h after tick exposure we measured the innate constitutive humoral immunity and haematocrit. No differences were 
found in innate immunity, but the least developed nestlings had on average a lower haematocrit than the median and most 
developed nestlings. Significantly fewer ticks attached on the least developed nestling compared to the median nestling, and 
this difference was more pronounced when the innate immunity of the median developed nestling was higher. No differ-
ence in tick load was found among the median and best developed nestlings. The linkage between host preference and host 
physiological condition provide further insight in the mechanisms driving ectoparasite aggregation, which is important for 
the population dynamics of host, ticks and tick-transmitted pathogens.
By draining resources from their hosts, parasites develop at 
the expense of the fitness of their hosts (Price 1980, Loye 
and Zuk 1991, Clayton and Moore 1997, Fitze et al. 2004). 
The harm caused by the parasites (i.e. virulence) is largely 
determined by the relative amount of resources parasites 
extracted, as well as the host’s defence mechanism counter-
acting exploitation by the parasite (Lehmann 1993, Sheldon 
and Verhulst 1996, Wakelin 1996). Many parasites have 
developed adaptations allowing them to choose the most 
profitable host to optimize their fitness. Among the compo-
nents that may contribute to profitability, host resistance and 
host nutritional status are assumed of major importance in 
most systems (Bize et al. 2008). Parasite fitness increases with 
the amount of available nutritive resources extracted from 
the host, but decreases with host resistance responses (Wikel 
1996, Lehane 2005). Since host resistance and nutritional 
status are positively correlated, parasites cannot simultane-
ously maximize food acquisition and minimize the threats 
from the host’s resistance mechanisms. Therefore parasites 
need to balance these two components when selecting a  
particular host (Christe et al. 2003, Bize et al. 2008).

In general, two alternate strategies have most often been 
proposed in natural host–parasite systems: either parasites 
select individuals with higher nutritional values that are mostly 
difficult to parasitize because of their higher anti-parasite 
resistance (Duffy and Campos de Duffy 1986, Vaclav et al. 
2008, Reckardt and Kerth 2009), or they select individu-
als with a suboptimal source of nutrients that are easier to 
parasitize because of their lower resistance (Christe et al. 
1998, Roulin et al. 2003, Hawlena et al. 2005, Reckardt 
and Kerth 2009). In this context, two hypotheses have 
been proposed in parasites infesting birds with an age hier-
archy among nestlings. The ‘tasty chick hypothesis’ states 
that the junior nestlings (lightest and least developed) are 
less immunocompetent than the senior nestlings, and 
hence are the most preferred ones by the parasites (Christe  
et al. 1998). In contrast, the ‘well-fed hypothesis’ states that 
senior (well-fed) individuals are preferred over junior nestlings 
(poorly fed), because the senior nestlings represent the best nutri-
tional resources (Christe et al. 2003). Establishing the general  
rules that determine which of the mechanisms dominates in 
ectoparasites’ choice is very difficult, since parasite species and 
hosts greatly differ in ecological requirements and life-history 
traits (Roulin et al. 2003, Reckardt and Kerth 2009). Fur-
thermore, it is important to emphasize that hosts may limit 
parasite exploitation by other characteristics than their resis-
tance mechanisms and nutritional status, such as their body 
size (Duffy and Campos de Duffy 1986, Valera et al. 2004), 
skin thickness and body temperature (Elliott et al. 2002). 
Throughout the host’s developmental trajectory, many physiological 
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and morphological characteristics correlate with each other, 
making it difficult to identify the most important (combina-
tion of ) factors in the host preference. In addition, parasite 
morphology (Roulin et al. 2003, Vaclav et al. 2008), parasite 
density (Hawlena et al. 2005, Vaclav et al. 2008) and micro-
climatic conditions (Hawlena et al. 2005) may affect host 
choice in ectoparasites as well.

Few studies have tested host choice by ectoparasites in an 
experimental way, controlling for confounding variables in 
order to distinguish the causes and the effects of ectoparasite 
infestations (Christe et al. 2007, Bize et al. 2008). In par-
ticular, as ectoparasites may affect the physiological status of  
the hosts, as well as the hosts’ immune system (Wikel 1996, 
De Bellocq et al. 2006, Peterkova et al. 2008), difficulties 
may arise in observational studies to separate the factors 
that drive host choice from the effects of the parasites on 
the host.

In this study we experimentally investigated whether 
the infestation levels of a haematophageous nest ectopara-
site – the tree-hole tick Ixodes arboricola (Acari: Ixodidae) 
– is related to the quality (development status and innate 
immunity) of great tit Parus major nestlings. The tree-hole 
tick is ideal for testing host preference: infestation levels can 
be manipulated on individual level, and parasite burden can 
be registered with acceptable precision because they remain 
attached on the host individuals for a long time (days) until 
engorgement (Balashov 1972). Contrary to haematophagous 
(stages of ) insects that feed intermittently and frequently 
switch their host individuals, (e.g. fleas, Richner et al. 1993; 
and flies, Simon et al. 2003, Valera et al. 2004), the tick’s 
choice is final and has stronger implications for its fitness.

If host development is the most important factor, we 
expect that the ticks avoid the least developed nestlings, even 
if they have the weakest resistance, because these chicks may 
not provide adequate food resources. If resistance is the main 
factor, then ticks should avoid the best developed nestlings, 
even if those hosts provide high-quality resources, because 
these hosts are likely to have the most effective resistance 
mechanisms and consequently negatively affects the ticks’ 
fitness. In a first experiment we simulated natural infesta-
tion conditions by exposing clutches at hatching to a num-
ber of tree-hole ticks and registered the number of ticks per 
nestling in relation to the nestlings’ development status. In 
a complementary experiment we tested the combined effect 
of host resistance and development on host choice by simul-
taneously exposing selected pairs of siblings with contrasting 
development status to a fixed number of ticks. These ‘within 
system’ designs minimized the genetic heterogeneity among 
individuals within the same comparison, and controlled for 
nestlings’ rearing conditions.

Material and methods

Study species

The tree-hole tick Ixodes arboricola is a nidicolous tick, 
widely distributed in the Palearctic region (Liebisch 1996), 
with the entire life-cycle restricted to natural tree-holes. This 
tick species mainly parasitizes birds breeding and roosting in 
tree holes (Hudde and Walter 1988, Hillyard 1996) and acts 
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as a competent vector of tick borne-diseases (Hillyard 1996, 
G. Liebisch unpubl.). As in all ixodid ticks, it feeds once 
per life stage during a non-stop period of several days (Son-
enshine 1991). After feeding, the engorged immature tick 
(larva or nymph) detaches and starts to moult to the next 
developmental stage (nymph or adult, respectively). Adult 
females lay eggs after their meal and die, but adult males do 
not feed.

The great tit Parus major is a small passerine bird (body 
mass: 15–20 g), which commonly breeds in woodlands 
and gardens of the Palearctic and large parts of the Orien-
tal region. Nest-boxes are readily accepted as surrogates for 
tree-holes, in which they naturally breed and roost (Gosler 
1993). Great tit nestlings are frequently infested with any of 
the developmental stages of the tree-hole tick (Hudde and 
Walter 1988, Hillyard 1996). Up to 10 nymphs per nest-
ling have been found in a German population (Walter et al. 
1979). In our study population, up to 30 nymphs, up to 10 
adult females and several hundreds of larvae per nest have 
been observed during the great tit’s breeding cycle (Heylen 
unpubl.).

The fieldwork was carried out in the breeding season of 
2009, in a study site consisting of several small woodlots 
with a high density of nest-boxes where nests are routinely 
inspected as part of a long-term study (northern Belgium, 
Matthysen et al. 2001). All nest-boxes used in this study 
were checked for naturally occurring ticks from the start of 
the breeding season (end of March) until hatching, and any 
ticks found were removed.

Experiment 1. Exposure of broods at hatching

In the first experiment, the within brood distribution of 
attached ticks in relation to the nestlings’ development status 
was studied by exposing complete great tit nests at hatching 
to a fixed number of ticks. Immediately after nestlings had 
hatched (within 24 h), a mix of 40 unfed nymphs and 150 
unfed larvae obtained from a laboratory colony were evenly 
distributed in the nest cups of the 15 randomly chosen nests 
after nestlings were briefly removed (6–11 nestlings per nest). 
Two days after tick exposure, we counted the number of ticks 
that had successfully attached per nestling (inspection time 
on average 4 min per nestling). The total number of ticks 
that attached on the nestlings varied strongly among broods 
(range: 2–117 ticks nest21), which is likely due to a variable 
proportion of ticks attaching on the great tit parents (Heylen 
unpubl.). Two days after tick exposure we also defined the 
nestlings’ development status by measuring their body mass 
to the nearest 0.1 g using a digital balance, and their devel-
opment age (in days after hatching) by determining the state 
of plumage development (Winkel 1970). The development 
status was summarized by the first axis of a principal compo-
nents analysis (PC1) with the body mass (factor loading of 
eigenvector (f.l.): 0.71) and the development age (f.l.: 0.71). 
This axis explained 90% of the variation in the data. Subse-
quently, for further analysis we calculated for each nestling 
the relative development status (rel. PC1) as the difference 
between the nestlings’ PC1-score and the average PC1-score 
of the complete brood. Principal components were extracted 
from the correlation matrix, and no rotations were executed 
(see Sharma 1996 for general information). 



Experiment 2. Pairwise choice experiment on 
eight-day-old nestlings

In the second experiment, we studied the host preference  
of ticks in a pairwise choice experiment using pairs of eight-
day-old siblings with contrasting development status. Fur-
thermore, we related the ticks’ choice to the nestlings’ innate 
immunity and haematocrit level. In each of 19 randomly 
chosen nests, two nestling pairs were composed. First we 
ranked all nestlings by development status based on their 
within-brood rank in body mass, and secondly – in case of 
equal body mass – by development age (defined as in the 
first experiment). In the first and the second pair, one of the 
median developed nestlings was linked with the most devel-
oped and the least developed nestlings, respectively. We linked 
the best developed and the least developed nestling with a 
median developed nestling, since we assume that nestlings 
close to the median are the most common and hence their 
most likely alternative within a brood. Each nestling pair was 
exposed to eight unfed tree-hole tick nymphs obtained from 
laboratory breeds. Nestling pairs were placed simultaneously 
in a small air-permeable cotton bag (6  15 cm) containing 
the ticks. Subsequently, the two bags were hung for 60 min 
inside the nest box, five cm above the border of the nest cup 
with the remaining, unexposed, nestlings. To minimize the 
impact of cold and food stress, all manipulations took place 
in the afternoon on warm and dry days. Following expo-
sure, experimental nestlings were individually screened (10 
min per nestling) for attached nymphs. Attached ticks were 
immediately removed with forceps (6.2  6  1.5 attached ticks 
recovered per pair; total number of ticks recovered  234). 
By removing the ticks within 60 min the effects on the birds’ 
health are extremely small, since ixodid ticks need several days 
to engorge and take up a very limited amount of blood dur-
ing the first 24 h after attachment (Anderson and Magnarelli 
2008). In addition, previous experiments showed no effects 
on the nestlings’ health (body condition, blood inflamma-
tion, haematocrit and haemolysis–haemagglutination scores) 
even after full engorgement of I. arboricola nymphs (parasite 
loads 5–10 ticks nestling21) (Heylen unpubl.). Some of the 
ticks could not be located, probably because they got stuck 
in the bird’s excretions, or ended up inside the birds’ body 
cavities. To maximize the chance that all birds were free of 
ticks when blood samples had to be taken (after 72 h), we 
did a second visual inspection 48 h after infestation (lasting 
4 min nestling21). During the second screening we detected 
only 15 additional nymphs in total, on 13 of the 76 infested 
birds. Overall, 81.9  6  18.3% (mean 6 SD; n  249) of 
the administered ticks were recollected.

Seventy-two h after the exposure, blood samples were 
taken (50–75 ml) from the ulnar vein into heparinised capil-
lary tubes. Blood samples were centrifuged for 10 min at 14 
000 g to measure the haematocrit level. Haematocrit level is 
expressed as the volume of the part of the capillary occupied 
by red blood cells per total volume of blood in the capillary, 
and was measured by a digital calliper to the nearest 0.01 mm 
under optimal light conditions. Haematocrit levels obtained 
by this method have been shown to be highly repeatable 
(Heylen and Matthysen 2008). Serum samples were iso-
lated from the centrifuged blood, and stored at –30°C until  
the analysis of the constitutive innate humoral immunity 
following a haemolysis–haemagglutination assay (details in 
Matson et al. 2005). This assay is based on red blood cell 
agglutination and NAb-mediated complement activation. 
Quantification was done through serial dilutions (1:2) in 
phosphate-buffered saline of 50 ml plasma in a 96-well assay 
plate, which was then incubated with 25 ml of rabbit red 
blood cell suspension at 1% for 90 min at 37°C. Natural 
antibody titers and complement activity were scored blindly 
as the highest dilution at which agglutination (NAb) or lysis 
(complement) of red blood cells is observed. In none of the 
samples haemolysis was observed, and therefore this mea-
sure will not be considered in further analyses. The scores of 
the constitutive innate immunity obtained by this assay have 
been shown to be highly repeatable (De Coster et al. 2010). 

Statistical analysis

In the first experiment, generalized estimation equation mod-
els (GEE) with exchangeable working correlation were fitted 
(log-link, and poisson distributed residuals) when model-
ling the mean number of ticks that attached per nestling 
against nestling quality characteristics, taking into account 
the statistical dependence of measurements in the same nest 
or pair (Molenberghs and Verbeke 2005). In this experi-
ment we also estimated the dispersion parameter K (variance 
(m) – m/m2), as an estimate of the level of aggregation and 
over-dispersion of ticks per nestling, by means of pseudo-
likelihood techniques (Breslow and Clayton 1993, Wolfin-
ger and O’Connell 1993). When K is large (K  20), ticks 
are randomly distributed among the nestlings and hence the 
negative binomial distribution approximates a Poisson dis-
tribution; when K gets smaller parasite aggregation increases 
(Fisher et al. 1943, Elliott 1977). In the second experiment, 
general linear mixed effects models were fitted to evaluate 
whether the three developmental groups (most, least and 
median developed nestlings) differed from each other with 
respect to haematocrit level, innate humoral immunity and 
development status. A GEE (logit-link, binomial distrib-
uted residuals) was fitted in which the proportion of ticks 
that attached on the more developed nestling was modelled 
against the pair differences in physiological measurements 
and development status, which was summarized by means of 
a principal component as described in the first experiment 
(factor loading of eigenvector: 0.71) and development age: 
0.71 in the first axis (PC1) explaining 91% of the variation. 
All data manipulations and statistical analyses were done in 
SAS ver. 9.2 (SAS Inst.). 

Results

Experiment 1. Exposure of broods at hatching

In total 127 nestlings were inspected for attached ticks 
in the full brood experiment. We counted a total of 237  
larvae on 61 individuals, and 26 nymphs were counted on 
15 individuals. On average, the relationship between tick 
load and relative development status showed a distribution 
with the highest numbers on nestlings above the average 
relative development (Fig. 1). Furthermore, the smaller the 
brood size, the more the maximum number of attached ticks 
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is shifted towards the better developed nestlings (interaction 
rel. PC1  number of nestlings: –0.13  6  0.08; Z  –1.59; 
p  0.11; interaction rel. PC1  rel. PC1  number of nest-
lings: –0.26  6  0.08; Z  –3.11; p  0.01; Table 1). The 
number of larvae per nestling was positively correlated with 
the number of nymphs (Spearman’s r  0.45; p  0.0001), 
indicating that both development stages tend to aggregate on 
the same nestlings. The level of parasite aggregation was high 
(estimated K  0.82  6  0.21; Fig. 1), and remained high 
even after correcting for the effects of number of nestlings, 
nestling development status and nest identity (estimated 
K  1.10  6  0.24 ).

Experiment 2. Pairwise choice experiment on 
8-day-old nestlings

Table 2 shows the differences in body mass between the most, 
median and least developed nestlings. The development age 
and haematocrit levels of the least developed nestling were 
lower than the median developed nestlings, but no difference 
was found between the most and median developed nestling. 
No differences were found with respect to the haemaggluti-
nation scores (Table 2).
4

Effect Estimate  6  SE Z-value p-value

Intercept –1.15  6  1.78 –0.65 0.52
No of nestlings 0.20  6  0.17 1.17 0.24
rel. PC1 1.87  6  0.82 2.29 0.02
rel. PC1  no. 

of nestlings
–0.13  6  0.08 –1.59 0.11

rel. PC12 2.08  6  0.68 3.04  0.01
rel. PC12  no. 

of nestlings
–0.26  6  0.08 –3.11  0.01

Working r 0.41
In the pair ‘Most versus Median developed nestling’, we 
found no significant difference with respect to the numbers 
of attached ticks (estimated difference: 1.38  6  0.41 ticks; 
Z  –1.10; p  0.27; Fig. 2). Also the variability in propor-
tion of ticks that attached on the heaviest nestling was not 
explained by the within pair differences in any of the physi-
ological parameters (all p  0.26). In the pair ‘Median versus 
Least developed nestling’ significantly more ticks were observed 
on the nestlings with median body mass than on the lightest 
nestlings (estimated difference: 2.00  6  0.47 ticks; Z  2.96; 
p  0.0031; Fig. 2). Furthermore, in this pair the proportion 
of ticks that attached on the median developed nestlings was 
positively associated with the within pair differences in body 
mass (logit: 0.60  6  0.28/g; Z  4.74; p  0.029) and nega-
tively associated with the difference in innate immunity score 
(logit: –0.82  6  0.29; Z  7.93; p  0.0049; Fig. 3), but 
there was no significant interaction between both explanatory 
variables. No association was found between tick loads and the 
differences in haematocrit level. 

Discussion

In our study we investigated host preference of an ectoparasite 
by means of two choice experiments that try to separate the 
causes that drive ectoparasite distributions from the ectopara-
site’s potential pathological effects. The outcomes show that 
tree-hole ticks prefer the more developed nestlings within a 
brood. The first experiment with exposure of complete broods 
showed a distribution with the highest tick loads on the more 
developed nestlings. The lower the number of nestlings, the 
more ticks were found on the best developed nestling. These 
findings translated well in the choice experiment where nest-
ling pairs were exposed to a fixed number of ticks, resulting in 
a higher tick load on the more developed nestlings when the 
least developed nestling was the alternative.

There are several potential explanations for the observed 
patterns. A first and proximate explanation may be a differ-
ence in grooming effectiveness and/or immunological resis-
tance associated with nestling developmental status, rather 
than an attachment strategy by the tick. However, it is gener-
ally believed that the hosts’ grooming skills (Moore 2002) and 
immune function improve with the nestlings’ development 
(Davison et al. 2008) which would result in lower attach-
ment on the better developed chicks. On the other hand, a 
factor potentially reducing grooming effectiveness is feather 
development. Better developed feathers provide shelter for 
ectoparasites (Roulin et al. 2003), and therefore may form 
the base of the observed association between tick attach-
ments and development status. This hypothesis is particu-
larly relevant for the chicks with better-developed plumages, 
as in the second experiment, but does not explain variation 
among naked three-day-old chicks in the first experiment. 
Nevertheless, one should note that we have seldom found 
damaged ticks attached on the nestlings, or ticks that failed 
to engorge once attached. Because nestlings are naïve to 
ectoparasites, and have poorly developed body parts used for 
grooming in full-grown birds (bill and nails), resistance is 
likely to be of minor importance in the nestlings as observed 
in many natural tick-host interactions (Ribeiro 1989, Heylen 
et al. 2010, however see Keesing et al. 2009).
Figure 1. Number of ticks attached to individual nestlings in a full 
three-day-old brood in relation to nestlings’ development status. 
The solid, dotted and dashed lines represent the predicted number 
of ticks based on a GEE for nests with 6, 8 and 11 nestlings which 
correspond to minimum, median, and maximum brood size. 
Table 1. Parameter estimates (6empirical SE) from the GEE that 
models the number of ticks attached on individual nestlings in a full 
three-day-old brood against nestlings’ relative development status 
(rel. PC1) and the number of nestlings in the brood.
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Pair 1 Pair 2

Most C1 Median C2 Median C3 Least

Development age (days) 10.4  6  0.2 n.s. 10.2  6  0.2 n.s. 10.1  6  0.02 *** 8.7  6  0.3
Body mass (g) 15.2  6  0.4 * 14.2  6  0.4 n.s. 14.3  6  0.03 *** 12.2  6  0.4
PC1 0.79  6  0.25 n.s. 0.28  6  0.23 n.s. 0.29  6  0.24 *** –1.35  6  0.28
Haematocrit (%) 38.7  6  0.7 n.s. 39.3  6  1.1 n.s. 39.9  6  0.8 ** 37.4  6  0.8
Agglutination 7.04  6  0.20 n.s. 7.20  6  0.16 n.s. 7.39  6  0.20 n.s. 7.01  6  0.14
A second and ultimate explanation is that ticks are able to 
discriminate between developmental status of different nest-
lings, and choose for the most profitable host. Even though 
ixodid ticks normally obtain only a single blood meal per 
instar and are therefore not able to sample different hosts 
by actual feeding, they may be able to use attraction stimuli 
that correlate with the host’s physiology (e.g. host vibrations, 
body heat, or odour (Steullet and Guerin 1992, Yunker  
et al. 1992, Osterkamp et al. 1999, Donze et al. 2004), as 
identification cues for the most profitable hosts and attach-
ment sites. We propose that better developed nestlings are 
more profitable in different ways. Firstly, they are heavier, 
and hence may be of higher nutritional value and provide 
more accessible food resources (Christe et al. 2003, Hawlena 
et al. 2005). Secondly, they have higher body temperatures 
(Mertens 1977) that may facilitate food acquisition in ixodid 
ticks (Balashov 1972). Thirdly, as already suggested above, 
better-developed feathers provide better shelter against 
grooming for the larger tick instars. In addition they may 
protect the ticks against mechanical disturbances when nest-
lings move around.

Besides the fact that the more developed nestlings may 
offer the best food resources for tick growth and reproduc-
tion, those nestlings may also offer the best survival chances 
for the tick during feeding since the well-developed nest-
lings are less likely to die before feeding is terminated (Barba  
et al. 1993). When ticks have to detach prematurely because 
their host is dying, they either moult into abnormally small 
individuals with low reproductive outputs, or die before 
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moulting (Balashov 1972). Reattachment may occur, but as 
suggested in other studies (Roulin et al. 2003, Vaclav et al. 
2008), this has a high potential cost because semi-engorged 
ticks are more easily detectable by the host (or its parents) 
by their bigger body size, and may be more easily eliminated 
before they can reattach. Furthermore, the reduced ability of 
attachment after unsuccessful infestation (Shih and Spielman 
1993) suggests that reattachment may be physiologically costly 
in ixodid ticks.

An interesting finding was that the preference for the more 
developed nestlings became more apparent in the smaller 
broods. A reason for this could be that in these broods there is 
a more pronounced developmental contrast among nestlings 
driving the heterogeneity in tick distribution. However, this 
hypothesis is not supported by the data, since there is no sig-
nificant negative correlation between the brood size and the 
within-brood range in nestling development status (Spear-
man’s r  0.39, p  0.15). Another explanation may be 
that in the smaller broods the potential hosts are more easily 
assessed, which increases the chance to find the most profitable 
nestlings. Furthermore, it is possible that the smaller broods 
may entail higher tick encounter rates, promoting the tick 
aggregation on the most profitable nestling by an enhanced 
communication with food-finding pheromones (Sonenshine 
1991). Note that aggregation on the same host in ticks can 
be advantageous for the tick’s feeding performance due to 
Difference in agglutination score
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Figure 2. Boxplots of tick distribution (whiskers: 10% and 90% 
quantiles, dots: outlying points) on two pairwise comparisons of 
nestlings: (a) the brood’s best developed and median developed 
nestling, (b) the least and median developed nestling.
Figure 3. Preference of the tree-hole tick for the median developed 
nestling versus the least developed nestling, in relation to two 
parameters of nestling quality. Size of circles represents the propor-
tion of ticks on the median nestling. Higher values on the x- and 
y-axis indicate a higher agglutination score and body mass, respec-
tively, in the median versus the least developed nestling.
Table 2. Mean values 6 SE of nestlings’ physiological parameters and development status for each of the development pairs created. 
Significance levels of pair-wise comparison (C1: most developed vs median 1; C2: median 1 vs median 2; C3: median 2 vs least developed).
n.s., *, **, ***: p-values respectively  0.05;  0.05;  0.05;  0.001.
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shared activities of secreted bioactive saliva (Davidar et al. 
1989, Wang et al. 2001, Ogden et al. 2002). Interestingly, 
the preference for the more developed nestlings corresponds 
well with observations in the non-nidicolous sheep tick 
Ixodes ricinus on the same host species. When large numbers 
of sheep ticks (five larvae nestling21) were experimentally 
administered to great tit nests (Gallizzi et al. 2008) the hea-
viest nestlings were more heavily infested as well. However, 
when nestlings were naturally exposed to lower levels (1–10 
ticks per brood), no preference was detected (Roulin et al. 
2003).

Besides the development status, also the nestlings’ innate 
immunity was associated with the tick distributions in the 
second choice experiment. In pairs of nestlings with strong 
differences in development status (i.e. median and least-
developed nestlings), the proportion of ticks on the weaker 
nestling increased with the difference in immunocompe-
tence. This result suggests that, even though ixodid ticks are 
believed to easily circumvent host immune systems in natu-
ral hosts (Ribeiro 1989), there may be fitness costs associated 
to host immunity which have driven the parasite’s adapta-
tions to minimize host immune responses. A number of 
studies have shown correlations between ectoparasite loads 
and the innate immunity based on natural antibodies that is 
used in our study (Whiteman et al. 2006, De Coster et al. 
2010), but others have failed to find any association (Møller 
and Haussy 2007). These contradicting findings may cast 
doubt on the significance of this recently published immune 
measure (Matson et al. 2005) with respect to ectoparasite 
resistance. However, even if the natural antibodies would not 
affect the fitness of the ticks, they might play a role in the 
host’s defence against the microparasites carried by the ticks. 
Given that natural antibodies can kill microparasites in vivo 
(e.g. spirochetes (Belperron and Bockenstedt 2001)), and 
microparasites in turn can alter the ticks’ behaviour (Lefcort 
and Durden 1996, Faulde and Robbins 2008) there might 
be a possibility that the ticks’ preference for the less immune 
nestling is partly driven by tick-transmitted microparasites.

Note that the measure of innate resistance in our study 
was not related to nestling development age at a particular 
moment in the development cycle, although we found sta-
tistically significant age-differences in the other physiological 
parameters. Similarly, in a previous great tit study (Roulin et 
al. 2003) no age-differences in the cell-mediated immunity 
were reported. These findings question the validity of the 
‘tasty chick hypothesis’ in great tits, since the basic assump-
tion that junior siblings have the lowest immunocompetence 
(Christe et al. 1998) leading to a high ectoparasite prefer-
ence, is not supported. It similarly argues against a recently 
proposed theory that mothers would try to improve the 
anti-ectoparasite immunity of the last-hatched offspring by 
a pre-hatching deposition of immune components (Bize and 
Roulin 2009), at least with regard to the innate immune 
response that was measured in this study.

Ectoparasites often show overdispersed distributions 
within populations of their hosts, i.e. large fractions of the 
parasite population typically infest a small proportion of 
the host population (Wilson et al. 2002). Besides among-
host variation in exposure risk (e.g. due to contrasting tick 
densities among habitats), inter-individual differences in 
attractiveness to ectoparasites can also explain aggregations 
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(Wilson et al. 2002, Poulin 2007) as was shown in our study. 
Factors generating over-dispersed parasite distributions are 
considered of central importance in the evolutionary out-
come of host–parasite interactions, since they determine the 
impact of the parasites on host populations, and vice versa 
(Anderson and May 1978, May and Anderson 1978, Jae-
nike 1996). In addition, in arthropod vectors, aggregation 
affects the population dynamics and transmission of vector-
borne microparasites. For example, when in ixodid ticks dif-
ferent development stages similarly aggregate on the same 
host individuals, disease transmission via co-feeding can be 
strongly facilitated (Randolph et al. 2002). Furthermore, 
similarities in host aggregation between different tick species 
may promote interspecific transmission of microparasites, as 
may be the case in the tree-hole tick and sheep ticks that 
share the same songbird hosts.

In conclusion, our results show that ectoparasitic ticks 
actively discriminate between individual songbird nestlings 
based on differences in physiological and developmental sta-
tus. As a consequence, ticks preferentially aggregate on well 
developed and less immunocompetent nestlings. Further 
research may reveal the exact cues that lead to differential 
attraction to nestlings, and to which extent these host prefer-
ences may influence the ticks’ aggregation patterns, fitness 
and pathogen transmission.

Acknowledgements – We are grateful to Christophe Van de Sande for 
his assistance in both field experiments. Liesbeth De Neve and 
Greet De Coster shared their experience in measuring the constitu-
tive innate humoral immunity of great tit nestlings. Experiments 
were carried out under licence of the Flemish Ministry (Agentschap 
Natuur en Bos) and the experimental protocol was approved by the 
Ethical Committee of the Univ. of Antwerp.

References

Anderson, J. F. and Magnarelli, L. A. 2008. Biology of ticks. – 
Infect. Dis. Clinics N. Am. 22: 195–215.

Anderson, R. M. and May, R. M. 1978. Regulation and stability 
of host-parasite population interactions. I. Regulatory proc-
esses. – J. Anim. Ecol. 47: 219–247.

Balashov, Y. S. 1972. Bloodsucking ticks (Ixodidea) – vectors of 
diseases of man and animals. – Misc. Publ. Entomol. Soc. Am. 
8: 159–376.

Barba, E. et al. 1993. Factors affecting nestling growth in the great 
tit Parus major. – Ardeola 40: 121–131.

Belperron, A. A. and Bockenstedt, L. K. 2001. Natural antibody 
affects survival of the spirochete Borrelia burgdorferi within 
feeding ticks. – Infect. Immun. 69: 6456–6462.

Bize, P. and Roulin, A. 2009. Effects of common origin and common 
rearing environment on variance in ectoparasite load and phe-
notype of nestling Alpine swifts. – Evol. Biol. 36: 301–310.

Bize, P. et al. 2008. What makes a host profitable? Parasites balance 
host nutritive resources against immunity. – Am. Nat. 171: 
107–118.

Breslow, N. E. and Clayton, D. G. 1993. Approximate inference 
in generalized linear mixed models. – J. Am. Stat. Ass. 88: 
9–25.

Christe, P. et al. 1998. Immunocompetence and nestling survival 
in the house martin: the tasty chick hypothesis. – Oikos 83: 
175–179.

Christe, P. et al. 2003. Differential species-specific ectoparasitic 
mite intensities in two intimately coexisting sibling bat 



 species: resource-mediated host attractiveness or parasite spe-
cialization? – J. Anim. Ecol. 72: 866–872.

Christe, P. et al. 2007. Host sex and ectoparasites choice: preference 
for, and higher survival on female hosts. – J. Anim. Ecol. 76: 
703–710.

Clayton, D. H. and Moore, J. 1997. Host–parasite evolution: gen-
eral principles and avian models. – Oxford Univ. Press.

Davidar, P. et al. 1989. Differential distribution of immature Ixodes 
dammini (Acari, Ixodidae) on rodent hosts. – J. Parasitol. 75: 
898–904.

Davison, F. et al. 2008. Avian immunology. – Elsevier.
De Bellocq, J. G. et al. 2006. Immunocompetence and flea parasit-

ism of a desert rodent. – Funct. Ecol. 20: 637–646.
De Coster, G. et al. 2010. Variation in innate immunity in relation 

to ectoparasite load, age and season: a field experiment in great 
tits (Parus major). – J. Exp. Biol. 213: 3012–3018.

Donze, G. et al. 2004. Rumen metabolites serve ticks to exploit 
large mammals. – J. Exp. Biol. 207: 4283–4289.

Duffy, D. C. and Campos de Duffy, M. J. 1986. Tick parasitism 
at nesting colonies of blue-footed boobies in Peru and Gala-
pagos. – Condor 88: 242–244.

Elliott, J. M. 1977. Statistical analysis of samples of benthic inver-
tebrates. – Freshwater Biological Ass.

Elliott, S. L. et al. 2002. Host–pathogen interactions in a varying 
environment: temperature, behavioural fever and fitness. – 
Proc. R. Soc. B 269: 1599–1607.

Faulde, M. K. and Robbins, R. G. 2008. Tick infestation risk and 
Borrelia burgdorferi s.l. infection-induced increase in host-
finding efficacy of female Ixodes ricinus under natural condi-
tions. – Exp. Appl. Acarol. 44: 137–145.

Fisher, R. A. et al. 1943. The relation between the number of spe-
cies and the number of individuals in a random sample of an 
animal population. – J. Anim. Ecol. 12: 42–58.

Fitze, P. S. et al. 2004. Life history and fitness consequences of 
ectoparasites. – J. Anim. Ecol. 73: 216–226.

Gallizzi, K. et al. 2008. A flea-induced pre-hatching maternal effect 
modulates tick feeding behaviour on great tit nestlings. – 
Funct. Ecol. 22: 94–99.

Gosler, A. 1993. The great tit. – Hamlyn.
Hawlena, H. et al. 2005. Age-biased parasitism and density-de-

pendent distribution of fleas (Siphonaptera) on a desert rodent. 
– Oecologia 146: 200–208.

Heylen, D. J. A. and Matthysen, E. 2008. Effect of tick parasitism 
on the health status of a passerine bird. – Funct. Ecol. 22: 
1099–1107.

Heylen, D. J. A. et al. 2010. Lack of resistance against the tick 
Ixodes ricinus in two related passerine bird species. – Int. J. 
Parasitol. 40: 183–191.

Hillyard, P. D. 1996. Ticks of northwest Europe. – Backhuys  Publishers.
Hudde, H. and Walter, G. 1988. Verbreitung und Wirtswahl der 

Vogelzecke Ixodes arboricola (Ixodoidea, Ixodidae) in der Bun-
desrepublik Deutschland. – Vogelwarte 34: 201–207.

Jaenike, J. 1996. Population-level consequences of parasite aggrega-
tion. – Oikos 76: 155–160.

Keesing, F. et al. 2009. Hosts as ecological traps for the vector of 
Lyme disease. – Proc. R. Soc. B 276: 3911–3919.

Lefcort, H. and Durden, L. A. 1996. The effect of infection with 
Lyme disease spirochetes (Borrelia burgdorferi) on the photo-
taxis, activity, and questing height of the tick vector Ixodes 
scapularis. – Parasitology 113: 97–103.

Lehane, M. 2005. The biology of blood-sucking in insects. – 
 Cambridge Univ. Press.

Lehmann, T. 1993. Ectoparasites: direct impact on host fitness. – 
Parasitol. Today 9: 8–13.

Liebisch, G. 1996. Biology and life cycle of Ixodes (Pholeoixodes) 
arboricola Schulze and Schlottke, 1929 (Ixodidae). – In: 
Mitchell, R. et al. (eds), Acarology IX. The Ohio Biological 
Survey, pp. 453–455.
Loye, J. E. and Zuk, M. 1991. Bird–parasite interactions: ecology, 
evolution and behaviour. – Oxford Univ. Press.

Matson, K. D. et al. 2005. A hemolysis–hemagglutination assay for 
characterizing constitutive innate humoral immunity in wild 
and domestic birds. – Dev. Compar. Immunol. 29: 275–286.

Matthysen, E. et al. 2001. Local recruitment of great and blue tits 
(Parus major, P. caeruleus) in relation to study plot size and 
degree of isolation. – Ecography 24: 33–42.

May, R. M. and Anderson, R. M. 1978. Regulation and stability 
of host–parasite population interactions. II. Destabilizing 
processes. – J. Anim. Ecol. 47: 249–267.

Mertens, J. A. L. 1977. Thermal conditions for successful breeding 
in great tits (Parus major L.). I. Relation of growth and devel-
opment of temperature regulation in nestling great tit. – 
 Oecologia 28: 1–29.

Molenberghs, G. and Verbeke, G. 2005. Models for discrete 
 longitudinal data. – Springer.

Møller, A. P. and Haussy, C. 2007. Fitness consequences of varia-
tion in natural antibodies and complement in the barn swallow 
Hirundo rustica. – Funct. Ecol. 21: 363–371.

Moore, J. 2002. Parasites and the behavior of animals. – Oxford 
Univ. Press.

Ogden, N. H. et al. 2002. Field evidence for density-dependent 
facilitation amongst Ixodes ricinus ticks feeding on sheep. – 
Parasitology 124: 117–125.

Osterkamp, J. et al. 1999. Host-odour recognition in two tick 
species is coded in a blend of vertebrate volatiles. – J. Compar. 
Physiol. A 185: 59–67.

Peterkova, K. et al. 2008. Immunomodulatory arsenal of nymphal 
ticks. – Med. Vet. Entomol. 22: 167–171.

Poulin, R. 2007. Evolutionary ecology of parasites. – Princeton 
Univ. Press.

Price, P. W. 1980. Evolutionary biology of parasites. – Princeton 
Univ. Press.

Randolph, S. E. et al. 2002. The ecology of tick-borne infections 
in wildlife reservoirs. – In: Hudson, P. J. et al. (eds),  
The ecology of wildlife diseases. Oxford Univ. Press,  
pp. 119–138.

Reckardt, K. and Kerth, G. 2009. Does the mode of transmission 
between hosts affect the host choice strategies of parasites? 
Implications from a field study on bat fly and wing mite infes-
tation of Bechstein’s bats. – Oikos 118: 183–190.

Ribeiro, J. M. C. 1989. Role of saliva in tick host interactions. – 
Exp. Appl. Acarol. 7: 15–20.

Richner, H. et al. 1993. Effect of an ectoparasite on reproduction 
ingreat tits. – J. Anim. Ecol. 62: 703–710.

Roulin, A. et al. 2003. Which chick is tasty to parasites? The impor-
tance of host immunology vs. parasite life history. – J. Anim. 
Ecol. 72: 75–81.

Sharma, S. 1996. Applied multivariate techniques. – Wiley.
Sheldon, B. C. and Verhulst, S. 1996. Ecological immunology: 

costly parasite defenses and tradeoffs in evolutionary ecology. 
– Trends Ecol. Evol. 11: 317–321.

Shih, C. M. and Spielman, A. 1993. Accelerated transmission of 
Lyme-disease spirochetes by partially fed vector ticks. – J. 
Clinical Microbiol. 31: 2878–2881.

Simon, A. et al. 2003. Within-brood distribution of ectoparasite 
attacks on nestling blue tits: a test of the tasty chick hypoth-
esis using inulin as a tracer. – Oikos 102: 551–558.

Sonenshine, D. E. 1991. Biology of ticks. – Oxford Univ. Press.
Steullet, P. and Guerin, P. M. 1992. Perception of breath com-

ponents by the tropical bont tick, Amblyomma variegatum 
Fabricius (Ixodidae) .1. Co2-excited and Co2-inhibited recep-
tors. – J. Compar. Physiol. A 170: 665–676.

Vaclav, R. et al. 2008. Ectoparasite load is linked to ontogeny 
and cell-mediated immunity in an avian host system with 
pronounced hatching asynchrony. – Biol. J. Linn. Soc. 94: 
463–473.
7



Valera, F. et al. 2004. Size versus health as a cue for host choice: 
a test of the tasty chick hypothesis. – Parasitology 129: 
59–68.

Wakelin, D. 1996. Immunity to parasites. – Cambridge Univ. 
Press.

Walter, G. et al. 1979. Untersuchungen zur Biologie und Verbrei-
tung von Zecken (Ixodoidea, Ixodidae) in Norddeutschland. 
– Angew. Ornithol. 5: 65–73.

Wang, H. et al. 2001. Feeding aggregation of the tick Rhipicepha-
lus appendiculatus (Ixodidae): benefits and costs in the contest 
with host responses. – Parasitology 123: 447–453.

Whiteman, N. K. et al. 2006. Disease ecology in the Galapagos 
hawk (Buteo galapagoensis): host genetic diversity, parasite load 
and natural antibodies. – Proc. R. Soc. B 273: 797–804.
8

Wikel, S. K. 1996. Host immunology of host–ectoparasitic arthro-
pod relationships. – CABI.

Wilson, K. et al. 2002. Heterogeneities in macroparasite infections: 
patterns and processes. – In: Hudson, P. J. et al. (eds), The 
ecology of wildlife diseases. Oxford Univ. Press, pp. 6–62.

Winkel, W. 1970. Hinweise zur Art- und Altersbestimmung von 
Nestlingen hohlenbrutender Vogelarten anhand ihrer Korper-
entwicklung. – Vogelwelt 91: 52–59.

Wolfinger, R. and O’Connell, M. 1993. Generalized linear mixed 
models: a pseudo-likelihood approach. – J. Stat. Comput. 
Simulation 4: 233–243.

Yunker, C. E. et al. 1992. Olfactory responses of adult Amblyomma 
hebraeum and A. variegatum (Acari, Ixodidae) to attractant chem-
icals in laboratory tests. – Exp. Appl. Acarol. 13: 295–301.


