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Abstract
Ecological factors and individual-specific traits affect parasite infestation in wild animals. Ixodid ticks are important ectoparasites of
various vertebrate hosts, which include passerine bird species such as the great tit (Parus major). We studied various key ecological
variables (breeding density, human disturbance) and phenotypic traits (exploratory behaviour, body condition) proposed to predict tick
infestation probability and burden in great tits. Our study spanned 3 years and 12 nest box plots located in southernGermany. Breeding,
adult great tits were assessed for exploration behaviour, body condition, and tick burden. Plots were open to human recreation; human
disturbance was quantified in each plot as a recreation pressure index from biweekly nest box inspections. Infested individuals were
repeatable in tick burden across years. These repeatable among-individual differences in tick burdenwere not attributable to exploration
behaviour. However, faster explorers did have a higher infestation probability. Furthermore, body condition was negatively correlated
to tick burden. Recreation pressure was correlated to increased infestation probability, although this relationship was just above the
threshold of statistical significance. Our study implies that avian infestation probability and tick burden are each determined by distinct
phenotypic traits and ecological factors. Our findings highlight the importance of animal behaviour and human disturbance in
understanding variation in tick burden among avian hosts.

Significance statement
Various abiotic and biotic factors, including personality type, influence tick parasitism in birds, but exactly how all these factors
interplay remains unclear. We studied a wild population of great tits over a 3-year period and assessed birds for their exploration
behaviour and tick infestation. We found that more explorative great tits were more likely to be infested with ticks. By contrast, faster
explorers did not have higher tick burdens. Tick burden was nevertheless moderately repeatable among individuals. Our results imply
that animal personality influences the probability of parasite infestation, and that infestation likelihood versus intensity are determined
by distinct mechanisms. Our work highlights the importance of animal behaviour to understand parasite infestation inwild populations.
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Urbanisation

Introduction

Parasitic relationships between obligate ectoparasites and their
animal hosts are predicted to be influenced by ecological fac-
tors and host-specific traits (Barber and Dingemanse 2010;
Kiffner et al. 2011; Perez et al. 2016). Ticks are obligate ec-
toparasites that feed on the blood of various vertebrate hosts,
including birds (Hillyard 1996; Kurtenbach et al. 2006), and
negatively influence host fitness (Norte et al. 2013). Tick bur-
den varies among individuals as a function of individual-
specific traits, such as host foraging style, personality
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(Barber and Dingemanse 2010; Newman et al. 2015; Sih et al.
2018), body size, or body condition (Norte et al. 2013;
Newman et al. 2015). For instance, ground-foraging
(compared to canopy-foraging) bird species have higher tick
burdens (Newman et al. 2015; Loss et al. 2016; Kocianová
et al. 2017), as do larger (compared to smaller) species
(Newman et al. 2015). Furthermore, individual-specific differ-
ences in foraging or social behaviour can also predict tick
burdens within populations of the same species (Sih et al.
2018). For example, individuals that are more active and ex-
plorative in their (foraging) behaviour may encounter more
parasites (e.g. ticks), and consequently have higher tick bur-
dens (Barber and Dingemanse 2010; Sih et al. 2018; Taggart
et al. 2018). The link between exploration behaviour and ec-
toparasite (i.e. tick) infestation has been investigated in few
species (Barber and Dingemanse 2010; Sih et al. 2018); fur-
ther studies are needed to determine whether reported relation-
ships are general versus specific to species or their ecological
conditions. Here, we investigated whether tick infestation var-
ied as a function of two individual-specific traits (exploratory
behaviour and body condition), using wild great tits (Parus
major) as a model. Both exploration behaviour and body con-
dition are repeatable in great tits (Stuber et al. 2013; Moiron
et al. 2018, 2019).

The likelihood and number of ticks carried by an indi-
vidual bird can vary also as a function of ecological fac-
tors, particularly those affecting tick abundance and
questing behaviour (Mejlon and Jaenson 1997). Key fac-
tors include temperature and humidity (Lindgren et al.
2000; Kiffner et al. 2011; Titcomb et al. 2017), host breed-
ing density (Oorebeek and Kleindorfer 2008; Takumi et al.
2019), and vegetation type and coverage (Kiffner et al.
2011; Tack et al. 2012a, b, 2013). These factors vary spa-
tiotemporally and, consequently, tick abundance will vary
throughout the environment and affect host tick burden
depending on how hosts are distributed over tick habitats.
Tick burden generally varies with tick and host density
(Randolph 1998, 2008); any factor that affects their ratio
thus influences tick burden. Both the percentage of
infested birds and tick burden are, consequently, predicted
to change with habitat modifications and climate change
(Lindgren et al. 2000; Randolph 2004; Akimov and
Nebogatkin 2016). For example, city-dwelling birds may
carry lower tick burdens (Evans et al. 2009; Hamer et al.
2012) as urbanisation reduces tick densities (Akimov and
Nebogatkin 2016; Heylen et al. 2019). To date, most re-
search has focused on the effects of urbanisation on bird
tick infestation due to habitat modifications rather than
susceptibility to tick infestation (Hamer et al. 2012;
Akimov and Nebogatkin 2016). Human presence affects
bird reproductive success and bird habitat choice (Hutfluss
and Dingemanse 2019), and may therefore influence sus-
ceptibility of birds to tick infestation. Studies documenting

effects of human disturbance on tick burden in bird popu-
lations are required to identify factors with general versus
study-specific effects (Kelly 2006; Nakagawa and Parker
2015).

We tested the link between two phenotypic traits (explora-
tion behaviour and body condition) and two environmental
factors (breeding density and human disturbance) on tick in-
festation of great tits inhabiting 12 forest plots varying in
breeding density and human disturbance levels (Araya-Ajoy
and Dingemanse 2017; Hutfluss and Dingemanse 2019). Our
repeated measures design spans over 3 years and 12 plots and
enables the quantification of the amount of variance in tick
burden attributable to among-year (temporal variation),
among-plot (spatial variation), and among-bird (individual
variation) variation. This variance partitioning approach there-
by resulted in quantitative estimates of the magnitude of var-
iation attributable to multiple key biological levels of
variation.

Material and methods

Study sites and data collection

Our study was performed in 12 nest box plots within a 10 × 15
km2 area in southern Munich (47° 57′ N, 11° 21′ E)
established in autumn 2009. Each plot was fitted with 50 nest
boxes in a regular grid covering approximately 9 hectares.
Breeding parameters of great tits (detailed below) were mon-
itored for 3 years (2017–2019) within all plots except one plot
that was monitored only in 2017. Each nest box was inspected
biweekly during the breeding season (April–July) for nesting
activity. During plot inspections, the number of recreationists
was counted as a measure of human disturbance (detailed by
Hutfluss and Dingemanse 2019).

When hatchlings were 10–12 days old, both parents were
captured in the nest box using a spring trap. Birds were given a
unique, numbered band if not previously banded. They were
then tested for their exploration behaviour (detailed below),
weighed, measured morphologically (Moiron et al. 2019),
aged (based on plumage characteristic as first year breeder
or older; Dingemanse et al. 2020), and screened for ticks (pro-
tocol detailed below). Most birds were captured in May and a
few in June. These captures were used to calculate breeding
density, defined as the number of breeding pairs producing
first clutches per hectare.

Exploration behaviour

Exploration behaviour was measured using a novel environ-
ment test adapted to the field using established protocols (see
Stuber et al. 2013). Birds were transferred to a holding box
attached to a cage (61 L × 39W × 40 H cm) fitted with a mesh
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front and three perches, representing the novel environment.
The holding box was covered with a cloth bag and the subject
was allowed to acclimatise for 1 min. After acclimatisation,
the focal bird was released into the novel environment without
handling and recorded for 2 min with the field observer locat-
ed out of sight. Videos were subsequently scored by dividing
the cage into six equal sections and three floor sections as
described in Stuber et al. (2013). The exploration score was
calculated as the sum ofmovements between all sections with-
in the first 2 min of entering the novel environment (Abbey-
Lee and Dingemanse 2019; Dingemanse et al. 2020). The
behavioural data used in this paper was based on videos
scored in randomised order within years, and blindly with
respect to individual identity and tick infestation.

Tick burden and collection

Ticks tend to concentrate around the eyes and beak of great tits
(Heylen and Matthysen 2008; Fracasso et al. 2019). A region-
al patch examination protocol (reviewed in Lydecker et al.
2019) was developed to standardise the screening. We
screened (1) around the eyes/ears and along the margin of
the beak on both sides of the bird, (2) underneath the beak,
(3) along the top margin of the beak, and (4) on the top of the
head. We subsequently calculated the total number of ticks
carried by each captured bird. In 2018–2019, all captured
birds were screened; in 2017 only a sample. In 2018 and
2019, a sample of ticks were collected using fine tweezers
and stored in 99% ethanol as part of another study. Those were
subsequently morphologically identified to life-stage and spe-
cies according to published taxonomic keys (Filippova 1977;
Hillyard 1996; Estrada-Peña et al. 2014).

Recreation pressure index

During each plot inspection, all observers recorded each recrea-
tionist seen and their specific location (detailed by Hutfluss and
Dingemanse 2019).We took care to count each recreationist only
once by only counting the first observation of each recreationist
per plot check. The probability to observe a recreationist during a
plot inspection is biased by various factors (Hutfluss and
Dingemanse 2019). To obtain an unbiased index of recreation
pressure, the binary probability to observe recreationists was cal-
culated using all inspections conducted from 2010 to 2019 (n =
3724 inspections). This probability was calculated using a bino-
mial generalised linear mixed effects model (GLMM) fitting
fixed effects for plot inspection duration, the number of ob-
servers, and starting time (in hours from sunrise) (Hutfluss and
Dingemanse 2019). We fitted random intercepts for each unique
combination of plot and year (termed plot-year, see Abbey-Lee
et al. 2016; Araya-Ajoy et al. 2016; Araya-Ajoy and
Dingemanse 2017) to acquire an average value of recreation
pressure for each plot in each year, and for date of observation

to control for date-specific environmental effects (Supplemental
Table 1). We extracted best linear unbiased predictors (BLUPs)
for each plot-year between 2017 and 2019 (n = 34) and used
them in subsequent models as a recreation pressure index. The
usage of BLUPs has been criticised when associated uncertainty
is not taken forward; some have proposed to estimate a posterior
distribution of possible BLUP values and thereby take forward
uncertainty in subsequent analyses (Hadfield et al. 2010;
Houslay andWilson 2017). However, taking forward uncertainty
in BLUP values can result in biased estimates, whereas utilising
average BLUPs as fixed effects results in less precise but unbi-
ased estimates (Dingemanse et al. 2020). Therefore, we here
present the estimated effect of the average BLUP values.

Data preparation

The scaled mass index (Peig and Green 2009) was used as our
measure of body condition. Following Peig and Green (2009),
this index was calculated separately for each sex as follows:

SMi ¼ Mi � L0
Li

� �bSMA

ð1Þ

where Mi and Li are the mass and tarsus measurements of
individual i respectively; L0 is the arithmetic mean of all tarsus
lengths of either all females or all males (dependent on the sex
of individual i); and bSMA is the scaling exponent calculated
as:

bSMA ¼ bOLS
R

ð2Þ

where bOLS is the slope of linear regression of log-
transformed bodymass as a function of log-transformed tarsus
length of either all females or all males (dependent on the sex
of individual i) and R is the Pearson correlation coefficient of
the regression. We used all birds recorded from 2010 to 2019
(n = 4273 records) to calculate the scaling coefficient (includ-
ing any repeated measures).

We calculated individual-mean exploration scores using a
linear mixed effects model (LMM) fitting exploration behav-
iour as the response variable (Supplemental Table 2). We
fitted test sequence as a fixed effect covariate to control for
sequence effects (Dingemanse et al. 2012, 2020), and includ-
ed random intercepts for individual and plot-year. The model
included data from all years (2010–2019) (n = 4251) and
assumed a Gaussian error distribution. We extracted an aver-
age BLUP value per individual, which we used in subsequent
analyses as a measure of an individual’s average (experience-
corrected) exploration score.
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Statistical analysis

Tick infestation of great tits was analysed in two parts using
GLMMs. First, infestation probability was estimated using all
recorded captures from 2017 through 2019 (n = 784 records).
Second, tick burden (i.e. the absolute number of ticks ob-
served) was modelled using only infested individuals (n =
520 records). For both response variables, the model set up
was the same. Fixed effects were fitted for recreation pressure,
breeding density, body condition, sex, age, and individual-
mean exploration score. Sex and age were fitted because
males (versus females) and younger (versus older) birds often
have higher tick burdens (Heylen and Matthysen 2008;
Heylen et al. 2013). Random intercepts were fitted for year,
plot, plot-year, field observer, nest box, and individual. Prior
to analysis, all fixed effects were mean-centred, and variance
standardised, such that the statistical intercepts of our models
reflected the value for the average individual in the average
environmental condition.

All statistical analyses were performed in R (version 3.5.3)
(R Core Team 2019). Models were run using the functions
lmer and glmer from the package lme4 (Bates et al. 2015)
assuming either binomial (infestation probability) or Poisson
(tick burden) error distributions. Mean estimates and their
95% credible intervals (CIs) were estimated based on 5000
simulations using the sim function from the arm package
(Gelman and Su 2016). Residual errors were calculated ac-
cording to Nakagawa and Schielzeth (2010). Adjusted repeat-
ability values were calculated as the proportion of variance
unexplained by the fixed effects that was explained by the
focal random effect. Estimates with 95% CIs not overlapping
zero were treated as statistically significant in the frequentist’s
sense. Models were checked graphically for fit (Supplemental
Figs. 1 and 2).

Results

On average, 65.1% of all captured adult great tits carried ticks.
Infested birds were found in all study plots and all years (Fig.
1); the average tick burden of an infested bird (n = 520) was
(mean ± SD) 5.69 ± 9.02 ticks (Fig. 2). Collected ticks (n =
1583) were either larvae (n = 860) or nymphs (n = 722); we
found only one (male) adult tick (in 2018). All ticks belonged
to the genus Ixodes; the most common species were I. ricinus
(43.9%), I. frontalis (8.3%), and I. inopinatus (2.8%). The
remaining ticks (45.0%) could only be identified to genus
(Ixodes spp.) and not species level. Infestation probability
but not tick burden varied between plots (Table 1). Both tick
burden and infestation probability varied among nest boxes
(Table 1). Individuals were not repeatable in infestation prob-
ability (Table 1). Analyses based on infested individuals

showed that tick burden was moderately repeatable (estimate:
0.45; 95% CI: 0.40, 0.51).

Exploration behaviour positively correlated with infesta-
tion probability (estimate: 0.18; 95% CI: 0.01, 0.35; Fig. 3)
but not with tick burden (estimate: − 0.02; 95% CI: − 0.12,
0.09). Additionally, body condition was negatively correlated
with tick burden (estimate: − 0.11; 95% CI: − 0.19, − 0.02;
Fig. 4) but not with infestation probability (estimate: 0.06;
95% CI: − 0.11, 0.24). A positive trend between infestation
probability and recreational pressure was observed but was
not statistically significant (estimate: 0.21; 95% CI: − 0.03,
0.43; Fig. 5). Breeding density, age, and sex did not affect
infestation probability or tick burden (Table 1).

Discussion

The relationship between ticks and their avian hosts is shaped
by ecological factors that influence both host population dy-
namics and parasite (tick) distributions. Their respective

Table 1 Effect size estimates (β) and 95% credible intervals (CIs) for
great tit tick infestation as the probability of infestation (n = 784 records)
and tick burden of infested individuals (n = 520 records)

Infestation probability Tick burden

Fixed effects β (95% CI) β (95% CI)

Intercept 0.89 (0.42, 1.37) 1.20 (0.75, 1.64)

Recreational pressure 0.21 (− 0.03, 0.43) − 0.07 (− 0.22, 0.08)

Breeding density 0.08 (− 0.26, 0.43) − 0.04 (− 0.25, 0.17)

Exploratory behaviour 0.18 (0.01, 0.35) − 0.02 (− 0.12, 0.09)

Body condition 0.06 (− 0.11, 0.24) − 0.11 (− 0.19, − 0.02)

Sexa − 0.06 (− 0.42, 0.24) − 0.06 (− 0.24, 0.12)

Age − 0.07 (− 0.24, 0.09) 0.01 (− 0.08, 0.10)

Random effects σ2 (95% CI) σ2 (95% CI)

Year 0.04 (0.00, 0.17) 0.13 (0.03, 0.36)

Plot 0.47 (0.18, 0.94) 0.05 (0.02, 0.09)

Plot-year 0.08 (0.04, 0.12) 0.07 (0.04, 0.12)

Observer 0.01 (0.00, 0.01) 0.13 (0.06, 0.23)

Nest box 0.64 (0.55, 0.74) 0.28 (0.23, 0.32)

Individual 0.00 (0.00, 0.00) 0.45 (0.40, 0.51)

Residual 3.45 (3.45, 3.36) 1.27 (1.39, 1.18)

Adjusted repeatability r (95% CI) r (95% CI)

Year 0.01 (0.00, 0.03) 0.05 (0.01, 0.13)

Plot 0.10 (0.04, 0.18) 0.02 (0.01, 0.03)

Plot-year 0.02 (0.01, 0.02) 0.03 (0.02, 0.04)

Observer 0.00 (0.00, 0.00) 0.05 (0.03, 0.08)

Nest box 0.14 (0.13, 0.14) 0.12 (0.11, 0.11)

Individual 0.00 (0.00, 0.00) 0.19 (0.18, 0.18)

Residual 0.74 (0.82, 0.63) 0.53 (0.64, 0.42)

a Differences between sexes (reference category = female)
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effects, furthermore, vary as a function of phenotypic traits
expressed by hosts, such as their behavioural (or ‘personality’)
types. Our study sheds light on the relative influence of each
of these biological factors. We quantified effects of human
disturbance, breeding density, and phenotypic traits specific
to hosts (exploration behaviour and body condition), using a
cavity-breeding passerine, the great tit, as a model. We found
that faster explorers were more likely to be infested with ticks.
Furthermore, infested birds had higher tick burdens when in
poor condition. Additionally, we found a non-significant trend
suggesting that high recreation pressure increased infestation
probability. Finally, both tick burden and infestation probabil-
ity varied across time (years) and space (plots). Importantly,
among infested birds, tick burden was moderately repeatable
across years, implying that individual phenotypic traits (other
than exploration behaviour and body condition) influenced
tick infestation. Our findings help elucidate the importance
of ecological and behavioural mediators of the relationship
between ticks and their avian hosts. This observational study
now awaits experimental testing to reveal causality of the
reported relationships.

Explorative birds were more likely to be infested but did
not carry more ticks. This very same pattern has also been
reported in wild squirrels (Santicchia et al. 2019). Our birds
were predominantly infested by larvae and nymphs of the
genus Ixodes. As for many other vertebrate hosts in Europe
(Hillyard 1996), the most common tick species was I. ricinus.
This tick species quests for hosts vertically up to 1.5 m
(Mejlon and Jaenson 1997). An explanation for our results
that requires verification is that explorative birds thus foraged
close to the ground, where nymphs and larvae are most abun-
dant (Mejlon and Jaenson 1997), and therefore were more
likely to acquire ticks. Indeed, foraging style has previously
been shown to be an important predictor of tick burden in
other bird species (Newman et al. 2015; Kocianová et al.
2017). Exploration behaviour is known to predict foraging

style, and therefore, the observed effect of exploration behav-
iour could partially be a result of individual differences in
foraging style (Verbeek et al. 1994; Aplin et al. 2014;
Moiron et al. 2018; but see Moyers et al. 2018). The use of
radio-tracking may help to elucidate whether increased infes-
tation probability is linked to where faster explorers forage or
to how much they move (Snijders et al. 2014).

Sex and age did not influence tick infestation even though
previous studies found (or implied) that males (compared to
females) have increased tick burdens (Hoodless et al. 2003),
while older (versus younger) birds have decreased tick bur-
dens (Heylen et al. 2013; but see Heylen and Matthysen
2008). The absence of a sex effect in this study could relate
to our study design. We collected data during the breeding
season, when both males and females may have been in low
condition due to chick rearing (Ots and Horak 1996), which
may have masked any sex differences. Even so, sex-biased
parasite infestation is not universally found in all species, sug-
gesting that our null effect is genuine (Heylen and Matthysen
2008; Kiffner et al. 2013). Additionally, we found no effect of
age on tick infestation in agreement with another study on
great tits (Heylen and Matthysen 2008; but see Heylen et al.
2013). The lack of an effect of bird age could stem from
within- versus among-individual age effects having opposite
signs (van de Pol and Wright 2009). To test if this was the
case, we split age into among- and within-individual compo-
nents (Supplemental Text 1). This level-specific analysis also
failed to show effects of these factors (Supplemental Text 1)
supporting the absence of an age effect in our data.

Other research has argued that tick burden positively cor-
relates to body condition (Mysterud et al. 2015). However,
correlations between parasite burden and body condition oc-
cur in some but not all species, and are thus most likely not
universal (Kiffner et al. 2013). How body condition of great
tits relates to their tick infestation remains to be determined
(Heylen and Matthysen 2008; Heylen et al. 2013).

Fig. 1 Percentages of all captured
great tit adults infested with ticks
from the 2017 to 2019 breeding
seasons. Data for plot 7 were only
available for the year 2017
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Importantly, body condition and exploration behaviour are
(sometimes) correlated (Dosmann et al. 2015; Moiron et al.
2019) but effects of exploration behaviour and body condition
on tick burden have not been disentangled. Previously, no
relationship had been found between tick infestation and body
condition in wild great tits (Heylen and Matthysen 2008;
Heylen et al. 2013). Our study only partially confirms this
result as body condition did not influence infestation proba-
bility, but tick burden of infested birds was negatively corre-
lated to body condition. This negative relationship between
body condition and tick burden has been observed in other
species, and has been attributed to health reductions due to
blood loss (Norte et al. 2013). However, the direction of the
effect remains unclear, perhaps because multiple factors are
involved. High tick burdens could in fact lower body

condition through blood loss (Norte et al. 2013) but, addition-
ally, birds with lower body condition could be more suscepti-
ble to tick infestation, and consequently, have higher tick bur-
dens (Norte et al. 2010, 2013). More research is therefore
needed to disentangle the pathways by which these patterns
are generated.

Individuals were not repeatable in infestation probability,
but tick burden was repeatable within infested individuals.
This means that phenotypic traits other than those measured
here (i.e. exploratory behaviour and body condition) explain
tick burdens of infested birds. For instance, grooming behav-
iour has been shown to shape tick burdens in mammalian
species (Keesing et al. 2009) and appears to influence tick
infestation patterns in great tits (Fracasso et al. 2019).
Additional behaviours such as aggression or foraging

Fig. 2 Average tick burden per
infested great tit adult captured in
each study plot during each field
season (years 2017–2019). Error
bars represent the standard error.
Numbers above the bars are the
number of great tits captured.
Data for plot 7 were only
available for the year 2017

Fig. 3 Infestation probability in
relation to exploration score. For
illustrational purposes only, the
prepared raw data of infestation
probability and exploration score
were split into 10 quantiles and
were averaged to help visualise
this relationship. Each point refers
to themean infestation probability
and exploration score for the
given quantile. Error bars
represent the standard error for the
respective mean infestation
probability. The numbers report
the number of records in the
respective quantile. The line
reports the linear relationship
presented in Table 1
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behaviour (see above) may shape tick infestation (Newman
et al. 2015; Loss et al. 2016; Kocianová et al. 2017; Zohdy
et al. 2017). Our inability to demonstrate that infestation prob-
ability was repeatable may also stem a lack of statistical pow-
er, a common problem in repeatability analyses of binary
traits.

Spatial factors, including nest location, influenced tick in-
festation. Great tits might choose their breeding site based on
several ecological factors, such as resource availability, con-
specific density (Spiegel et al. 2015, 2017; Sih et al. 2018), or
human disturbance (Hutfluss and Dingemanse 2019). As ticks
are heterogeneously distributed over the breeding habitat
(Hillyard 1996; Perez et al. 2016), factors influencing great
tit habitat choice may also affect tick infestation. Tick abun-
dance is normally affected by micro-spatial differences in, for
example, relative humidity (Lindgren et al. 2000; Oorebeek
and Kleindorfer 2008; Kiffner et al. 2011), vegetation type or

structure (Kiffner et al. 2011; Tack et al. 2012a, b, 2013), or
host availability (i.e. rodents, roe deer, etc.) (Oorebeek and
Kleindorfer 2008; Kiffner et al. 2011; Takumi et al. 2019).
Importantly, our birds were captured approximately over a 1-
month period (range: 25–29 days), mostly in May each year,
which corresponds to the peak of tick abundance (Kurtenbach
et al. 2006). Seasonality, such as in weather conditions (e.g.
relative humidity), can influence overall tick abundance
(Mejlon and Jaenson 1997; Perez et al. 2016) and thus tick
burden (Heylen et al. 2013). High host (bird) population den-
sity might push some individuals to occupy habitats more
suitable for ticks, e.g. more humid habitats with denser vege-
tation (Tack et al. 2012a, b), and thereby influence tick infes-
tation. This was not the case here as tick infestation did not
vary with breeding density. The absence of this effect could be
due to confounding effects at different levels of biological
variation (van de Pol and Wright 2009). We therefore split

Fig. 4 Tick burden of infested
birds in relation to their scaled
mass index (i.e. body condition).
The line reports the linear
relationship presented in Table 1

Fig. 5 Infestation probability in
relation to recreation pressure. For
graphical purposes only, the
prepared raw data of infestation
probability and recreation
pressure were split into 10
quantiles and were averaged to
help visualise this relationship.
Each point refers to the mean
infestation probability and
recreational pressure index for the
given quantile. Error bars report
the standard error for the
respective mean infestation
probability. The numbers report
the number of records in the
respective quantile. The line
reports the linear relationship
presented in Table 1
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variation in great tit breeding density into temporal and spatial
components and tested if this mattered, which was not the case
(Supplemental Text 1). As great tits are site faithful (Harvey
et al. 1979) and nest box identity predicts tick infestation,
future work should consider why individuals nest or potential-
ly do not nest in habitats with high tick abundances. For this,
fine-scale data on questing tick densities near occupied nest
boxes, and information on ecological variables (i.e. vegetation
type, humidity, other host species), would be required.
Furthermore, as the average tick burden for any given host
will be modified based on the ratio of competent hosts and
tick abundance in a given geographic area (Randolph 1998,
2008; Brunner and Ostfeld 2008), the presence of other suit-
able vertebrate hosts (i.e. rodents and roe deer Capreolus
capreolus) may have influenced tick infestation for any par-
ticular host species. Testing for interacting effects of multiple
host species on tick infestation in great tits may therefore
represent a promising avenue for future research.

In conclusion, we showed covariance between explora-
tion behaviour of great tits and their tick infestation prob-
ability, with faster explorers having increased infestation
probabilities. For the subpopulation of infested birds, how-
ever, fast explorers did not carry a larger tick burden
among infested birds. Our study thereby supports previous
research demonstrating effects of animal personality on
susceptibility to tick parasitism (Sih et al. 2018). Tick bur-
den was not influenced by sex or age, but negatively cor-
related with body condition. Infested individuals were,
furthermore, repeatable in tick burden, implying that phe-
notypic traits other than those considered here explain re-
peatable differences in tick burden of infested individuals.
Finally, recreation pressure tended to predict infestation
probability. Our results highlight the complex nature of
the parasitic relationship between birds and ticks and the
important moderating effect of phenotypic traits specific to
individual hosts.
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