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Population genetic structure of the tree-hole tick Ixodes
arboricola (Acari: Ixodidae) at different spatial scales

AR Van Oosten1, DJA Heylen1, K Jordaens1,2, T Backeljau1,3 and E Matthysen1

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. We collected 268
ticks 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 were expected 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 that 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.
Heredity (2014) 113, 408–415; doi:10.1038/hdy.2014.41; published online 30 April 2014

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., 2003). Ixodid ticks spend most of their
time off-host because all instars (that is, 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. Further-
more, if hosts show high nest fidelity ticks will tend to detach in the
same nest (McCoy et al., 2003). 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 Schottke was investigated near
Antwerp (Belgium) to gain insight in the transmission ecology of a
host–parasite system of which little is known (Hillyard, 1996).
I. 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., 2014). The feeding activity of
larvae increases in late autumn, and the majority of feeding nymphs
and adult females can be found during the birds’ breeding season,
when adult female ticks primarily infest nestlings (Heylen et al.,
2014). 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., 2012).

Although great and blue tits are intrinsically very mobile, can
disperse over large distances and even may show seasonal migration
(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
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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 (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
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, that is, 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 opportu-
nities 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 I. arboricola from
woodlots in the vicinity of Antwerp, Belgium.

METHODS
I. 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) (Figures 1 and 2, Table 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 41000 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, develop-

mental stage, sex (only for adults) and engorgement status were identified

using a Leica MZ125 stereomicroscope (Leica Microsystems, Wetzlar,

Germany) and identification keys (Arthur, 1963; Hillyard, 1996). In total,

268 I. arboricola ticks (excluding eggs) were collected from 76 nest boxes, and

the number of ticks analysed per nest box ranged from 1 to 11 (Table 1). In six

nest boxes, ticks were collected on two occasions: in MI four nest boxes were

sampled in June 2011 (yielding 8, 8, 2 and 4 ticks, respectively) and June 2012

(yielding 1, 10, 2 and 6 ticks, respectively). In PB, one tick was collected from a

nest box in December 2010 and one from the same nest box in May 2012. In

WA, five ticks were acquired from a nest box in June 2011 and six 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, Düren, Germany), 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, Mol Ecol Resour). 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 between pairs of loci in each woodlot and 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, that

is, 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 45 individuals using exact probability tests across all loci. The

sequential Bonferroni’s procedure was applied to the tests of linkage

disequilibrium 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).

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, namely, among woodlots, among nest boxes within woodlots and

within nest boxes. Because of the software’s inability to use loci with too many

Figure 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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Figure 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 (1¼unfed larvae; 2¼ engorged larvae and unfed

nymphs; 3¼ engorged nymphs, adult males and unfed adult females; and 4¼ engorged adult females). Ticks are clustered per nest box, and labels above
each graph represent sampling dates (monthþ 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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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 (that is, cohorts) within

nest boxes by partitioning genetic variation at three levels, namely, among nest

boxes, among cohorts within nest boxes and within cohorts. All nest boxes

Table 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 N¼66 (16, 13, 37) N¼54 (4, 33, 17) N¼85 (25, 4, 56) N¼48 (20, 4, 24)

nloc¼15 (4)/71 nloc¼25 (1)/265 nloc¼20 (1)/68 nloc¼16 (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 o0.001 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 o0.001 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 o0.001 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 o0.001 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 o0.001 o0.001 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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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 (Falush et al., 2003). 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: MI¼ 19, PB¼ 26, WK¼ 21,

WA¼ 16). For all runs (50 000 MCMC repeats with a burn-in of 5 000), 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 popula-

tions. The software STRUCTURE HARVESTER VERSION 0.6.93 (Earl et al., 2012) was

used to select the most likely number of populations for every woodlot, that is,

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 and subsequently moult to the next instar, every feeding bout

is a dispersal opportunity, namely, (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 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). The

program SPAGEDI VERSION 1.4a (Hardy and Vekemans 2002, Mol Ecol Notes) was

used to calculate relatedness (r) for every pair of individuals and conduct linear

and logarithmic regression analyses across pairs of individuals within nest

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

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). The regression analyses were

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 1). The discarded loci had a mean frequency of null alleles
across all woodlots of 415% (Ixaf17: 18.4%; Ixaf18: 30.1%; Ixaf20:
18.8%), whereas the mean frequency of null alleles across all woodlots
for the remaining seven 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 1. After Bonferroni’s correction,
10 out of the 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
linkage disequilibrium. At the nest box-level, there were no deviations
from HWE expectations (Table 3).

The AMOVA of population genetic structure within and among
cohorts showed significant genetic structure among nest boxes (Fnest

boxes�total¼ 0.14, df¼ 73, Po0.001, variation explained: 10.9%)
and within cohorts (Fcohorts¼ 0.11, df¼ 264, Po0.001, variation
explained: 86.3%) but not among cohorts within nest boxes (Fcohorts�
nest boxes¼ 0.03, df¼ 22, P¼ 0.150, variation explained: 2.8%).

There was no significant isolation by distance, neither in the overall
test (R2¼ 0.003, P¼ 0.15) nor in any of the woodlots (MI: R2¼ 0.004,
P¼ 0.31; PB: R2¼ 0.001, P¼ 0.49; WA: R2¼ 0.011, P¼ 0.16; WK:
R2¼ 0.028, P¼ 0.07). The AMOVA of population genetic structure
within and among woodlots showed significant genetic differentiation
at all investigated levels, namely, among woodlots, among nest boxes
within woodlots and within nest boxes (Table 4).Within woodlots, the
Bayesian clustering analysis resulted in K¼ 3 for MI, K¼ 5 for PB,
K¼ 2 for WA and K¼ 4 for WK (Figure 2). In MI, ticks in five nest
boxes, (d [1þ 2], h, l, n, o) were assigned to the first cluster, ticks in

Table 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, larva; N, nymph; F, adult female; M, adult male;
U, unfed; E, engorged. N, number of pairs.

Table 3 HWE within nest boxes

Nest box

ID N

Total amplification

success

Loci

used FIS w2 df

P-

value

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 (±s.e.) 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; 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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six nest boxes (a, b [1þ 2], c [1þ 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 [1þ 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, and ticks from the nest boxes sampled in
November 2011, except nest box f, were assigned to clusters 1–3,
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 trans-
formed (b¼ �0.173; R2¼ 0.050; P¼ 0.022; Figure 3) but not when it
was linear (b¼ �0.039; R2¼ 0.029; P¼ 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 3–6 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., 2003). 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., 2003; Guzinski et al., 2009; Dharmarajan et al.,
2011). 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 HDs. HDs can be caused by methodological (for
example, null alleles) and biological (for example, population sub-
division, 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 metho-
dology to accommodate for null alleles in population genetic analyses
(unless for the estimation of genealogical relationships, see, for
example, Kalinowski and Taper (2006) and, for FST-values, see
Chapuis and Estoup (2007)). The presence of null 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 (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 as 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., 2014).
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

Table 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

FST P-value

Among woodlots 3 29.259 0.065 2.794 0.138 o0.001

Among nest boxes

within woodlots

74 226.949 0.257 10.971 0.011 o0.001

Within nest boxes 306 581.466 2.019 86.235 0.028 o0.001

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.

Figure 3 Queller and Goodnight (1989) estimator of relatedness (QGE) for

pairwise relatedness between ticks within nest boxes. Relatedness decreases

significantly with increasing dispersal opportunities (b¼ �0.173;

R2¼0.050; P¼0.022). 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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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 (that is, 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 when birds change winter roosting sites, inspect cavities in
spring and for breeding (Lohmus 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 sample 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 opportu-
nities, 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.,
2014). Together with the current data, this suggests that 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 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-Lopez
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 song-
birds, 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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