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a b s t r a c t

By serving as hosts for native vectors, introduced species can surpass native hosts in their role as major
reservoirs of local pathogens. During a 4-year longitudinal study, we investigated factors that affected
infestation by ixodid ticks on both introduced Siberian chipmunks Tamias sibiricus barberi and native bank
voles Myodes glareolus in a suburban forest (Forêt de Sénart, Ile-de-France). Ticks were counted on adult
bank voles and on adult and young chipmunks using regular monthly trapping sessions, and questing ticks
were quantified by dragging. At the summer peak of questing Ixodes ricinus availability, the average tick
load was 27–69 times greater on adult chipmunks than on adult voles, while average biomass per hectare
of chipmunks and voles were similar. In adult chipmunks, individual effects significantly explained 31%
and 24% of the total variance of tick larvae and nymph burdens, respectively. Male adult chipmunks har-
boured significantly more larvae and nymphs than adult females, and than juveniles born in spring and in
summer. The higher tick loads, and more specifically the ratio of nymphs over larvae, observed in
chipmunks may be caused by a higher predisposition – both in terms of susceptibility and exposure –
to questing ticks. Tick burdens were also related to habitat and seasonal variation in age- and sex-related
space use by both rodents. Introduced chipmunks may thus have an important role in the dynamics of local
vector-borne pathogens compared with native reservoir hosts such as bank voles.

� 2010 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Many of the recorded cases of emerging infectious diseases
in wildlife result from the introduction of allochtonous host
species that become invasive (Daszak et al., 2000; Dobson and
Foufoupoulos, 2001; Tompkins and Poulin, 2006). Introduced spe-
cies modify the composition of a host community and create new
relationships between hosts and parasites (Krakau et al., 2006;
Thieltges et al., 2009). They may acquire native parasites, especially
from phylogenetically related native host species or when the para-
site has a large spectrum of compatible host species (Barton, 1997;
Azakawa, 2005; Tompkins and Poulin, 2006; Pisanu et al., 2009).
Introduced species can then surpass the role of native hosts as major
reservoirs (Craine et al., 1995; Daszak et al., 2000; Lv et al., 2009).
Theoretical works have shown that the composition of a host com-
munity influences the dynamics of diseases, especially those trans-
mitted by generalist vectors (Dobson, 2004; Begon, 2008; Logiudice
et al., 2008). Vector dynamics depend on its survival and on host
infestation, which, in turns, depend on differences in resistance lev-
els of host species, vector feeding preference and host–vector con-
sitology Inc. Published by Elsevier
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tact (Dizij and Kurtenbach, 1995; Godsey et al., 1987; Shaw et al.,
2003). In the field, very few studies have investigated the conse-
quences of the introduction of a new host species on vector dynam-
ics, whereas several studies have investigated different established
host communities (LoGiudice et al., 2003; Krasnov et al., 2007;
Swaddle and Calos, 2008; Welc-Falęciak et al., 2008). In addition,
factors affecting the acquisition of parasites by introduced verte-
brates have received little attention to date (Prenter et al., 2004;
Tompkins and Poulin, 2006; Kelly et al., 2009).

Ixodid ticks are true generalists, which mean that they can ex-
ploit a large spectrum of different host species and are vectors for
many microparasites (Pérez-Eid, 2007). Infestation by ixodids de-
pends on factors such as the micro-geographical variability in the
availability and activity of the developmental stages (Hubálek
et al., 2003), tick population dynamics (Randolph et al., 2002), or
on temporal availability of alternative hosts (Shaw et al., 2003;
Ostfeld et al., 2006). Hard tick infestation also depends on the
host’s endocrine system (Hughes and Randolph, 2001) and related
immunogenetic (Charbonnel et al., 2006) and behavioural status
(Barnard and Behnke, 2006; Boyer et al., 2010). More specifically,
individual variation in parasite loads can be attributed to sex,
males being more heavily infected than females because of their
distinct behaviours, altered immune functions or their larger body
Ltd. All rights reserved.
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size (Poulin, 1996; Moore and Wilson, 2002; Wilson et al., 2002;
Harrison et al., 2010).

In this paper, we examine the determinants of infestation by ixo-
did species on the Korean form of the Siberian chipmunk, Tamias
(= Eutamias) sibiricus barberi Johnson and Jones, 1955 (see Obolens-
kaya et al., 2009), introduced into France (Chapuis, 2005). Imported
from Korea to be sold in pet shops since the 1960s, Siberian chip-
munks have been released into the wild since the 1970s in at least
11 woody areas in France (Chapuis, 2005; Marmet and Chapuis,
2007). In the population of the Forêt de Sénart, chipmunks were
found to be much more heavily infested by larvae and nymphs of Ixo-
des ricinus than were native muroid rodents living in sympatry, and
suspected to be an important reservoir for Lyme borreliosis (Vourc’h
et al., 2007). Moreover, we found that variation in ixodid burdens on
individual chipmunks was related to both differences in habitat
characteristics and personality (Boyer et al., 2010). Here we report
how age and sex affect variation in tick burden based on monthly
monitoring of the Siberian chipmunk population in the Forêt de Sén-
art over 4 years by capture-mark-recapture in two distinct habitats
(Marmet, 2008; Marmet et al., 2009), together with an estimation of
the dynamics of ticks that are questing for hosts on the vegetation.
These results are compared with monthly data collected over 2 years
on one of the most abundant muroid species, the bank vole, Myodes
(= Clethrionomys) glareolus, that cohabits with chipmunks on our
study site (Vourc’h et al., 2007; Pisanu et al., 2008, 2009). We espe-
cially focussed on the difference in nymph and larvae burdens
between these two rodents according to adult host biomass per
hectare at the period of both maximum availability of questing ticks
and the presence of feeding stages. Additionally, using mixed mod-
els, a special effort was made to quantify variability in tick load on
individual chipmunks (Patterson and Lello, 2003).
2. Materials and methods

2.1. Study site and populations

The study site was the ‘‘Parc de la Faisanderie” (14 ha;
02�2903600E, 48�390240N), located in the Forêt de Sénart, a 3200 ha
suburban forest 22 km southeast from Paris, France. This area is
occupied by an oak-hornbeam forest separated into two kinds of
habitat differing in their arboreal and herbaceous cover: (i) an open
area in the northern part (6 ha), and (ii) a closed one in the southern
part (6.5 ha); the remaining 1.5 ha part of the study site consisted of
a lawn and stonewall buildings (Marmet, 2008; Marmet et al.,
2009). As part of a broader study on the ecology of introduced Sibe-
rian chipmunks (Marmet, 2008), the tick study was based on the
capture of individually marked chipmunks using 104 Sherman�
traps baited with peanut butter, and sited using a Global Position-
ing System Leitz� (accuracy: ±1 m) distributed throughout the
study site (distance between two neighboring traps = 38 ± 9 m,
n = 169; Marmet et al., 2009). Trapping was carried out from March
to October, between 2005 and 2008. Between 2005 and 2007 we
performed two monthly trapping sessions of three and five consec-
utive days, respectively. A single, 5-day long trapping session was
undertaken every month in 2008. During a trapping session, chip-
munks were weighed, sexed, examined and immediately released.
Each newly trapped chipmunk was marked using a s.c. transponder
chip. Chipmunks were classified in three age groups depending of
their body mass and the date of their first capture: (i) adults born
the previous year or before; (ii) spring cohort juveniles (J1), emerg-
ing from their natal burrow between April and June; and (iii) sum-
mer cohort juveniles (J2), emerging between August and
September. During this study, 47 individuals out of the 734 differ-
ent chipmunks trapped could not be precisely aged, and were ex-
cluded from analyses.
Bank voles were regularly caught on our trapping grid. A sample
up to 30 voles were euthanized monthly by cervical dislocation in
2007 and 2008, immediately put into a plastic bag, and frozen for
later analysis in the laboratory. Animals were weighed to the near-
est gram and sexed. Overall, 346 adults weighing at least 18 g,
were selected for analyses. All trapping and handling procedures
were conducted in accordance with the French legislation.

2.2. Densities of hosts

Adult chipmunk densities were calculated in June 2007 and
2008 by using the DENSITY 4.4 software which offers a direct esti-
mation of density by fitting a simple spatial model to animal trap-
ping histories by using simulation and inverse prediction (Efford,
2004; Efford et al., 2004: http://www.otago.ac.nz/density/). For
bank voles, population size was estimated using the ‘Removal’
algorithm in CAPTURE software (Otis et al., 1978; http://
www.mbr-pwrc.usgs.gov/software.html) from marked-recaptured
individuals caught during three consecutive days in 100 baited
INRA� live-traps equally spaced among 200 m long lines and de-
ployed in the habitats (Vourc’h et al., 2007; Pisanu et al., 2008).
These abundances were then divided by an effective trapping area
(Parmenter et al., 2003) deduced by adding a boundary strip of
25 m wide on each side of the line (Pisanu et al., 2008), which is close
to the estimation of the half mean maximal distances moved by
these small rodents (Brown, 1956; Kikkawa, 1964; Randolph, 1973).

2.3. Feeding ticks

During examination of chipmunks, we counted tick larvae,
nymphs and adults only on the head (Craine et al., 1995; Schmidt
et al., 1999), using eye lenses (3� magnification). A sub-sample of
adult ticks was removed and identified using the morphological
key of Pérez-Eid (2007). Overall, 45 adult ticks were observed from
2870 trapping events on 734 chipmunks between 2005 and 2008.
Twenty-six of them were removed and identified to species. All
were identified as Ixodes acuminatus. Because there were so few
adult ticks, this stage was not considered in this study. We focused
on earlier life-stages of ixodids of which >95% have been identified
as I. ricinus in a previous study in the Forêt de Sénart (Vourc’h et al.,
2007).

Ticks on bank voles were collected from the entire body for
counting and identification to species level under an optical micro-
scope (all done by M. Marsot). Both larvae and nymph of I. ricinus
represented 93.1% of identified specimens (n = 786), the remaining
belonging to Dermacentor reticulatus (2.9%), Ixodes trianguliceps
(2.0%) and I. acuminatus (1.9%). Ixodes ricinus is the major vector
for Lyme borreliosis in Europe. The agent has been isolated in the
two other species of Ixodes but their role in transmission has not
been demonstrated. The role of D. reticulatus is poorly known
(Pérez-Eid, 2007). No adult ticks were recovered from bank voles.
Because we included all ixodid species for chipmunks, we did the
same for bank voles.

2.4. Questing I. ricinus

Questing stages of ticks were sampled monthly by dragging a
1 m2 woollen blanket over the vegetation on two 0.5 ha sites of
the study area, one in the open and another in the closed forest
habitat. Within each site, 15 U of 10 m2 were randomly dragged
in 2005 and 2006, and 16 U in 2007 and 2008. Drags were con-
ducted early in the afternoon, avoiding rainy days, and nymphs
and larvae were counted exhaustively. A total of 1082 questing
nymphs and 36 adults were collected, of which all were further
identified under the microscope as I. ricinus except one adult of
D. reticulatus (E. Ferquel, personal observation).
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2.5. Data analyses

For chipmunks, due to the lack of J1s until April and of J2s until
August each year during the study period, and the absence of J1s
until July in 2006 (Marmet et al., 2009), we investigated the varia-
tion in larval and nymphal counts according to year, habitat, age
and sex only in 2005, 2007 and 2008 without including a month
effect. As adults were present throughout the study period, we also
tested for the effect of habitat, year, month and sex on variation in
their tick counts. We used mixed models (Pinheiro and Bates,
2000; Patterson and Lello, 2003; Bolker et al., 2009; Zuur et al.,
2009) both to estimate individual consistency in tick load, also
including autocorrelation structure due the temporal nature of
data collection, and to test for the effects of year, habitat, month,
age and sex (see Supplementary data S1).

Using Generalized Linear Models with negative binomial errors
and a log link (Wilson and Grenfell, 1997; Venables and Ripley,
2002; Crawley, 2007), we investigated the effects of habitat, year,
month and sex on tick counts on adult voles. For questing nymphs,
we used data collected from April to October of each summer per-
iod as only a few nymphs were collected in March. We investigated
the effects of habitat, year and month. Models were backward se-
lected using likelihood ratio tests (noted LRT). Because we could
not reach satisfactory fits with the model on questing larvae, only
descriptive patterns of variation in their abundance are presented.

In all the models described above, sources of variation were
investigated up to two-way interactions between factors. We used
non-transformed mean numbers and their standard errors in all
the figures and in the table. All the statistical analyses were done
using R 2.8.1 (R Development Core Team, 2008, http://www.
R-project.org).
3. Results

3.1. Feeding larvae

We did not detect any significant temporal autocorrelation in our
model of larval loads on adult chipmunks (Supplementary Table S1).
Chipmunk identity significantly explained 31.1% of the variation in
repeated larval counts. We found a significant interaction between
year and month. Each year, infestation by larvae on adult chipmunks
increased from March until May, June or July, depending on the year
of the study. Larvae then decreased until October (Fig. 1). A signifi-
cant effect of year and habitat was detected (Supplementary Table
S1), with chipmunks inhabiting the closed habitat being more heav-
ily infested by larvae than those in the open habitat in 2006 and
2008, but not in 2005 and 2007 (Table 1). Finally, a significant
interaction between year and sex was observed (Supplementary
Table S1): between 2005 and 2007, males had higher loads of larvae
than females, except in 2008 where both sexes had a low degree in
larval infestation (Table 1). The three other two-way interactions
were not significant (Supplementary Table S1).

Including juveniles, and controlling for significant temporal and
identity effects (Supplementary Table S1), a significant interaction
between age and sex was found (Supplementary Table S1). The
maximum in mean larval counts for J1s were on males (Table 1),
and larval infestation on J2s remained identical over the study per-
iod (Fig. 1; Table 1). Overall, adult males harboured significantly
more larvae than adult females and than J1s and J2s (Table 1).
We also found significant effects of year and habitat (Supplemen-
tary Table S1), both following the same pattern as for adult varia-
tion in larval infestation (Table 1).

On bank voles, the best minimal model that could be retained
was a three-way interaction between year, month and sex
(df = 7, LRT = 17.73, P = 0.01). Males had significantly higher loads
of larvae than females (Table 1), with highest loads between July
and September in 2007 (Fig. 2). Overall, both females and males
had lower larval burdens in 2008 than in 2007.

3.2. Feeding nymphs

We did not find any temporal autocorrelation in the model of
nymph infestation, and chipmunk identity significantly explained
23.9% of the variation in nymph counts with a strong fit to the data
(Supplementary Table S2). Controlling for the identity effect, we
found a significant interaction between year and month (Supple-
mentary Table S2). Between 2005 and 2008, yearly counts of
nymphs on adults began to increase in March, reaching a peak in
May or in June, then decreasing in July or August, and remaining
stable until October (Fig. 1). No other two-way interaction was
found to be significant (Supplementary Table S2). Overall, adult
males had heavier nymph burdens than females (Table 2).

Controlling for a significant identity effect, but not any temporal
autocorrelation, the model including juveniles gave a satisfactory fit
to the data (Supplementary Table S2). There was no effect of habitat,
and no interaction between factors, but a single effect of age, sex or
year (Supplementary Table S2). Separating by age and sex, adult
females hosted significantly fewer nymphs than adult males, and
adults of both sexes than both sexes of J1s and J2s (Table 2).
Additionally, adult males had heavier loads of nymphs in 2005.

On bank voles, we found a significant effect of habitat (df = 1,
LRT = 5.69, P = 0.02) and of sex (df = 1, LRT = 4.99, P = 0.03), but
not of month or year taken as single effect, and all these factors
tested in interaction. Voles in the closed habitat had a significantly
higher mean nymph load (0.28 ± 0.05, n = 152) than in the open
habitat (0.16 ± 0.03, n = 194). Males had a significantly higher
nymph load (0.27 ± 0.04, n = 175) than females (0.15 ± 0.04,
n = 171).

3.3. Questing ticks

For questing nymphs, we found significant effects for habitat
and year, habitat and month, and year and month (Table 3). Over-
all, questing nymph abundance varied seasonally (Fig. 1), increas-
ing from March until June or July depending on the year, and then
decreasing until October. Nymphs were much less abundant on the
open habitat than on the closed habitat, except for May and June
2008 (Fig. 1). Mean counts (Fig. 1) followed a regular seasonal pat-
tern, reaching a peak between May and September, except in 2006
when very a high abundance of larvae occurred in the closed hab-
itat in May.

Questing larvae were more irregularly distributed over time in
the open habitat, with very low abundance in 2005 and 2006,
and monthly variation in 2007 and 2008.

3.4. Biomass of hosts per hectare

At the peak of questing tick availability in June, the average bio-
mass of chipmunks was 420 g/ha in 2007 and 309 g/ha in 2008
(based on the product of mean body mass and density: Table 4),
whereas it was 363 g/ha in 2007 and 264 g/ha in 2008 for bank
voles.
4. Discussion

Siberian chipmunks introduced in the Forêt of Sénart hosted
approximately 27–69 times more ixodid ticks than native bank voles
at the peak of questing stage availability in June (see Table 1), despite
representing similar biomasses. Even if our biomass density for
voles is biased due to uncertainty about the estimation of an

http://www.R-project.org
http://www.R-project.org


Fig. 1. Monthly variation in mean density of questing stages of Ixodes ricinus per 10 m2 according to open and closed habitats, and mean counts of feeding stages of ixodids
according to the ages of chipmunks between 2005 and 2008 on the Forêt de Sénart (France). Numbers of examined hosts are indicated above bars for larvae, the same
applying for nymphs. An absence of sample size indicates no chipmunks were trapped. SE, standard error.
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effective trapping area around the trapping lines (Parmenter et al.,
2003; Efford, 2004), we are confident that the difference in tick infes-
tation rates between the two species is strong enough to be reliable.

An adult chipmunk is four to five times larger than an adult vole
(Table 4). Such a difference in body size allows these ground squir-
rels to contact questing ticks efficiently at more variable heights
above ground level than smaller rodents such as voles. Indeed, lar-
vae quest lower than nymphs (Mejlon and Jaenson, 1997). This
hypothesis is supported by the observation that chipmunks appear
to feed larvae and nymphs in an approximately c.10:1 ratio, which
is close to the one observed for both stages of questing ticks (see
Fig. 1). This is in marked contrast to small rodents, which are gen-
erally so small that they run about beneath available questing
ticks. Indeed, in voles trapped and analyzed between May and July



Table 1
Mean number of ixodid larvae, according to year, age, sex and habitat, on Siberian chipmunks in the Forêt de Sénart (France) between 2005 and 2008, and on adult bank voles in
2007 and 2008.

Year Age Sex Closed habitat Open habitat

Chipmunks Voles Chipmunks Voles

N n Mean ± SE N Mean ± SE N n Mean ± SE N Mean ± SE

2005 Ad. $ 36 159 30 ± 4 – – 23 108 30 ± 3 – –
# 13 51 43 ± 7 8 41 67 ± 17

J1 $ 28 78 32 ± 4 – – 13 60 31 ± 4 – –
# 29 59 32 ± 4 27 91 26 ± 2

J2 $ 14 16 6 ± 2 – – 3 4 3 ± 1 – –
# 8 10 4 ± 1 3 3 5 ± 4

2006 Ad. $ 47 196 44 ± 3 – – 24 93 33 ± 3 – –
# 30 115 55 ± 7 19 60 47 ± 8

J1 $ 4 11 17 ± 6 – – 1 2 5; 3 – –
# 3 5 47 ± 13 1 2 25; 14

J2 $ 18 34 11 ± 2 – – 22 31 9 ± 1 – –
# 25 41 9 ± 1 30 41 11 ± 2

2007 Ad. $ 38 149 35 ± 3 41 2 ± 1 20 74 27 ± 4 56 1 ± 0.2
# 31 107 60 ± 6 45 6 ± 1 18 51 47 ± 7 57 5 ± 1

J1 $ 30 88 28 ± 2 – – 22 59 25 ± 3 – –
# 37 80 33 ± 4 29 61 36 ± 4

J2 $ 23 33 5 ± 1 – – 4 7 7 ± 4 – –
# 27 33 4 ± 1 18 20 3 ± 1

2008 Ad. $ 42 99 19 ± 2 35 1 ± 0.2 18 47 9 ± 2 39 1 ± 0.2
# 32 75 17 ± 2 31 1 ± 0.2 22 33 12 ± 3 42 1 ± 0.3

J1 $ 39 85 14 ± 1 – – 25 48 9 ± 1 – –
# 30 52 16 ± 2 29 45 10 ± 2

J2 $ 2 2 0; 5 – – 1 1 5 – –
# 5 5 5 ± 3 1 1 3

Ad., adult; J1, J2, juveniles; N, number of chipmunks individuals examined; n, number of examinations of these chipmunks. Voles were sampled and examined once; SE,
standard error.

Fig. 2. Variation in monthly mean ixodid tick counts according to sex in adult bank
voles at Forêt de Sénart (France) in (A) 2007 and (B) 2008. ���: P < 0.001; SE,
standard error. Months March to October are indicated by initials.
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2005 (Vourc’h et al., 2007), this ratio was approximately c.83-fold,
�46-fold in May–July 2007, and �53-fold in May–July 2008, indi-
cating that voles picked up far fewer nymphs than larvae. The
infestation ratio between larvae and nymphs is of prime impor-
tance for the maintenance of pathogenic agents in reservoir hosts
(Randolph and Storey, 1999). For the dynamics to be maintained
in an ecosystem, reservoirs must host both stages because they be-
come infected by nymphs, and transmit the infection to larvae, that
subsequently become infected questing nymphs. Because chip-
munks have such a high ratio of larvae to nymphs, and because
Vourc’h et al. (2007) have shown that chipmunks are infected by
Lyme disease, we can expect, if those are confirmed as reservoir
hosts, that those will produce more infected ticks than the bank
voles and thus may be major reservoir hosts where they have been
introduced with vectors.

Some unmeasured characteristics of rodent hosts are responsi-
ble for individual variation in infestation by Ixodes spp. (Brunner
and Ostfeld, 2008). Such predisposition to infestation (Hudson
and Dobson, 1995) significantly explained why some Siberian chip-
munks were consistently more heavily infested by tick larvae and
nymphs than others, mostly I. ricinus, and confirms results of an
earlier behavioural study based on a sub-sample of chipmunks at
the same study site (Boyer et al., 2010). This result is also in accor-
dance with patterns of infestation by I. ricinus on yellow-necked
wood mice Apodemus flavicollis (Perkins et al., 2003). Adult Siberian
chipmunks at the Forêt de Sénart show strong multi-year site fidel-
ity in home range (Marmet et al., 2009). Therefore, any consistency
in exposure to questing stages of ticks (Wilson et al., 1990, 2002)
could partly explain individual host consistency in tick loads.

Tick burdens in adult rodents, both native and introduced, were
related to sex, and to age in chipmunks. These results are in accor-
dance with highest frequency of occurrence in I. ricinus found on
larger male rodents (Randolph, 1975; Perkins et al., 2003; Harrison
et al., 2010). Siberian chipmunks do not show sexually dimorphic



Table 2
Mean number of ixodid nymphs on male and female Siberian chipmunks of different ages and during different years, in the Forêt de Sénart (France).

Age Sex 2005 2007 2008

n Mean ± SE n Mean ± SE n Mean ± SE

Adults $ 267 3.2 ± 0.3 223 1.7 ± 0.4 146 3.1 ± 0.3
# 92 5.2 ± 0.7 158 2.0 ± 0.4 108 3.7 ± 0.4

J1 $ 138 1.6 ± 0.2 147 1.7 ± 0.2 133 1.7 ± 0.2
# 150 1.6 ± 0.2 141 2.0 ± 0.2 97 1.2 ± 0.2

J2 $ 20 0.7 ± 0.2 40 0.9 ± 0.2 3 1.7 ± 2.0
# 13 0.4 ± 0.2 53 0.7 ± 0.1 6 0.5 ± 0.4

J1, J2, juveniles; n, number of examinations of chipmunks; SE, standard error.

Table 4
Mean body mass (±standard error, in g) and density ([95% confidence interval], in
number/ha) of adult of chipmunks Tamias sibiricus and bank voles Myodes glareolus in
June 2007 and 2008 in Sénart (France).

Year Chipmunks Bank voles

n Mass Density n Mass Density

2007 61 100 ± 1 4.2 [1–8] 24 25 ± 1 14.5 [13–21]
2008 37 103 ± 1 3.0 [1–4] 12 22 ± 1 12.0 [9–21]

Table 3
Backward selection of generalized linear models using likelihood ratio tests (LRTs)
exploring the variation in questing Ixodes ricinus nymphs.

Sources of variation df LRT P

Habitat:Year 8 25.60 <0.001
Habitat:Month 14 39.32 <0.001
Year:Month 14 33.08 <0.001
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body size (Obolenskaya et al., 2009). Thus, any sex differences in
tick load may be caused by differences in genetics (Coltman
et al., 2001), physiology (Perez-Orella and Schulte-Hostedde,
2005), immune status (Hughes and Randolph, 2001) or in activity,
exploration and space use (Boyer et al., 2010). Moreover, the lower
infestation by both tick stages on juveniles compared with adults
can be mainly related to the limited space used by juveniles
(Marmet et al., 2009, 2010), as already described for small rodents
(Brown, 1956; Kikkawa, 1964; Randolph, 1973, 1975).

Yearly fluctuation in infestation by ticks on rodents can be
partly attributed to spatial differences in survival or activity of
questing stages (Randolph et al., 2002; Randolph, 2004). Habitat
was found to influence larval load on chipmunks in the Forêt de
Sénart (Boyer et al., 2010), with lower infestations on hosts inhab-
iting the open habitat than on the closed habitat of the study site.
This is in accordance with the highest number of questing stages of
I. ricinus observed on the closed habitat where soil-litter cover is
more humid and deeper (Marmet, 2008), thus more suitable for
questing I. ricinus (Pérez-Eid, 2007). Moreover, the closed habitat
offers preferred resting sites for roe deer, Capreolus capreolus,
which are important hosts for I. ricinus (Wilson et al., 1990; Perkins
et al., 2006). Additionally, availability in alternative rodent hosts
can modify the temporal abundance of ixodids on chipmunks
(Schmidt et al., 1999; Brunner and Ostfeld, 2008). Wood mouse
density on our study site increased by 2.3-fold in June between
2007 and 2008 (data not shown). The increased capture of infesting
larvae by wood mice could partly explain the decrease in ixodids
on both chipmunks and bank voles. Indeed, wood mice host twice
as many ticks as bank voles (Vourc’h et al., 2007). This difference
was related to lower immune resistance in mice than in voles (Kur-
tenback et al., 1994; Dizij and Kurtenbach, 1995). More data are
needed to investigate the role of wood mice influencing the pattern
of infestation by ixodids in our small rodent community.
This study confirms earlier findings that introduced chipmunks
harbour many more I. ricinus compared with native rodent host spe-
cies in a boreal European suburban forest (Vourc’h et al., 2007). Our
study highlights the well-known roles of spatial, temporal and host
individual characteristics – i.e. age and sex – in seasonal patterns of
ixodid infestations in rodents (Perkins et al., 2003; Brunner and
Ostfeld, 2008). It raises the question of the predisposition, either in
susceptibility or exposure (Hudson and Dobson, 1995) for an intro-
duced rodent to native parasites (Tompkins and Poulin, 2006; Kelly
et al., 2009) with a short history of co-adaptation – i.e. less than 80
generations over �40 years – and its potential role in the increased
dynamics of the Lyme borreliosis by outweighing the role of its
main native reservoir, the bank vole (Vourc’h et al., 2007), in French
suburban forests where the vector is present.
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