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a  b  s  t  r  a  c  t

In this  study,  we tested  the  survival  of  Ixodes  ricinus  under  cold  conditions  in  the laboratory.  We  inves-
tigated  how  the frequency  of  temperature  variations  (from  −5 ◦C or  −10 ◦C to 13 ◦C),  and  infection  with
Borrelia  burgdorferi  sensu  lato  (s.l.)  influenced  survival  of questing  nymphs  collected  in spring  and  autumn
2011.  In  experiment  1, survival  of 1760  nymphs  was  tested  at −10 ◦C over  a  short  period  of  time  to
simulate  very  cold  winter  conditions.  In experiment  2, survival  of 1600  nymphs  was tested  under  cold
condition  (−5 ◦C)  over  a long  period  of  time  to simulate  common  winter  conditions.  Ticks  used  for  sur-
vival  tests  at  −5 ◦C were  screened  for Borrelia  by quantitative  PCR,  and  genospecies  identification  was
achieved  by  reverse  line  blotting.  Tick  age  and  frequency  of  temperature  variations  had  a highly  sig-
nificant  effect  on  I. ricinus  survival  while  Borrelia  infection  was  marginally  significant.  Hence,  survival
old conditions
yme borreliosis

inter

rate  was  higher  in  younger  (autumn)  than older  (spring)  nymphs  and  in  nymphs  exposed  to  low  rather
than  high-frequency  temperature  variations.  Borrelia-infected  ticks  tended  to  survive better  than  their
uninfected  counterparts.  These  findings  suggest  that  in  nature  (i) frequent  temperature  changes  in  win-
ter  threaten  tick  survival  more  importantly  than  very  low  temperatures,  (ii)  older  (spring)  ticks  are  less
resistant  to cold  than younger  (autumn)  individuals,  and  (iii)  Borrelia  infection  plays  a marginal  role  in I.
ricinus  survival  during  winter  conditions.

© 2013 Elsevier GmbH. All rights reserved.
ntroduction

The hard-bodied tick Ixodes ricinus (L.) (Acari: Ixodidae) is the
ector of a variety of pathogens which have both medical and vet-
rinary relevance, the most prevalent being Borrelia burgdorferi
ensu lato (s.l.), the causative agent of Lyme borreliosis. This tick,
hich is present in Europe, shows a seasonal activity. In spring,

uesting activity starts when the daily maximum temperature has
eached 7 ◦C for around one week (MacLeod, 1936; Perret et al.,
000). In autumn, when temperatures fall below the tempera-
ure threshold of questing activity and day-lengths are shortened,
icks reduce their activity. Unfed ticks enter behavioural diapause
Belozerov, 1982) or more precisely winter quiescence (Dautel
t al., 2008), which is a phase of inactivity that occurs when cli-
atic conditions become harsh and stops as soon as favourable
onditions are back. During this time, I. ricinus ticks remain in the
eaf litter or in the upper layers of the soil (up to 5–7 cm deep)

here temperatures are milder than on the vegetation (Dusbábek

∗ Corresponding author. Tel.: +41 32 7183043; fax: +41 32 7183001.
E-mail address: coralie.herrmann@unine.ch (C. Herrmann).

877-959X/$ – see front matter ©  2013 Elsevier GmbH. All rights reserved.
ttp://dx.doi.org/10.1016/j.ttbdis.2013.05.002
et al., 1971; Daniel et al., 1972; Gigon, 1985). Ticks belonging to
the I. ricinus complex can resist temperatures falling far below 0 ◦C
for short periods, as shown in nymphs of I. persulcatus and I. nip-
ponensis (Fujimoto, 1994), I. scapularis (Burks et al., 1996; Vandyk
et al., 1996; Neelakanta et al., 2010), and I. ricinus (MacLeod, 1935;
Gigon, 1985; Dautel and Knülle, 1997). Increased winter temper-
atures due to global warming and climate change are affecting I.
ricinus European populations, in particular, allowing ticks to colo-
nize regions at higher latitudes (Lindgren et al., 2000; Jore et al.,
2011; Jaenson et al., 2012), higher altitudes (Morán Cadenas et al.,
2007; Jore et al., 2011), and allowing them to extend their winter
activity (Dautel et al., 2008).

In this study, we evaluated in the laboratory how cold con-
ditions and the frequency of exposure to cold temperatures may
influence the survival of resident I. ricinus populations under win-
ter conditions. In addition, it was  recently reported that Anaplasma
phagocytophilum increases I. scapularis nymph resistance to cold
by inducing the expression of a gene coding for antifreeze proteins

(Neelakanta et al., 2010). Consequently, we investigated whether
Borrelia spirochaetes, known to be associated with a higher fat con-
tent in I. ricinus (Herrmann et al., 2013), may  as well influence tick
survival under cold conditions.

dx.doi.org/10.1016/j.ttbdis.2013.05.002
http://www.sciencedirect.com/science/journal/1877959X
http://www.elsevier.com/locate/ttbdis
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ttbdis.2013.05.002&domain=pdf
mailto:coralie.herrmann@unine.ch
dx.doi.org/10.1016/j.ttbdis.2013.05.002
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aterials and methods

ick collection and maintenance

The sampling site was a mixed (deciduous dominant) for-
st at 600 m above sea level in Neuchâtel on the Swiss Plateau,
witzerland (47◦00′ N and 6◦57′ E). Host-seeking I. ricinus nymphs
ere sampled by flagging low vegetation during several consecu-

ive days in April 2011 (spring ticks) and September 2011 (autumn
icks). Spring ticks were maintained in tubes over water in a box
ith a tight-fitting lid (98% relative humidity; RH) in the dark
ithin a cold chamber at 4 ◦C, as described in Crooks and Randolph

2006), for 5 months until autumn sampling was performed. Before
he start of the survival tests, nymphs collected in spring (spring
ymphs) and in autumn (autumn nymphs) were acclimated at 13 ◦C

or a week, followed by another week at 4 ◦C and 98% RH.

at content quantification

Fat content was measured before the survival tests in a sample
f 40 spring and 40 autumn nymphs to quantify the energy reserves
s described by Herrmann et al. (2013). Briefly, ticks were dried at
0 ◦C for 24 h, weighed individually to the nearest 0.1 �g (UMT 5
omparator, Mettler Toledo, Greifensee, Switzerland) (initial dry
ass), washed in 3 changes of chloroform for 24 h each, redried

t 70 ◦C for 24 h and reweighed (fat-free dry mass). Fat content
as calculated according to Crooks and Randolph (2006), i.e. by

ubtracting fat-free dry mass (hereinafter referred to as body size,
ccording to Randolph et al., 2002) from initial dry mass.

urvival tests

Survival tests were designed so that they recreated the winter
onditions that ticks might experience in the field over short and
ong periods of time in Neuchâtel (located on the Swiss Plateau).
aily air temperature means of lowest and highest values of

erial measures collected from 1864 to 2010 were obtained from
étéoSuisse. Data collected in Neuchâtel (47◦00′ N and 6◦57′ E,

85 m)  from November to February were used to determine the
emperature range. During the experiments, nymphs were kept in
ubes (40 or 50 individuals per tube) at 98% RH when temperature
as above 0 ◦C.

xperiment 1: survival under very cold conditions

Based on MétéoSuisse data, −10 ◦C was chosen as a very cold
emperature, with an exposure time of 4 days. To test whether the
requency of temperature variations had an effect on tick survival
nder very cold conditions (n = 1760), we maintained 440 spring
nd 440 autumn nymphs at −10 ◦C (in a freezer) for 4 days (low-
requency temperature variations, LF) while additional 440 spring
nd 440 autumn nymphs were exposed every day to temperature
ariations (18 h at −10 ◦C, 2 h at 4 ◦C (in a cold chamber), 2 h at 13 ◦C
in a fridge), and 2 h at 4 ◦C) for 4 days (high-frequency temperature
ariations, HF).

xperiment 2: survival under cold conditions

Based on MétéoSuisse data and on results obtained in
xperiment 1, −5 ◦C was chosen as a cold temperature. We
ested 2 frequencies of temperature variations on tick survival.

ow-frequency temperature variations (LF) involved maintaining
ymphs at −5 ◦C (in a freezer) for 9 days followed by 24 h during
hich they experienced temperature variations (−5 ◦C for 18 h, at
◦C for 2 h, at 13 ◦C for 2 h, and at 4 ◦C for 2 h). This 10-day cycle
orne Diseases 4 (2013) 445– 451

was repeated until the end of the experiment. High-frequency tem-
perature variations (HF) involved exposing nymphs to the same
temperature variations, but every day, rather than every 10 days. In
this experiment, 400 spring and 400 autumn nymphs were exposed
to HF and an additional 400 spring and 400 autumn nymphs were
exposed to LF (n = 1600). For each treatment group, the time to
50% mortality was determined using a subset of 100 spring and
100 autumn nymphs for each temperature variation frequency.
The proportion of ticks surviving was  assessed every day for the
HF groups and every 10 days for the LF groups. The point in the
temperature cycle at which survival was assessed was the point
after which nymphs had spent 2 h at 13 ◦C after having spent 2 h at
4 ◦C. Survival was  assessed on the mobility of ticks. Any immobile
ticks were exposed to human skin and breath at room temperature.
If they did not move after a few minutes, they were considered
dead. The time at which 50% of ticks within a treatment group
had died was recorded, and the ticks from that group were har-
vested for laboratory analyses. This protocol is termed experiment
2a in the following. The proportions of ticks surviving in the sub-
set of ticks subject to daily or 10-daily monitoring continued to be
assessed until all the ticks had died, and in the following this pro-
tocol is termed experiment 2b. All ticks submitted to survival tests
at −5 ◦C (experiments 2a and 2b) were frozen at −80 ◦C until they
were analyzed for Borrelia infection.

Borrelia detection and quantification by real-time PCR

DNA was extracted from ticks using ammonium hydroxide as
previously described (Herrmann and Gern, 2010, 2012; Herrmann
et al., 2013). A real-time PCR amplifying a fragment of the flagellin
gene (Schwaiger et al., 2001) was used to detect and quantify Bor-
relia DNA in nymphs. B. afzelii NE1817 was  used as quantification
standard. Spirochaete concentration in culture was evaluated using
the Helber chamber. DNA was extracted by heating spirochaetes
for 15 min  at 100 ◦C (Postic et al., 1994). Serial dilutions were made
from stored spirochaete DNA in order to obtain 5 standard solu-
tions with concentrations of Borrelia DNA ranging from 10 to 105

copies per �l (Herrmann and Gern, 2012).
The 50-�l real-time PCR mixture (Herrmann and Gern, 2010,

2012) consisted of 10 �l of 5 × buffer, 5 �l of 25 mM MgCl2, 1 �l of
10 mM dNTPs, 1 �l of 20 �M FlaF1A forward primer, 1 �l of 20 �M
FlaR1 reverse primer, 1 �l of 10 �M FlaProbe1 probe, 0.25 �l of Hot-
Start Taq Polymerase (Kapa Biosystems, Woburn, MA), 20.75 �l of
water and 10 �l of the extracted DNA. In each run, one extraction
negative control (10 �l of extraction reagents without template
DNA), one PCR negative control (10 �l of water), and 3 series of the
5 standards were included. Following an incubation step at 95 ◦C
for 10 min, the samples were submitted to 45 repeated amplifica-
tion cycles (95 ◦C for 15 s, 60 ◦C for 1 min) (Schwaiger et al., 2001)
in an iCycler Optical Module (Bio-Rad, Reinach, Switzerland) using
strip PCR tubes and flat caps (Scientific Specialties Inc., Lodi, CA).

Borrelia genospecies identification by PCR and RLB

PCR followed by RLB was used to identify the Borrelia
genospecies in ticks that were detected positive by real-time PCR
as described in Herrmann and Gern (2010, 2012) and in Herrmann
et al. (2013). The variable spacer region between 2 repeated copies
of the 23S and 5S ribosomal genes was  amplified with primers
23S-Bor and B-5S-Bor (Alekseev et al., 2001) in a Tgradient Ther-
mocycler 96 (Whatman Biometra, Göttingen, Germany) by using

a touchdown PCR program (Burri et al., 2007). Positive [B. afzelii
(NE632), B. lusitaniae (PotiB1), B. burgdorferi s.s. (B31), B. valaisiana
(VS116), or B. garinii (N11)] and negative (water) controls were
included in each PCR.
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RLB analysis was performed using 15 oligonucleotide probes
Rijpkema et al., 1995; Poupon et al., 2006; Gern et al., 2010) blot-
ed in lines on an activated Biodyne C membrane (Pall Europe Ltd.,
ortsmouth, UK) held in a Miniblotter 45 (Immunetic, Cambridge,
A). Hybridization was visualized by incubating the membrane
ith enhanced chemiluminescence detection liquid (Amersham
iosciences Europe, Switzerland) and by exposing the membrane
o X-ray film (Hyperfilm, GE Healthcare, UK).

tatistical analysis

Body size and fat content: we used an independent two-sample
-test to test whether there was a difference in body size between
pring (n = 40) and autumn nymphs (n = 40). We  used an ANCOVA
o test 3 hypotheses: (1) whether there was a relationship between
ody size and fat content (a measure of tick energy reserves), (2)
hether tick fat content for a given body size varied between spring

nd autumn nymphs, and (3) whether the slope of the body size-
at content relationship was the same between spring and autumn
ymphs. We  log-transformed the variables tick body size and fat
ontent to control the variances and to linearize their relationship.

We analyzed the effect of Borrelia genospecies on spirochaete
oad in ticks that were infected with B. afzelii, B. garinii,  or B.
alaisiana (n = 242 nymphs). Infections by B. burgdorferi s.s., B.
avariensis, B. miyamotoi,  and mixed infections were excluded from
he statistical analyses due to their low frequency (Table 1). We
sed a two-way ANOVA to test whether sampling season and the
resence of B. afzelii, B. garinii,  or B. valaisiana in single infections

nfluenced spirochaete load in nymphs. Since spirochaete load data
ere not normally distributed, we used Spearman’s rank correla-

ion to test whether spirochaete load among infected ticks varied
ver time during the survival tests.

Experiment 1, survival under very cold conditions (−10 ◦C): Sim-
le chi-square tests were used to compare survival rate between
pring and autumn nymphs and between high- and low-frequency
emperature variations.

Experiment 2a, survival under cold conditions (−5 ◦C): Mean
aily survival rate was calculated for spring and autumn nymphs
xposed to HF and LF. Daily survival rate was calculated in each
ube according to the following formula:

50%

√
liv50%

tot

here D50% is the number of days until 50% mortality was reached,
iv50% is the number of living nymphs in the tube when 50% mor-
ality was reached, and tot is the total number of nymphs in the
ube. We used a paired t-test to test whether there was a difference
n survival between Borrelia-infected (n = 278) and uninfected ticks
n = 922) without taking into account whether nymphs had been
ollected in spring or autumn, or exposed to HF or LF. The paired
-test compared the survival rate of infected nymphs to that of unin-
ected nymphs in the 24 tubes used in this experiment (n = 24 × 50
ymphs = 1200). We  then used an ANOVA to test whether survival
atio (= logarithm of the survival rate of infected nymphs divided by
he survival rate of uninfected individuals) in the 24 tubes was dif-
erent between spring and autumn nymphs and between nymphs
xposed to high and low frequencies of temperature variation.

Experiment 2b, survival under cold conditions (−5 ◦C): We used
LMs with a Gamma  error function to test whether sampling sea-
on, frequency of temperature variations, Borrelia infection, or the

nteractions between sampling season and Borrelia infection, and
etween frequency of temperature variations and Borrelia infection
ad an effect on the hazard rate, i.e. the daily probability of dying,
f I. ricinus nymphs.
orne Diseases 4 (2013) 445– 451 447

All statistics were calculated with R for Mac  OS X (R
Development Core Team, 2012).

Results

Body size and fat content in ticks collected in spring and autumn

Mean body size of questing I. ricinus was  slightly higher in
the autumn (62.3 ± 12.0 �g; n = 40) than in the spring nymphs
(62.0 ± 12.0 �g; n = 40), but this difference was not significant
(t = −0.101, df = 78, p = 0.920). The ANCOVA found no signifi-
cant interaction between sampling season and tick body size
(F1,76 = 0.015, p = 0.903). However, there was  a significant relation-
ship between body size and fat content (F1,77 = 4.628, p = 0.035).
In addition, the mean fat content was  1.6 times higher in the
autumn nymphs (7.4 �g ± 3.5 �g) than in the spring nymphs
(4.6 �g ± 3.9 �g) (F1,77 = 17.730, p < 0.001).

Borrelia infection in ticks

B. burgdorferi s.l. was  more frequently detected in spring (23.4%,
187/800) than in autumn ticks (20.0%, 160/800), but not sig-
nificantly (�2 = 0.192, df = 1, p = 0.661). Six Borrelia species were
identified (Table 1). Both spring and autumn ticks were primarily
infected by one Borrelia genospecies (87.9% and 83.0%, respec-
tively). Infections by 2 Borrelia genospecies were less frequent
(12.1% in spring and 14.3% in autumn ticks) while infections by
3 genospecies were only observed in autumn ticks (2.7%).

Spirochaete load among infected ticks

The mean spirochaete load in infected nymphs was 6584 and
5696 spirochaetes per nymph in spring (n = 187) and autumn sam-
ples (n = 160), respectively, while the median spirochaete load was
1060 and 536 spirochaetes per nymph, respectively. In spring
nymphs, the mean spirochaete load of B. afzelii infections was
higher than that of B. garinii and B. valaisiana infections (Table 1). In
autumn nymphs, the mean spirochaete load of B. garinii infections
was higher than that of B. afzelii and B. valaisiana infections. The
ANOVA found no significant interaction between sampling season
and the presence of B. afzelii,  B. garinii,  or B. valaisiana (df = 2, LR
stat = 2.998, p = 0.223). Similarly, no difference in the spirochaete
load was found between spring and autumn nymphs (df = 1, LR
stat = 0.022, p = 0.882) or between ticks infected by these 3 Borrelia
species (df = 2, LR stat = 3.921, p = 0.141).

Experiment 1: survival under very cold conditions

Nymphs submitted to low-frequency temperature variations
survived better (spring ticks: 12.7%, 56/440; autumn ticks: 89.6%,
394/440) than those exposed to high-frequency temperature vari-
ations (spring ticks: 6.8%, 30/440; autumn ticks: 85.0%, 374/440)
(�2 = 8.71, df = 1, p = 0.003 spring ticks; �2 = 4.09, df = 1, p = 0.043
autumn ticks) independently of the sampling season (Fig. 1). More-
over, autumn ticks survived significantly better at −10 ◦C (87.3%
survival rate, 768/880) than spring individuals (9.8%, 86/880)
(�2 = 1058.02, df = 1, p < 0.001) independently of the frequency of
temperature variations.

Experiment 2: survival under cold conditions

Experiment 2a: 50% survival in spring nymphs exposed to

high-frequency temperature variations (HF) and low-frequency
temperature variations (LF) was  reached after 3 days (survival rate
57.3%, n = 300) and 5 days (survival rate 47.5%, n = 300), respec-
tively. In autumn nymphs exposed to HF and LF, 50% survival
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Table  1
Distribution of Borrelia genospecies and mean spirochaete load in questing I. ricinus nymphs collected in Neuchâtel, Switzerland, in spring and autumn 2011.

Borrelia genospeciesa Spring (n = 800 ticks) Autumn (n = 800 ticks)

Infected ticks (n = 173)b Mean spirochaete loadc Infected ticks (n = 147)b Mean spirochaete loadc

af 80 (46.2%) 8361 47 (32.0%) 5663
bav  8 (4.6%) na 7 (4.8%) na
ga  30 (17.3%) 5242 22 (15.0%) 9324
miy  0 (0.0%) na 0 (0.0%) na
ss  8 (4.6%) na 9 (6.1%) na
vs  26 (15.0%) 3156 37 (25.2%) 4719

Infection by one species 152 (87.9%) 7286 122 (83.0%) 6156

af  & bav 1 (0.6%) na 0 (0.0%) na
af  & ga 1 (0.6%) na 1 (0.7%) na
af  & miy 2 (1.2%) na 1 (0.7%) na
af  & ss 5 (2.9%) na 4 (2.7%) na
af  & vs 1 (0.6%) na 6 (4.1%) na
bav  & vs 1 (0.6%) na 1 (0.7%) na
ga  & ss 2 (1.2%) na 0 (0.0%) na
ga  & vs 8 (4.6%) na 8 (5.4%) na

Infection by 2 species 21 (12.1%) 7198 21 (14.3%) 3516

af  & ga & vs 0 (0.0%) na 3 (2.0%) na
af  & miy & vs 0 (0.0%) na 1 (0.7%) na

Infection by 3 species 0 (0.0%) na 4 (2.7%) na

na, not answered.
i sensu
fected
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n
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t
t
l

a af, B. afzelii; bav, B. bavariensis; ga, B. garinii; miy, B. miyamotoi; ss, B. burgdorfer
b Borrelia species identification by RLB in 173/187 infected spring and 147/160 in
c Mean spirochaete number was not calculated when frequency was  below 10.

as reached after 12 days (survival rate 48.8%, n = 300) and 24
ays (survival rate 48.5%, n = 300), respectively. Mean daily sur-
ival rate was greater in autumn nymphs exposed to LF (0.96),
ollowed by autumn nymphs exposed to HF (0.93), and spring
ymphs exposed to LF (0.86). Mean daily survival rate was lowest in
pring nymphs exposed to HF (0.84). No difference in survival was
bserved between nymphs infected by Borrelia (n = 302) and unin-
ected individuals (n = 998) (t = 0.680, df = 23, p = 0.504). Moreover,
he ANOVA found no significant effect of sampling season (df = 1,

 = 0.0101, p = 0.921) or frequency of temperature variations (df = 1,

 = 0.0439, p = 0.836) on survival ratio of Borrelia-infected versus
ninfected nymphs.

Experiment 2b: spring nymphs submitted to LF (n = 100) were
ll dead when their survival was assessed for the first time, i.e.

66 
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ig. 1. Survival rate under very cold conditions (−10 ◦C) in autumn and spring
ymphs exposed to high- and low-frequency temperature variations after 4 days.
HF and ALF: autumn nymphs exposed to high- and low-frequency temperature
ariations (n = 440 and n = 440), respectively. SHF and SLF: spring nymphs exposed
o  high- and low-frequency temperature variations (n = 440 and n = 440), respec-
ively. Dead ticks are represented in dark grey while living ticks are represented in
ight grey.
 stricto; vs,  B. valaisiana.
 autumn nymphs.

10 days after the start of the experiment and were therefore not
used in the GLM. Mortality reached 100% after 7 days in spring
nymphs (n = 100) exposed to HF and after 42 days and 80 days
in autumn nymphs exposed to HF (n = 100) and LF (n = 100),
respectively (Fig. 2). The GLM found that frequency of temperature
variations and sampling season had both a significant effect on I.
ricinus survival time (df = 1, deviance = 46.161, p < 0.001 and df = 1,
deviance = 92.752, p < 0.001, respectively). In fact, the hazard rate,
i.e. the daily probability of dying, of spring nymphs (0.293) was
more than 4 times that of autumn nymphs (0.072), while the
hazard rate of nymphs exposed to HF (0.072) was  more than twice
that of nymphs exposed to LF (0.028). In contrast, the interaction
between frequency of temperature variations and Borrelia infection
and the interaction between sampling season and Borrelia infection
had no significant effect on survival time (df = 1, deviance = 0.0003,

p = 0.972; df = 1, deviance = 0.0218, p = 0.759, respectively). The
main effect of Borrelia infection was  marginally significant on
tick survival time (df = 1, deviance = 0.7111, p = 0.077) so that the

Fig. 2. Survival rate under cold conditions (−5 ◦C) in spring nymphs exposed to high-
frequency temperature variations (n = 100, black circles), autumn nymphs exposed
to  high-frequency temperature variations (n = 100, dark grey squares), and autumn
nymphs exposed to low-frequency temperature variations (n = 100, light grey trian-
gles)  over time (experiment 2b).
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Fig. 3. Survival rate under cold conditions (−5 ◦C) in Borrelia-infected individuals
(filled markers) versus uninfected individuals (empty markers) over time (experi-
ment 2b). Spring nymphs exposed to high-frequency temperature variations (black
circles), autumn nymphs exposed to high-frequency temperature variations (dark
g
t

h
l
t
s
2
e
o
h
f
H
A
c
r
t

F
t
(

rey squares), and autumn nymphs exposed to low-frequency temperature varia-
ions (light grey triangles) are treated separately.

azard rate of Borrelia-infected nymphs (0.066) was  1.1 times
ower than that of uninfected nymphs (0.072) (Fig. 3). Fig. 3 shows
hat infected spring nymphs exposed to HF displayed a 10% higher
urvival rate on days 3 and 4, and autumn nymphs exposed to HF
2% on days 14–20. It also shows that infected autumn nymphs
xposed to LF displayed a higher survival rate until day 50. At
ther points in time, Borrelia-infected and uninfected nymphs
ad similar survival rates. When the last infected nymph died,

ew uninfected ticks were still alive (2 spring nymphs exposed to
F, 3 and 4 autumn nymphs exposed to HF and LF, respectively).
mong infected ticks (n = 45) spirochaete load was  negatively
orrelated to the number of days that ticks survived (S = 22248.27,
ho = −0.466, p = 0.001), i.e. the longer nymphs survived, the lower
he spirochaete load they harboured (Fig. 4).
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ig. 4. Log-transformed spirochaete load depending on time (measured in days)
hat infected (spring and autumn) nymphs (n = 45) survived under cold conditions
−5 ◦C).
orne Diseases 4 (2013) 445– 451 449

Discussion

Fat content in ticks collected in spring and autumn

Autumn nymphs possessed close to twice the fat content of
spring individuals (representing tick energy reserves according to
Randolph et al., 2002). It is likely that the lower fat content in
spring nymphs was  due to the fact that these ticks were older
and belonged to a different cohort. Nymphs collected in spring had
emerged the previous autumn and survived cold winter conditions,
while nymphs collected in autumn had newly emerged. Moreover,
a sampling bias might have occurred in spring. In April, we might
have collected smaller ticks, because larger ticks had already been
picked up by hosts, since it is known that larger ticks start questing
earlier in the spring (Randolph et al., 2002).

The spring (4.6 �g) and autumn (7.4 �g) nymphs sampled in
2011 which were used in this study possessed lower mean fat con-
tent than nymphs collected during the same spring season (7.8 �g)
and nymphs collected in autumn 2010 (13.2 �g) (Herrmann et al.,
2013). One explanation for the latter differences is that fat con-
tent is known to decrease over time (Steele and Randolph, 1985;
Herrmann and Gern, 2012). Since we maintained spring nymphs
at 4 ◦C for 6 months versus 3 months in the study by Herrmann
et al. (2013), the difference between spring ticks was possibly
related to the difference in maintenance time. In addition, fat con-
tent is consumed faster when climate conditions are unfavourable,
i.e. warmer and drier (Van Es et al., 1998; Randolph and Storey,
1999). Hence, nymphs collected in autumn 2011 probably con-
sumed more fat to maintain their water balance than nymphs
collected in autumn 2010 (Herrmann et al., 2013) since 2011 was
warmer and drier than 2010 (MétéoSuisse).

Survival under cold and very cold conditions

Milder climate (especially during winter) due to climate change
and global warming has allowed tick species such as I. persulcatus,
I. ricinus,  and I. scapularis to colonize regions at higher latitudes
(Dennis et al., 1998; Lindgren et al., 2000; Yasyukevich et al., 2009;
Jore et al., 2011; Jaenson et al., 2012; Leighton et al., 2012) and
higher altitudes (Morán Cadenas et al., 2007; Jore et al., 2011)
and has allowed I. ricinus to quest during winter months (Dautel
et al., 2008). In such context, we  focused on the influence of cold
conditions on the survival of resident I. ricinus populations during
winter. Brunner et al. (2012) reported that cold-related overwin-
tering mortality did not impact greatly on I. scapularis populations.
Similarly, we observed that I. ricinus ticks resisted constant cold
conditions rather well. However, experiencing frequent temper-
ature variations was more detrimental to I. ricinus survival than
being maintained under constant cold temperature. Nymphs sur-
vived better when they stayed at −5 ◦C or −10 ◦C for a few days
without temperature changes than when they experienced fre-
quent temperature variations. These results are consistent with
Gigon (1985), although he used more extreme conditions (temper-
ature variations from −4.5 ◦C to 21 ◦C, −10.5 ◦C to 21 ◦C, or −36 ◦C to
21 ◦C) and smaller samples (n = 100). Lower survival rates in ticks
exposed to frequent temperature variations (from quiescence to
questing activity temperatures, i.e. temperatures below and over
7 ◦C) were likely due to the adaptations (costing energy) these
variations generated. Moreover, when the temperature reaches
an activity threshold (i.e. above 7 ◦C), tick metabolism increases.
Energy reserves were probably depleted faster in ticks exposed
to high-frequency temperature variations, resulting in shorter

survival time. The fact that variations of temperature are more
detrimental to ticks than constant temperature conditions is inter-
esting in the context of climate change. During the past decades, a
decrease in snowfall frequency and quantity was  reported on the
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wiss Plateau (main distribution area of I. ricinus and tick collection
ite) (North et al., 2007). This may  have a negative impact on tick
opulation, since overwintering ticks in this area are most likely
o longer protected by snow cover and may  be more exposed to
evere variation in temperatures. However, it was shown that day-
o-day temperature variability decreased during the last century in
euchâtel (tick collection site), mainly due to a loss of extremely

ow temperatures, particularly in winter (Rebetez, 2001). Hence,
ccording to our results, we expect overwintering I. ricinus ticks to
enefit from the observed reduced snow cover associated with a
eduction of temperature variability, resulting in lower tick mor-
ality during winters with these conditions. Such a trend may
ven increase in the future due to global warming. However, if
educed snow cover was associated with important temperature
uctuations during a particular winter, we would expect I. ricinus
opulations to be more severely impaired, resulting in higher tick
ortality during that winter.
I. ricinus nymphs sampled in autumn survived better at −5 ◦C

nd −10 ◦C than individuals sampled in the spring of the same
ear. Autumn nymphs possessed close to twice more fat content
han spring individuals. The lower fat content in spring nymphs
as likely due to the fact that these ticks were older and belonged

o a different cohort, as mentioned above. The combination of these
ifferences likely explains why younger autumn nymphs resisted

onger under cold conditions than older spring nymphs.
In experiment 2a, no effect of Borrelia infection on nymph

urvival was observed. In contrast, in experiment 2b, nymphs
nfected with Borrelia spirochaetes tended to survive slightly bet-
er (marginally significant) than uninfected individuals. As it has
ecently been reported that nymphs infected with B. burgdorferi s.l.
ave a higher fat content (12% more after correction for body size)
han uninfected ticks (Herrmann et al., 2013), we expected infected
icks to survive better. When the survival rate was closely exam-
ned in experiment 2b (Fig. 3), it appeared, in fact, that at some time
oints, Borrelia-infected nymphs survived better. However, the last
urviving nymphs were uninfected independently of sampling sea-
on (i.e. tick age) or frequency of temperature variations. The latter
robably occurred because uninfected ticks were more numerous
han infected nymphs, resulting in higher numbers of uninfected
icks with a high fat content (due to a normal distribution of fat con-
ent, unpublished data). Such ticks would therefore survive longer
han infected nymphs. The fact that no difference could be observed
n experiment 2a might be because the point in time at which higher
urvival in infected nymphs occurred had not been reached or had
lready been passed when survival was assessed. However, further
nvestigations are needed to confirm such a phenomenon.

orrelia infection in ticks

Prevalence of Borrelia infection in spring (23.4%) and autumn
ymphs (20.0%) was consistent with previous reports from Neuchâ-
el varying from 17.4% to 29.8% between 1999 and 2011 (Jouda
t al., 2004; Morán Cadenas et al., 2007; Gern et al., 2010; Herrmann
nd Gern, 2010, 2012; Herrmann et al., 2013). Borrelia genospecies
istribution was similar to that previously reported in the same
rea, B. afzelii, B. garinii,  and B. valaisiana being the most common
enospecies (Herrmann and Gern, 2010, 2012; Herrmann et al.,
013).

The load of Borrelia spirochaetes per nymph (spring
ean = 6584; autumn mean = 6604) was lower than previ-

usly reported in the area (mean = 18,638, Herrmann and Gern,
010; mean = 33,971, Herrmann and Gern, 2012; mean = 15,556,

errmann et al., 2013). Although spirochaete numbers might
uctuate in questing I. ricinus ticks over time, spirochaete numbers
bserved in the present study were particularly low. We  observed
hat spirochaete load and the number of days that nymphs survived
orne Diseases 4 (2013) 445– 451

were negatively correlated, suggesting that spirochaete number
was reduced in nymphs during maintenance under cold condi-
tions. Interestingly, a significant decrease of spirochaete numbers
was also observed in I. scapularis adults that overwintered in
nature (Sharon et al., 1992). Explanations may  be that important
resources for spirochaete survival were depleted in ticks when
the temperature was reduced, resulting in reduced numbers of
spirochaetes, and/or that spirochaetes, which are primarily located
in tick midgut (Lebet and Gern, 1994), were gradually digested by
cold-exposed nymphs and used as additional energy resources.

Conclusion

We  observed that spring I. ricinus nymphs possessing less fat
content than their autumn counterparts were less resistant to cold,
most likely due to their lower energy reserves. Moreover, the pres-
ence of Borrelia spirochaetes in nymphs was  associated with a
slightly better survival, presumably because infected nymphs have
higher fat contents than their uninfected counterparts (Herrmann
et al., 2013). Last but not least, the frequency of temperature vari-
ations between temperatures below and above activity thresholds
was the most important factor impairing I. ricinus nymphal survival
under winter conditions. We  might expect low survival of I. rici-
nus populations during winters with high temperature fluctuations
and those associated with reduced snow cover (protecting ticks
from extreme cold temperature variations) on the Swiss Plateau
(North et al., 2007). However, since a reduction in the day-to-day
temperature variability was  observed during the past century in
Neuchâtel, mainly due to less extreme cold temperatures in win-
ter (Rebetez, 2001), ticks are likely to be less frequently exposed
to temperature variations in the future. Under such conditions, we
might expect a better survival of I. ricinus populations during winter
in the Neuchâtel area.
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Daniel, M., Černý, V., Dusbábek, F., 1972. Stratification of overwintering engorged
larvae and nymphs of Ixodes ricinus (L.). Wiad. Parazytol. 18, 727–730.

Dautel, H., Dippel, C., Kämmer, D., Werkhausen, A., Kahl, O.,  2008. Winter activity of
Ixodes ricinus in a Berlin forest. Int. J. Med. Microbiol. 298 (Suppl. 1), 50–54.

http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0005
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0010
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0015
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0020
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0025
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0030
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0035
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040
http://refhub.elsevier.com/S1877-959X(13)00057-5/sbref0040


Tick-b

D

D

D

F

G

G

H

H

H

J

J

J

L

L

L

M

M

M

C. Herrmann, L. Gern / Ticks and 

autel, H., Knülle, W.,  1997. Cold hardiness, supercooling ability and causes of
low-temperature mortality in the soft tick, Argas reflexus, and the hard tick,
Ixodes ricinus (Acari: Ixodidae) from Central Europe. J. Insect Physiol. 43,
843–854.

ennis, D.T., Nekomoto, T.S., Victor, J.C., Paul, W.S., Piesman, J., 1998. Reported dis-
tribution of Ixodes scapularis and Ixodes pacificus (Acari: Ixodidae) in the United
States. J. Med. Entomol. 35, 629–638.
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