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Abstract

Background: Abiotic conditions provide cues that drive tick questing activity. Defining these cues is critical in predicting
biting risk, and in forecasting climate change impacts on tick populations. This is particularly important for Ixodes ricinus
nymphs, the vector of numerous pathogens affecting humans.

Methods: A 6-year study of the questing activity of /. ricinus was conducted in Central Bohemia, Czech Republic, from
2001 to 2006. Tick numbers were determined by weekly flagging the vegetation in a defined 600 m? field site. After
capture, ticks were released back to where they were found. Concurrent temperature data and relative humidity were
collected in the microhabitat and at a nearby meteorological station. Data were analysed by regression methods.

Results: During 208 monitoring visits, a total of 21,623 ticks were recorded. Larvae, nymphs, and adults showed typical
bimodal questing activity curves with major spring peaks and minor late summer or autumn peaks (mid-summer for
males). Questing activity of nymphs and adults began with ~12 h of daylight and ceased at ~9 h daylight, at limiting
temperatures close to freezing (in early spring and late autumn); questing occurred during ~70 % calendar year without
cessation in summer. The co-occurrence of larvae and nymphs varied annually, ranging from 31 to 80 % of monitoring

visits, and depended on the questing activity of larvae. Near-ground temperature, day length, and relative air humidity
were all significant predictors of nymphal activity. For 70 % of records, near-ground temperatures measured in the
microhabitat were 4-5 °C lower than those recorded by the nearby meteorological observatory, although they were
strongly dependent. Inter-annual differences in seasonal numbers of nymphs reflected extreme weather events.
Conclusions: Weather predictions (particularly for temperature) combined with daylight length, are good predictors of
the initiation and cessation of /. ricinus nymph questing activity, and hence of the risk period to humans, in Central
Europe. Co-occurrence data for larvae and nymphs support the notion of intrastadial rather than interstadial co-feeding
pathogen transmission. Annual questing tick numbers recover quickly from the impact of extreme weather events.
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Background

The ixodid tick species, Ixodes ricinus, is the most import-
ant vector of pathogens in Europe, transmitting the
aetiological agents of debilitating diseases such as Lyme
borreliosis and tick-borne encephalitis in humans, louping
ill in sheep, and babesiosis in cattle and dogs. Generally, in-
fections are acquired by larvae feeding on infected verte-
brate hosts (often rodents) and transmitted by nymphs,
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while successful feeding of adult females determines the
size of the tick population and hence the host contact rate.
Vertical transmission rates of tick-borne pathogens are
usually <1 % [1, 2]. Ixodes ricinus is a generalist, 3-host
tick, feeding on different individual vertebrate hosts at the
larval, nymphal and adult stages. The periods of host
parasitism amount to <2 % of the duration of the tick’s
life cycle (typically 2-3 years) during which the tick re-
mains attached and feeding on its host for 2—-10 days,
unaffected by abiotic conditions (unless feeding on
poikilothermic hosts). By contrast, nearly all the tick’s
life cycle is spent in the surface layers of soil or forest
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litter where environmental conditions influence devel-
opment [3, 4]. Development is synchronized with sea-
sonal climatic conditions by morphogenetic diapause,
during which metamorphosis of engorged larvae and
nymphs is delayed, and behavioural diapause mani-
fested as cessation of questing activity [5]. Nonparasitic
phases require a microclimatic relative humidity of >80 %
to avoid fatal desiccation, and little or no development
takes place <10 °C [3, 6, 7]. Given the importance of L
ricinus as a disease vector, the yearly time of initiation
and duration of questing are critical parameters in man-
aging the risk of being bitten, particularly for nymphs as
they are the most frequent stage attacking humans and
thus the most important transmitter of tick-borne infec-
tions [8—12]. However, despite numerous studies of the
effect of environmental conditions on tick activity, there
have been few long-term systematic studies of micro-
and macro-abiotic conditions (temperature, relative hu-
midity, and daylight length) and questing obtained by
field investigations, the critical importance of which has
been emphasized [13].

Here we present the results of a 6-year field study of
questing activity of I ricinus in Central Bohemia. The re-
search began in 2001 within the framework of the WHO/
EC project, Climate Change and Adaptation Strategies for
Human Health. The period included 2002 and 2003 when
exceptional meteorological situations during summer
caused flooding and a severe heat wave in the Czech Re-
public and across Central Europe [14]. The primary aim
was to determine how well routine weather forecasts could
be used to predict the risk to humans of being bitten by 1
ricinus. The study site is in an area where L ricinus is in-
fected with tick-borne encephalitis virus, Borrelia burgdor-
feri sensu stricto, B. afzelii, and B. garinii, and cases of
human Lyme borreliosis (caused by B. afzelii) have been re-
ported. During the 6-year field investigation of questing tick
activity, temperature and relative humidity were measured
directly in the selected monitoring site and concurrent
macroclimatic changes registered at the local meteoro-
logical observatory (Czech Hydrometeorological Institute,
CHMI). These conditions were selected after an initial
study (2001-2002) of the influence of weather conditions
(daily sunshine; average, maximum and minimum air
temperature; wind speed, soil temperature, precipitation,
air humidity, and soil moisture) showed that tick behavior
could be predicted by two models, one dependent on soil
moisture and the other on air temperature [15].

The concept and methodology of the study were based
on previous studies of I ricinus field ecology in natural
foci of TBE virus in the Czech Republic and southern
Europe (Bulgaria and former Yugoslavia) [16]. Condi-
tions were strictly defined for the monitoring site, time
course, and meterological observations (see Methods).
These conditions match those recommended by others
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to reduce sampling error and bias in field studies of L rici-
nus questing activity [4, 13, 17-20]. The protocol adopted
enabled us to make a statistically robust comparison of tick
questing activity and abiotic conditions, and hence to deter-
mine if weather conditions can be used to predict risk to
humans of acquiring tick-borne infections.

Methods

Study area

The selected area for tick monitoring is located in the
southern outskirts of Prague (49°58°'43"N; 14°24'52"E; alti-
tude 325 MSL), 4 km from the main observatory station of
the Czech Hydrometeorological Institute (CHMI) in
Prague-Libus, one of the best equipped observatories
in the Czech Republic (Fig. 1). An adequate size (eg.
600 m?) was required to provide a large enough sample
size for registering the spring start and autumn cessa-
tion of questing activity when numbers of active ticks
are comparatively low. The site comprises eutrophi-
cated, acid oak wood (Quercus robur, 70-100 year-old
trees), with patches of younger hornbeam (Carpinus
betulus). Most of the stand is evenly dense, with a few
small openings. The tree canopy cover is 70 % and the
shrub canopy cover (Rubus fruticosa, Sambucus nigra)
is <10 %. The herb canopy cover is ~25 %, with prevail-
ing low (<20 cm) sparse grass (mostly Poanemoralis)
and patches completely covered with dead leaves or
moss. In this vegetation community, considered typical
habitat for L ricinus in Central Europe, three adjacent
plots were established each of 200 m* having all the
features described, which were consistent year-on-
year. Low vegetation of the undergrowth (remaining
<20 c¢m in height throughout the year) in the moni-
tored plots limited the possible bias from seasonal
growth of the vegetation on the monitoring of ticks
and microclimate. The habitat under study is situated
on flat ground completely exposed to sunlight giving
homogenous conditions over the whole site. Although
the study area is under forestry management, with a
controlled population of game (including roe deer),
there was no forestry activity on the site or in the sur-
rounding area; the absence of fencing allows free
movement of all animals (including humans).

Tick monitoring

A 6 year monitoring period was chosen based on the as-
sumption this allowed completion of three generations of L
ricinus [3]. Questing activity of L ricinus was investigated
by the standard flagging method [21] in the defined plots,
at weekly intervals, between 09.00 and 12.00 h, from March
to November, 2001-2006. One week frequency at defined
intervals ensured sufficient granularity and reproducibility
of measurements while being logistically feasible. On 27
occasions, flagging was delayed by one day due to rain,
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Fig. 1 Location and habitat of the monitoring site. Circle indicates location of the Czech Hydrometeorological Institute in Prague-Libus; circle and
arrow indicate location of the monitoring site. Insert shows typical habitat of the monitoring site

and the meteorological data matched accordingly.
Spring investigations began when environmental con-
ditions in the study area became suitable for flagging
(no consistent snow or ice coverings). Autumn investi-
gations ended when two consecutive flagging samples
were negative. The period between late morning and
noon was selected as the most appropriate based on
previous studies of diurnal variations of L ricinus activ-
ity and ignoring night time questing because the epi-
demiological risk is low (our own unpublished data;
[9]). The flag (50 x 70 c¢cm) was white flannel fabric
with a slight nap. All plants and patches covered with
dead leaves or moss were flagged. The flag was checked
on both sides after 2 m were flagged. In total, 208 mon-
itoring visits were completed. Larvae, nymphs, females,
and males were identified and counted separately. Ticks

were not removed from the plots but were immediately re-
leased back to where they were collected.

Temperature and humidity measurements

Near-ground air temperatures were measured using a
mercury thermometer graduated in 0.1 °C increments
placed at ~1 cm above the ground (but not touching the
ground), in shadow, away from the sun. Previous studies
showed that air temperature measured at heights ran-
ging up to 30 cm above ground in the study site did not
differ significantly under different synoptic weather con-
ditions [19]. Temperatures were read at 09.00, 10.00 and
11.00 h during each monitoring visit (2001-2006). For
all records, near-ground temperature within one moni-
toring visit varied by <5 °C. Near-ground air humidity
(RH %) was measured during 2005 and 2006 at the same
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time points using an electronic hygrometer (Hygrocheck
Relative Humidity Tester, Hanna Instruments, Portugal).
The instrument was regularly checked for accuracy against
an Assman aspirated hygrometer under laboratory condi-
tions. In analyses relating to tick questing activity, microcli-
matic data collected directly on the monitoring plots were
used, unless stated otherwise. Additional meteorological
data were obtained from the database of CHMI. The num-
bers of daylight hours were calculated for the following geo-
graphic coordinates: 50°00°N, 15°00E.

The monitoring period was divided into seasonal periods
according to the course of the normal daily temperature,
i.e. the 30-year average of daily mean air temperature in the
Czech Republic. These periods are defined as:

“spring” = normal daily temperature <10 °C; from
commencement of monitoring until 29 April inclusive.
“summer” = normal daily temperature >10 °C; from 30
April to 8 October.

“autumn” = normal daily temperature <10 °C; from 9
October to the end of the monitoring period.

The defining temperature of 10 °C was based on observa-
tions that development of L ricinus occurs at and above this
threshold [6, 7].

Statistical analyses

Locally weighted scatter plot smoothing (LOWESS)
was used for regression analysis of numbers of active
ticks against time. For comparison of the patterns of
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curves between stages, the data were first standardised
by subtracting the mean from the observed number of
ticks and dividing by the resulting standard deviation.
A generalized additive linear model with Poisson dis-
tribution and log link was used to model the effect of
year and smoothed effect of seasonality. The model
was fitted simultaneously by penalized spline. Paramet-
ric bootstrap with 1000 replicates was used for con-
struction of bias-corrected 95 % confidence intervals
for week of maximum tick activity. For comparison be-
tween categories, the Kruskal-Wallis test was used,
followed by the multiple comparisons procedure. To
model the occurrence of I ricinus depending on possible
predictors, Poisson regression was used. The degree of as-
sociation between temperature measurements for two
sources was quantified by the Spearman correlation coeffi-
cient, r,. All tests were evaluated at a significance level of
0.05. The data were analyzed using the Stata software pack-
age, release 9.2 (Stata Corporation, College Station, U.S.A.).

Results

Comparative seasonal dynamics of larvae, nymphs and
adults

Over the 6-year monitoring period, a total of 21,623 ticks
were recorded comprising 5690 larvae, 15,405 nymphs, 231
females, and 297 males (Fig. 2). Each stage showed a typical
bimodal seasonal pattern of activity, with peak activity
reached first by females (week 17, 95 % CI 11.6-19.6), and
then males (week 20, 95 % CI 16.1-23.1), nymphs
(week 21, 95 % CI 21.0-21.0) and larvae (week 22, 95 %

Year Stage  Week: 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 30 40 41 42 43 44 45 46 47 48 49 50
Larvae : KN - ENEEAEEEE - + BN -+ KN ¢ )

2001 Nymphs 5 122 21 16 260 111 180 164 158 93 106 82 46 31 32 25 36 0
Females 20 6050 0
Males 2 0
Larvae 0

2002 Nymphs 7 10 10 49 18 205 113 142 224 107 59 138 126 92 106 93 65 79 10 3 2 58 52 73 24 2 0
Females 0 o IOl o [0 810 To o Rl IR o R8T 1o [RSIRI o T80 o [ o [ o [ o[ o [l o B8 o 0
Males Lo [P o [0 2 1 o o] 22 2 1 A2 olo]o]o 0
Larvae 1" 5 3 " 15 5 15 0

2003 Nymphs 37 9 6 1 32 19 46 0
Females nn 1 0
Males 0 0 1 0
Larvae 57 n 19 61 21 0o

2004 Nymphs 22 34 25 65 69 159 149 75 67 ofo
Females 0o
Males 0|0
Larvae 0 0

2005 Nymphs 0| o
Females 0o
Males 0o
Larvae 132 111 94 9 207 145 261 47 18 34 0 0

2006 Nymphs 61 63 166 61 136 214 210 252 93 146 154 93 103 8 69 60 55 6 ofo
Females Sl o P o [ ] o R o [ o [ oo
Males S T o | o R o [ oo

Fig. 2 Numbers and co-occurrence of larvae, nymphs, and adults recorded during the six year monitoring period. Each monitoring day within a

calendar week is depicted by an open cell, which is shaded to indicate presence of 21 larva, nymph, adult female or adult male. Immature stages

are shaded black and adults are shaded grey. There was no monitoring visit in week 41 of 2004
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CI22.0-22.0, at the end of spring) (Fig. 3). Overall,
there were significant differences between the stages
(p<0.001); female activity was significantly different
from that of larvae and nymphs, but was not different
from males. Peak activity was followed by a declining
shoulder of questing numbers with a much less pro-
nounced peak in late summer—autumn although the
second peak of male tick activity occurred in mid-
summer (July); there was no detectable autumn peak
of male activity. Nymphs or nymphs and adults were
found at the first opportunity for monitoring to com-
mence, the earliest being week 11 (early March) al-
though questing ticks were never found during ad hoc
visits in January (Fig. 2). Nymphs or nymphs and adults
were last found in week 48 (late November) although
more usually in late October. Larvae were first col-
lected in mean week 17 and last collected at mean
week 44. The mean periods of activity were: nymphs
(34.7 £1.9 weeks), females (30.3 +2.8 weeks), males
(28.6 +4.8 weeks), and larvae (27.7+3.6 weeks).
Nymphs were collected on almost all monitoring visits dur-
ing their activity period (mean 98.1 + 1.5 %), with fewer col-
lections of larvae (79.7 + 21.7 %), males (70.4 + 11.0 %) and
females (60.3 + 12.3 %) (Fig. 2).

Analysis of the monitoring dataset for presence/absence
of each developmental stage revealed the co-occurrence of
all questing stages of I ricinus ticks during 55 monitoring
visits (i.e. 26.3 £ 11.5 % annual monitoring visits) at varying
intensity levels (Fig. 2). The co-occurrence of larvae and
nymphs varied markedly: from 31 % in 2001 to 80 % in
2005, with a median incidence of 65 %. There was no occa-
sion when larvae were present and nymphs were apparently
absent, whereas, during 7.0 £ 3.4 weeks of the tick activity
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period, nymphs were collected but larvae were not. Con-
current collection of questing females and males ranged
from 28 % in 2002 to 71 % in 2005, with a median inci-
dence of 62 %.

Comparison of questing activity and ecoclimatic conditions
During the 6 year monitoring period, questing nymphs
and adults were first recorded between weeks 11 and 14
under the following conditions: 11.6-13.2 h of daylight,
microclimatic temperature range -3 °C to 11 °C, and
CHMI temperature range 2.3 °C to 12.8 °C. In 2006, ex-
ceptional spring meteorological conditions were recorded,
with the monitoring plots remaining snow covered
until week 13; similarly freezing conditions (mean daily
temperature <2 °C) occurred in 2001 but without
snow. Climatic conditions consistent with successful
completion of the life cycle (temperatures >10 °C) were
recorded for weeks 18 to 40 (i.e. a span of 23 weeks ac-
counting for 44 % of the year). The first half of this
period was influenced by temperatures fluctuating be-
tween 10-15 °C while the second half was character-
ized by temperatures >15 °C.

To analyze temperature in relation to daily questing
activity, numbers of ticks per monitoring visit were
grouped according to near-ground temperature cat-
egory (Additional file 1: Table S1). During the whole
monitoring period, the difference between near-
ground temperatures within one monitoring visit were
never >5 °C. The most frequently recorded near-
ground temperature category was 10.1-15.0 °C (30 %
monitoring visits). Near-ground temperature categor-
ies <10 °C (0.1-5.0 °C and 5.1-10.0 °C) were recorded
in 47 % visits, while temperatures >15.1 °C were

Standardized number of active ticks

Fig. 3 Standardized mean numbers of questing ticks during the monitoring period 2001-2006, smoothed by locally weighted regression. The
prevalence data by stage are standardized by conversion to the same scale to be comparable (see Methods)
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measured in 23 % visits. The greatest proportion of all
stages collected over the 6 year monitoring period was
at 10.1-15.0 °C; 39 % of all active larvae were recorded
in this temperature range together with 36 % nymphs,
34 % females, and 38 % males (Fig. 4). While the pro-
portions at 10.1-15.0 °C were similar for each develop-
mental stage, this was not the case in other temperature
categories. For example, larvae showed a greater relative
abundance at temperatures >15 °C compared with all
other stages.

The medians of questing nymphs and adults recorded
at <10 °C were similar for spring and summer periods
(p =0.726). However, differences were revealed between
spring and autumn periods at <10 °C (p = <0.001) and be-
tween summer and autumn periods at <10 °C (p = <0.001),
with fewer questing ticks recorded in autumn (Additional
file 1: Table S1 and Fig. 5). Larvae showed a comparatively
low tolerance to low temperatures (Fig. 5).

Questing activity of nymphs

Questing activity of nymphs was observed for 66.4 + 3.6 %
of the calendar year (Fig. 6). The mean onset of questing
activity occurred at 12.4+0.6 h of daylight and ended at
9.0+ 04 h of daylight, at temperatures approaching freez-
ing. Following the initiation of questing, numbers increased
sharply to week 18 when both micro- and macroclimatic
temperatures >10 °C. The sharp drop in mean
temperature in week 15 was influenced by conditions
in 2003, 2004, and 2005; although reflected in a decline
in questing nymphs in those years, there was no effect
on the overall mean number of questing nymphs.

Page 6 of 12

However, a sharp drop in number of questing nymphs
around week 22 was recorded in all years, with a year-
on-year shift of <2 weeks matched by a fall in near
ground temperature to 10—12 °C. Numbers then recov-
ered although not to peak levels, remaining so for July
(weeks 25 to 29), and then declining during August (to
week 36) (Fig. 6). A late peak in late September (week 40)
coincided with the end of micro-and macroclimatic tem-
peratures =10 °C. Temporary increases in temperature at
the end of the questing period in 2001 and 2004 did not
affect the 6 year mean decline in questing numbers.

Comparison of the numbers of questing nymphs by
year using regression analysis (LOWESS) revealed simi-
lar annual seasonal activity curves, typically with a major
spring peak and a minor autumn peak of questing activ-
ity (Fig. 7). The main peak is always slightly asymmet-
rical in shape. However, in 2005, both the numbers of
nymphs (p <0.001) and the shape of the curve (p =0.005)
differ significantly. Furthermore, the curve for 2003
shows a different pattern to all other years (p <0.001)
and comparatively low I ricinus counts in summer
months (p=0.001). When the numbers of questing
nymphs were compared during different temperature
phases of each annual monitoring period, differences for
2003 and 2005 were most apparent at normal daily temper-
atures > 10 °C (Fig. 8 summer). Comparison of 2003 and
2005 with the rest showed that summer 2003 was signifi-
cantly lower (p = 0.017) while summer 2005 had a tendency
to increased numbers of nymphs (p =0.053); numbers in
spring and autumn of 2003 and 2005 were not significantly
different from other years (p > 0.05).

0.45

0.40

0.35

o
w
o

proportion
o
N
(4]

0.20

0.15

0.10

<0 autumn

<0 spring

(see Additional file 1: Table S1)

0.1-5 spring 0.1-5 autumn
temperature °C

Fig. 4 Proportions of the total numbers of each stage collected over the 6 year monitoring period according to temperature category. Proportions are
expressed as cumulative frequencies (with 95 % confidence intervals) reflecting the number of monitoring visits within a given temperature category

5.1-10 10.1-15 15.1-20 20.1-26.5
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Fig. 5 Box and whisker plot showing the numbers of larvae and nymphs collected over the 6 year monitoring period according to temperature category.
Each plot shows the median, 257 and 75" percentiles, and range of questing tick numbers; outliers are shown as individual points and defined as >75™
percentile by 215 times the interquartile range (IQR) or <25 percentile by >1.5 times the IQR. IQR is defined as 75 percentile minus 25" percentile. The
observations represent individual days when ticks were collected. 50 % observations for the indicated temperature range lie within the box plot

Using the multiple Poisson regression model to com-
pare nymphal activity with selected variables (Table 1),
near-ground temperature (IRR =1.009), length of day-
light (IRR = 1.006), and RH (IRR = 1.004) were significant
predictors of questing numbers (p <0.001). Comparing
years, with 2001 as the reference year because it was at
the beginning of the monitoring period and is relatively
typical (Fig. 7), the numbers of nymphs differed signifi-
cantly between years (p=0.007-<0.001) except for

2004, which was not significantly different from 2001
(Table 1). When each year was compared with the grand
mean, all years differed (p =0.009-<0.001) except for
2006 (p=0.114) indicating that 2006 was an average
year (data not shown). Similarly, comparing spring with
summer and autumn seasons, numbers of nymphs dif-
fered significantly between seasons being lower in sum-
mer and autumn than in spring (p <0.001). When
adjusted for temperature and length of daylight, spring
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Fig. 6 Time course of average numbers of host-seeking Ixodes ricinus nymphs compared to trends in the near-ground air temperatures and local
meteorological temperatures. Temperatures (°C) were measured in the experimental plots and the respective standard temperature data were
recorded by the Czech Hydrometeorological Institute (CHMI), Prague Libus, during the monitoring period 2001-2006




Daniel et al. Parasites & Vectors (2015) 8:478

Page 8 of 12

200
(2]
5150+
S
>
1=
[}
=
$100+
kS
3
€
e 50
0-
rrrrrrrrrrrrrrrrrrrrrrr1rrr1rrrr 11111 T 171
~ANMFTOOMNODNOT—ANMTOONODOT—ANMIOONODO—NMIOONOD
e e e e e = NANNNNNNNNOOOOOOOOOOITT I
Calendar week number
Year: ----2001 —2002 —— 2003 - 2004 2005 —-2006
Fig. 7 Comparison of the annual seasonal questing activity patterns of Ixodes ricinus nymphs. The data are smoothed by locally weighted
regression (LOWESS)

(as defined in Methods) is the dominant period for
nymphal activity.

Comparison of ecoclimate and meteorological observations

Near-ground air temperature and RH measured directly
in the monitoring plots were compared with coincident
meteorological data registered by the CHMI observatory
at 10.00 h (Fig. 9). Not surprisingly, the temperature
data are strongly dependent (r; = 0.86); however, ~70 %
recordings in the monitoring plots were 4-5 °C lower

(with a maximum difference of 10 °C) than those re-
corded by CHMI, as shown by the distribution of
temperature records around the diagonal representing
full agreement in Fig. 9a. In fact, the comparative data
fall into two clearly defined groups separated by a dis-
tinct gap with no observations. Analysis of individual sea-
sons (2001-2006) reproduced this double grouping pattern
indicating that it was not an artefact (data not shown).
Similar temperature recordings, and slightly higher near-
ground temperatures compared with CHMI records, fell
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Fig. 8 Comparison of the inter-annual seasonal questing activity of nymphs by temperature category. Box and whisker plot showing the median,
quartiles, range and outliers of questing nymphs during different annual temperature phases of the monitoring period (see Fig. 5 legend for full
description). See Methods for definition of spring (1), summer (2), and autumn (3)
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Table 1 Parameter estimates for the occurrence of questing
Ixodes ricinus nymphs depending on selected predictors

Independent variable IRR"  Standard error 95 % CI>  p-value
Near-ground temperature  1.009 0.002 1.005-1.012  <0.001
daylight length 1.006  0.000 1.006 <0001
relative humidity (RH) 1.004 0.001 1.003-1.006  <0.001
year <0.001
2002 0821 0.023 0.777-0.868 <0.001
2003 0539 0018 0.506-0.574 <0.001
2004 0949 0.027 0.898-1.003 0.062
2005 1276 0.033 1.214-1.342 <0.001
2006 0924 0.027 0.874-0.979 0.007
period <0.001
summer 0.767 0.023 0.723-0.814 <0.001
autumn 0.785 0.044 0.703-0.876  <0.001

Parameter estimates were determined from the Poisson regression model.
Temperature and daylight length are continuous variables whereas year and
seasonal period are categorical variables. The reference year is taken as 2001
and the reference season as spring. IRRtemperature =1.009 indicates that if the
temperature increases by 1 °C, the incidence increases 1.009 times (by 0.9 %).
IRR4aylight =1.0062 indicates that for a change of 1 min, the incidence increases
1.0062 times (by 0.62 %). IRRgyy = 1.004 indicates that for a change of 1 % RH,
the incidence increases 1.004 times (by 0.4 %). For year, IRR values less or
greater than 1 indicate that the number of nymphs in the given year is lower
or higher than in 2001, the reference year. For period, IRR values are less than
1 indicating that numbers of questing nymphs are 23 % (summer) and 44 %
(autumn) less than during the spring period. All the independent variables
were analysed simultaneously in one model so that their effects are adjusted
for each other. All IRR values are significant (p = 0.007 or <0.001) except for
2004, which was not significantly different from 2001

IRR incidence rate ratio; 95 % Cl 95 % confidence interval

mainly within the summer period, accounting for 82 % of
the similar group of data (in comparison with 10 % in
spring and 8 % in autumn). Near-ground temperature ap-
pears to be a better predictor of numbers of nymphs com-
pared with CHMI temperature (r;=0.53 and 045,
respectively) although local weather station temperature
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forecasts are a good proxy. Furthermore, the correlation be-
tween daylight length with CHMI temperature is stronger
than with near-ground local temperature, and this compli-
cates the differentiation of temperature and daylight length
effects. Hence near-ground temperature, reflecting the con-
ditions in the monitoring site, is the preferred predictor of
nymphal activity. Near-ground RH measurements, re-
corded during 2005 and 2006, ranged from 50 to 95 %
RH and, unlike temperatures, varied widely although
RH still showed a strong correlation with CHMI record-
ings (rs=0.69). In spring, the RH data measured on the
monitoring plots were mostly higher than recordings
from the CHMI observatory, while the opposite was ob-
served in autumn (Fig. 9b). Near-ground temperature
was a better predictor of tick (nymph and adult) activity
than RH (Table 1 and Additional file 2: Figure S1).

Discussion
The primary aim of the 6-year study was to determine
how well routine weather forecasts predict the risk to
humans of being bitten by the most important disease
vector in Europe, I ricinus. However, the extensive dataset
collected during the study (one of the largest ever re-
ported for a major disease vector), enabled us to examine
various aspects of tick questing dynamics, seasonality, and
inter-annual variation in a well-defined tick population.
The questing larval population was under-represented
as demonstrated by comparison with the number of
nymphs recorded (5690 larvae compared with 15,405
nymphs). Most likely this was because the distribution
of larvae is highly aggregated, larvae having hatched
from an egg mass with minimal ensuing dispersal, al-
though other factors such as host seeking success and
height of questing in the vegetation, may have contrib-
uted. The influence of factors identified by others, such
as vegetation height [3, 22, 23], was minimized by
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careful selection of the monitored plots (see Introduc-
tion and Methods). For both nymphs and adults, quest-
ing numbers may include ticks that were captured more
than once because ticks were not removed; nevertheless,
the numbers recorded represent the risk to humans re-
ceiving a tick bite. Ratios of nymphs to adults have
been shown to vary greatly, depending on the state of
the local biocenosis (especially the occurrence of suit-
able hosts for nymphs) and meteorological conditions
[24, 25]. The overall ratio of adult males to females of
1:0.78 reflects the longer time spent by males on vege-
tation seeking repeat matings [26]. Overall, the relative
differences in numbers of the different stages indicate
the numbers of sampled nymphs are the most robust.

To account for the observed differences in sampling
bias, numbers of active stages were standardized in order
to compare their overall seasonal dynamics of questing
activity (Fig. 3). The observations that female tick num-
bers peaked first and that the second peak of male num-
bers occurred in summer rather than autumn, have not
been reported previously. Although all stages showed a
bimodal activity curve, the second peak of activity was
not clearly demarcated as there was a relatively high
level of activity during the summer months. Previous re-
ports have recorded bimodal and unimodal activity,
varying according to location and habitat [3, 27, 28].
Consequently, there was a substantial risk of human
contact with ticks throughout the 35+ 2 weeks of tick
activity (~70 % of the calendar year). This contact period
corresponded to the duration of nymphal questing activity
and an estimated 12.3 active nymphs per day per 100 m?.
Although initiation and cessation of questing activity corre-
lated with temperature, in autumn, nymphs and adult 1
ricinus ticks were more sensitive to a temperature drop, en-
tering behavioural diapause at near-ground temperatures
greater than those associated with the onset of questing be-
haviour in the spring period. This difference can be ex-
plained by the influence of the increasing number of
daylight hours in spring compared with the shortening day-
light period in autumn. Thus in summer, short-term drops
in temperature have a lower impact on questing behaviour
than they do in autumn. The seemingly low tolerance of
larvae to low temperatures (Fig. 5) may be due to the
temperature trigger for hatching [3] (although the results
contradict the observation that threshold temperatures for
egg development are 5 °C and 7 °C for eggs deposited by
autumn and spring-fed adult females, respectively [29]).
Comparatively low temperature sensitivity is reflected
in the seasonal dynamics of larval questing behavior
(Fig. 3) and the co-occurrence of larvae with other
stages of I ricinus ticks (Fig. 2) [30].

The co-occurrence of larvae with nymphs is consid-
ered a risk factor for humans because of its modeled
contribution to the intensity of TBE virus infection in
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tick populations as represented by the basic reproductive
number of the infection, Ry (the average number of sec-
ondarily infected individuals arising from one primary-
infected individual placed in an entirely susceptible
population). The greater Ry for an infection, the greater
the threat to humans and other susceptible animals [31].
For TBE virus, ROz 1 indicating the tenuous survival of
the virus in nature, which is thought to rely heavily on
co-feeding of infected nymphs with uninfected larvae
[31, 32]. For TBE virus transmission to occur between im-
mature stages of I ricinus, infected and uninfected ticks
must feed on the same individual host and at overlapping
periods of time (so-called ‘co-feeding transmission’). How-
ever, comparison of the questing activity patterns of larvae
and nymphs reveals considerable intra- and interannual
variation (Figs. 2, 3 and 5; Additional file 1: Table S1). As
there was no occasion when larvae were present and
nymphs were absent, variation in coincident larval and
nymphal questing activity was determined by larvae. Larvae
tend to be overlooked as risk factors for TBE virus infection
because infected larvae are rarely detected. Nevertheless,
larvae can acquire infections through vertical transmission
from the infected parent(s) to the egg, and (at least for TBE
virus) amplify the infection levels through co-feeding of in-
fected and uninfected larvae [33-35]. Considering the ob-
served variations in coincident questing activity, and
the different hosts on which larvae and nymphs typic-
ally feed [36—41], transmission between infected and
uninfected larvae (intrastadial co-feeding transmission)
should be considered in estimating Ry and in predict-
ing the risk to humans of being bitten by infected
nymphs, particularly for TBE virus.

Given the observed risk of human contact with ticks
for ~70 % year, is it possible to predict the start and end
of the ‘at risk’ period based on meterological conditions?
The data indicate air temperature recorded at the local
meterological station was a predictor of tick activity in
that near ground temperature is strongly dependent on
ambient temperature. Day length appeared to influence
activity at the lowest temperatures (i.e. <5 °C); in spring
relatively more activity was recorded compared with
comparable temperatures in autumn. Hence temperature
was a better predictor of the cessation of tick activity in
autumn than the initiation of questing activity in spring,
at least for nymphs and adults. However, although day
length was shown to be a significant predictor of
nymphal activity, this is strictly tied to specific geograph-
ical location. For example, in Algeria and the Crimea,
ticks are active in winter months when day length is re-
duced and temperatures are similar to those during the
spring—autumn period in Central Europe [27, 42]. In-
deed, continuous activity extending throughout winter
has been recorded in Central Europe (Berlin) during a
notably mild winter [43].
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Despite some ability to predict tick activity based on
temperature, day length, and relative humidity, consider-
able variation was found between years during the 6 year
study. This was particularly evident in 2003 and 2005,
although the impact within each of these years was
greatest during the summer period rather than at the
initiation or cessation of activity. During summer, the
similarity between near-ground temperatures and air
temperature records at the weather station was greatest.
In 2003, the spring and summer months were extremely
dry (deficiency in precipitation totals compared with 30 year
average: March, 40 %; April 47 %; June 48 %, August 40 %,
September 60 %) accompanied by temperatures exceeding
the 30 year average by 2.9 °C in May, 4.1 °C in June and
3.8 °C in August (Additional file 3: Figure S2). The atypical
conditions of 2003 were preceded by an extreme event in
2002 in the form of major flooding in Central Europe [14].
Although 2003 coincided with the lowest recorded num-
bers of nymphs, this was not the case for other stages, and
there was no obvious impact of flooding on tick numbers
in 2002 although the monitoring site was not flooded. The
depressed activity of nymphs during the meteorologic-
ally anomalous conditions of 2003, is an indication that
changes in climate can impact the threat to humans
posed by I ricinus. For 2005, heightened summer and
depressed autumn nymphal activity (Figs. 7 and 8) cor-
related with hot, humid summer and hot, dry autumn
months (Additional file 3: Figure S2). Despite these
meteorologically abnormal years, questing activity of
nymphs in the following years (2004 and 2006)
returned to typical levels.

Based on the evaluation of results for 2001-2003, the first
version of a computer program (acronym TICKPRO) was
prepared in cooperation with CHMI, which forecasts the
level of I ricinus questing activity within a 1-4- day horizon
[44]. The program is based on the weather forecast rou-
tinely produced at the CHMI as well as mathematical
models describing the correlation of meteorological factors
with the questing activity of I ricinus. During 2004—2006,
the forecasts were tested and the program modified accord-
ingly. Final adjustments to the program were undertaken
during 2007 and 2008 when the forecasts were made pub-
lic. Currently, 4-day tick activity predictions are produced
twice weekly for the period from March to November with
a resolution of ten levels of questing activity of L ricinus,
and hence the risk of tick bite during outdoor activities.
The prediction is publically accessible on the websites of
CHMI  (www.chmi.cz/portal/dt?menu=JSPTabContainer/
P9_0_Predpovedi/P9_1_Pocasi/P9_1_1_Cesko/P9_1_1_6_K
listata), National Institute of Public Health (www.szu.cz/
tema/prevence/predpoved-aktivity-klistete-obecneho-na-uz
emi-ceske-1), and the Ministry of Health of the Czech
Republic (www.mzcr/verejne/dokumenty/predpoved-aktiv-
ity-Kklistat). It is accompanied by instructions on preventive
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measures at various levels of risk of tick attack. In high risk
situations, it is broadcast on TV news, radio, and in news-
papers. Detailed analysis presented in this manuscript will
be used to expand the forecast to epidemiological signifi-
cance: from the risk of tick attack to the risk of possible in-
fection with TBE virus.

Conclusions

Six years of replicated weekly monitoring of a carefully se-
lected field site provided robust data for the comparison of
seasonal questing activity of L ricinus with abiotic condi-
tions. Weather predictions (particularly for temperature)
combined with daylight length, proved to be statistically
good predictors of I ricinus nymph questing activity, which
presents the greatest risk to humans of acquiring tick-
borne infections. Co-occurrence data for larvae and
nymphs support the need to consider intrastadial ra-
ther than interstadial co-feeding pathogen transmis-
sion as being critical to the survival of tick-borne
encephalitis virus in nature. Although extreme weather
events appeared to impact questing populations, tick
numbers recovered quickly in subsequent years. The
approach described can be used to provide the basis
for a weather-based prognosis of tick activity.
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